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Editorial on the Research Topic
Nanomedicine for Deep-Tissue High-Resolution Bio-imaging and Non-invasive Therapy

The interdisciplinary research of nanotechnology and biomedical application yields an emerging
field of nanomedicine, which seeks to develop functional agents for in vivo bioimaging (diagnosis),
advanced drug delivery, and innovative therapy. It’s our great pleasure to have this opportunity to
include 16 articles in this Research Topic, either in-depth reviews or original research articles.

Nanomedicine for bioimaging is a contrast agent modified with functional moieties to target
a specific part-of-interest, such as cancer cells or tumor tissues. Valuable in situ diagnostic
information can be obtained only when both the bioimaging nanomedicine and the imaging
instrumentation are communicating. Optical bioimaging techniques demonstrate advantages
of low-cost, portability, and non-invasiveness. Yang et al. surveyed recent advances in the
development of optically active nanomaterials, including gold, porous silicon, up-conversion,
semiconductor nanocrystal, and carbon-based nanomaterials, along with mainstream optical
bioimaging modalities, such as fluorescence, luminescence, surface enhanced Raman scattering
(SERS), and photoacoustic (PA). Among them, fluorescence bioimaging holds great promise for
the deep-tissue imaging but is hindered by the shallow imaging depth. Near infrared (NIR)
fluorescent lifetime-based imaging can suppress the scattering and self-fluorescence noise and
obtain the quantitatively functional information. Lian et al. overviewed the progresses of contrast
agent’s development (including organic dyes and nanomaterials) and the implementation of this
imaging method. Cao et al. presented a detailed review on the fluorescent nanoparticles (NPs)
working in near infrared wavelength ranging from 1,000 to 1,300 nm, which is called the NIR
IT window and in the range of which light is less absorbed by the tissue than in the visible and
near infrared range below 1,000 nm. The authors summarized the characteristics of several typical
nanomaterials including single-walled carbon nanotubes, Ag,S quantum dots, rare earth NPs, and
organic fluorescent dye NPs. More recently, new bioimaging techniques that hybridize ultrasound
and optics have attracted increasing attention, and deep-tissue high-resolution bioimaging has been
conceived in a number of proof-of-concept studies (Pei and Wei, 2019).

The other idea to decrease the scattering and autofluorescence in the optical imaging is to
use luminescent agents because the strong excitation light is eliminated. Li et al. summarized
the progress on the development of NIR self-illuminating agents and the design principles. They
also discussed the current challenges and future developments. Le et al. focused on the topic of
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chemiluminescence for optical imaging. The nanomaterials for
bioluminescence and ultrasound enhanced chemiluminescence
imaging are reviewed and the future direction is discussed.

Subsequently, a secondary nanomedicine that contains a
therapeutic or regenerative drug will be deployed to the part-
of-interest, and the drug release could be triggered precisely
by non-invasive means, such as ultrasound, optics, magnet, or
heat. Photothermal conversion agents triggers thermal therapy
under the irradiation of the laser energy. Antibody (anti-protein
A IgG) functionalized MoS; nanosheets (MPPI NSs) developed
by Zhang Y. et al. were demonstrated to be effective for the
treatment of S. aureus focal infection on a mouse model. The
MPPI NSs can specifically target to the bacterial and showed
inactivation efficiency larger than 99.99% in both biofilms and
in infected tissues, with minimal damage to mammalian cells.
Meanwhile, the high extinction coefficient of MoS; nanosheets
in the NIR region provides the ability for real-time photoacoustic
imaging. However, as mentioned previously, optical imaging and
therapy usually suffer from low tissue penetration due to the
absorption of the light by the tissue. For deep-seated tumor such
as hepatocellular carcinoma, Zhou et al. labeled radionuclides
1251 to the AA98 monoclonal antibody (}2°I-AA98 mAb) against
CD146, a biomarker for angiogenesis with high expression in
hepatocellular carcinoma cells. After intratumoral injection in a
mouse model, the 2>I-AA98 mAb not only inhibited the early
angiogenic process, but also induced apoptosis of the cancer
cells, achieving higher therapeutic efficacy than treatment by free
1251, The tumor response to the targeted therapy were monitored
by single-photon emission computerized tomography (SPECT)
with high sensitivity and tissue penetration. To overcome the
limitation of penetration depth of light, ultrasound can be used
for both imaging and therapy. In the research by Vighetto
et al,, the generation of reactive oxygen species (ROS) by single-
crystalline zinc oxide (ZnO) NPs and ultrasound were studied.
The cavitation effect of gas nanobubbles under ultrasound
were responsible for the generation of hydroxyl and superoxide
anions, which causing ROS-mediated apoptosis or necrosis of
cells. Notably, the generated acoustic signal can be monitored
by B-mode ultrasound imaging, suggesting the capability of
ZnO NPs as an ultrasound aided theranostic agent. Interestingly,
the health effects of non-invasive therapy on human should
be carefully studied. Song et al. demonstrated that whole body
vibration (WBV), a non-invasive physical therapy, significantly
increased the CD4 and CD25 positive lymphocytes as well as the
population of Treg cells in the spleen. Therefore, the contents
of a variety of bacteria changed, such as Lactobacillus animalis
in mice, and Lactobacillus paraplantarum and Lactobacillus
sanfranciscensis in human.

In a best-case scenario, the therapy or regeneration process
can be monitored real-time through the bioimaging. The
interactive cooperation between these two procedures
will provide accurate and effective treatment for human
diseases. Kuriakose et al. developed a new biodegradable
photoluminescent  polylactones-co-poly  (lactic-co-glycolic
acid) copolymers (BPLP-PLGA) as nanocarriers for protein
delivery. These NPs displayed superior stability (2 days)
in physiological conditions, tunable release kinetics and

fluorescence emission, compatibility with endothelial cells, and
good hemocompatibility. Thereby, the BPLP-PLGA NPs have
potential to serve as optical contrast agents and nanocarriers of
the drugs for cardiovascular diseases. Tian et al.’s mini-review
emphasizes some recent advances of gold nanomaterials-based
photothermal imaging (PTI), SERS imaging, and PA imaging-
guided in vivo therapy in NIR region (>800nm). Hu et al.
examined the potential value of multimodality gadolinium-
based NPs (AGulIX) for non-invasive theranostic MRI-guided
radiotherapy in hepatocellular carcinoma (HCC). The AGuIX
provide better detection of tumors in imaging, and precise
identification for accurate MRI-guided radiotherapy; meanwhile,
the heavy elements in this novel nanoparticle can enhance
radiosensitizing effect by irradiation dose deposition.

We are extremely excited to notice that artificial intelligent
(AI) has been pushing the development of nanomedicines. For
instance, with the rapid development of nanotechnology in
the field of biomedicine, artificial blood, or blood substitute
has shown promising features for the emergency treatment
of BDDs. Chemotherapy, bone marrow transplantation, and
stem cell therapy have been used to treat blood disorder
diseases (BDDs). However, the cure rates are still low due
to the availability of the right type of bone marrow and
the likelihood of recurrence and infection. Zhang N. et al.
surveyed recent advances in the development of artificial blood
components: gas carrier components (erythrocyte substitutes),
immune response components (white blood cell substitutes),
and hemostasis-responsive components (platelet substitutes).
Platelet-inspired nanomedicines for cancer treatment were
also discussed.

Wang et al. summarized the applications of nanozymes
for disease imaging and detection to explore their potential
application in disease diagnosis and precision medicine.
Compared to natural enzymes, nanozymes exhibit the unique
advantages including high catalytic activity, low cost, high
stability, easy mass production, and tunable activity. In
addition, as a new type of artificial enzymes, nanozymes not
only have the enzyme-like catalytic activity, but also exhibit
the unique physicochemical properties of nanomaterials,
such as photothermal properties, superparamagnetism,
and fluorescence, efc. Despite the remarkable advantages
of nanozymes, there remains plenty of limitations while
put nanozymes into practical clinical application, such
as poor dispersibility, easy sedimentation after surface
modification, limited catalytic types, poor substrate selectivity,
and potential nanotoxicity.

Compared to detecting proteins secreted by tumors, detecting
secreted miRNAs has become more attractive for monitoring
tumor progression. Ma et al. designed an artificial intelligent
signal amplification (AISA) system including double-stranded
SQ (S, signal strand; Q, quencher strand) and FP (F, fuel strand;
P, protect strand) according to thermodynamics principle for
sensitive detection of miRNA in vitro and in vivo. The design
features conceiving signal amplification and preventing from
in vivo degradation and complications. Based on this detection
system, the precancerous lesions of liver cancer were diagnosed
and reconstructed.
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The last but not the least, we should always keep in
mind to take into consideration of the potential nanotoxicity
of nanomedicines, which may fail the clinical trial due to
severe side effects. To this end, Dong et al. investigated the
candidate fate of acid-oxidized single-walled carbon nanotubes
(SWNCTs) in non-activated primary mouse peritoneal
macrophages (PMQ). All data showed that exocytosis, uptake,
biodegradation, and sustainable retention of SWCNTs co-exist
in primary macrophages.

In summary, we are pleased to witness such landmark
progresses in the development of nanomedicines that are aiming
to provide real-time bioimaging-guided non-invasive therapy
for human diseases, along with the integration of artificial
intelligence technology. The findings included in this Research
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Bacterial biofim-related diseases cause serious hazard to public health and bring great
challenge to the traditional antibiotic treatment. Photothermal therapy (PTT) has been
recognized as a promising alternative solution. However, the therapeutic efficacy of
PTT is often compromised by the collateral damage to normal tissues due to the lack
of bacteria-targeting capability. Here, a Staphylococcus aureus (S. aureus)-targeted
PTT nanoagent is prepared based on antibody (anti-protein A IgG), polydopamine
(PDA), and PEG-SH (thiolated poly (ethylene glycol)) functionalized MoS, nanosheets
(MoS,@PDA-PEG/IgG NSs, MPPI NSs). The PDA was used as bio-nano interface to
facilitate the covalent conjugation of antibody and PEG-SH onto the surface of MoSy
NSs via facile catechol chemistry. Targeted PTT of MPPI NSs shows excellent inactivation
efficiency of larger than 4 log (>99.99%) to S. aureus both in biofilms (in vitro) and in
infected tissues (in vivo) without causing damage to normal mammalian cells. By contrast,
non-targeted PTT of MoS>,@PDA-PEG NSs (MPP NSs) only kills S. aureus by <90%
in vitro and <50% in vivo. As a result, S. aureus focal infection in mice healed much
faster after PTT of MPPI NSs than that of MPP NSs. The superiority of targeted PTT may
originate from the efficient accumulation and close binding of PTT agents to bacterial
cells. Therefore, MPPI NSs with bacteria-targeting capability are promising photothermal
agents for effective treatment of S. aureus focal infection.

Keywords: targeted photothermal therapy, Staphylococcus aureus, infection, antibody, MoS, nanosheets

INTRODUCTION

S. aureus is one of the major causes for infectious diseases, such as skin and sinus infections,
endocarditis, bacteraemia, and so on, and brings severe threats to human health (van Hal et al,,
2012; Wolcott et al., 2016; Hasan et al., 2017). Most of these infectious diseases are relevant to
the formation of bacterial biofilms, which are organized aggregates of bacterial cells encased in
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extracellular polymeric substances (EPSs) on natural or abiotic
surface (Costerton et al, 1999; Davies, 2003). The bacteria
in biofilms develop much higher resistance to antibiotics and
the host defense system than planktonic bacterium, making
it a great challenge for conventional chemotherapy to treat
bacterial biofilm-related infections (Costerton et al., 1995; Lynch
and Robertson, 2008; Penesyan et al., 2015). Other therapeutic
methods, such as surgical remove combined with long-term
antibiotic therapy, would augment patients” suffering and incur
high healthcare costs (Duncan et al., 2015). Therefore, an urgent
need of alternative antibiofilm strategies arises.

PTT is a simple, efficient, and non-invasive method to
kill bacteria by using near-infrared (NIR) light induced local
hyperthermia (Ray et al., 2012). Since bacteria in biofilms have
little capability to resist the heat or stop the heat transfer, PTT is
less possible to evoke bacterial resistance than antibiotics (Yuwen
etal., 2018). Thus, PTT possesses great potential for the treatment
of bacterial biofilm-related infections. Many nanomaterials have
been used as PTT agents for the photothermal destruction of
bacterial biofilms, such as various gold-based nanostructures and
carbon nanomaterials (Jo and Kim, 2013; Levi-Polyachenko et al.,
2014; Pallavicini et al., 2014; Ji et al., 2016; Meeker et al., 2016,
2018; Teng et al., 2016; Hu et al, 2017). However, relatively
high temperature is usually needed to eliminate bacterial biofilms
completely by PTT, which would cause harm to surrounding
healthy tissues and limit the application of PTT (Hauck et al,,
2008; Hsiao et al., 2015). In order to solve this problem, it
is necessary to improve the accumulation of photothermal
agents in bacterial biofilms and reduce the distance between
photothermal agents and bacterial cells. The integration of
bacteria-targeting moieties and photothermal agents would be a
possible solution.

MoS; nanosheets (MoS, NSs) are promising photothermal
agents due to their large surface area, good biocompatibility,
high extinction coeflicient, and high photothermal conversion
efficiency in the NIR region (Robinson et al, 2011; Chou
et al, 2013; Li et al, 2017). Zhang et al. (2016) have
prepared chitosan functionalized MoS, to combat bacterial
infection by NIR-triggered sterilization. Yin et al. (2016)
combine the peroxidase-like activity and PTT ability of MoS,
nanoflowers, realizing a rapid and effective killing of bacteria
in vitro and wound disinfection in vivo. Yuwen et al
(2018) prepared MoS, NSs-silver nanoparticles composites to
improve the antibiofilm efficacy via photothermal enhanced
release of silver ions. Although MoS, NSs-based PTT has
proven effective to treat bacterial infections, their further
application is still hindered due to the lack of bacteria-
targeting capability.

Here, MoS,@PDA-PEG/IgG NSs (MPPI NSs) with S.
aureus-targeting capability and photothermal properties were
prepared by coating MoS; NSs with polydopamine (PDA) and
subsequently conjugating of anti-protein A IgG and PEG-SH
(Scheme 1). With good biocompatibility, colloidal stability, and
high photothermal effect, MPPI NSs were used for the treatment
of S. aureus biofilms in vitro and S. aureus focal infection in
vivo successfully with much higher therapeutic efficacy than
non-targeted PTT.

/ /‘ /
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e ~ -
S— plgs e : ‘““‘““"’“ﬁ ,\ o
4 /
MoS2 MoS2@PDA MoS:@PDA-PEG/1gG
NIR laser

@ \\F targeted PTT ) \)’j »
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Y anti-protein A IgG protein A PDA PEG-SH

SCHEME 1 | The preparation of MoS, @PDA-PEG/IgG NSs (MPPI NSs)
and their application for targeted PTT of S. aureus focal infection.

MATERIALS AND METHODS

Materials

Molybdenum disulphide (MoS;) powder (<2pm, 99%) and
bovine serum albumin (BSA) were purchased from Sigma-
Aldrich, and n-butyllithium (n-BuLi, 2.4 M hexane solution)
from Amethyst. Dopamine hydrochloride (99%) was obtained
from Alfa Aesar. Thiolated poly (ethylene glycol) methyl
ether (PEG-SH, My, = 5000) and rabbit anti-protein A IgG
(IgG) were bought from JenKem Technology and Beijing
Biosynthesis Biotechnology Co., LTD, respectively. Ultrapure
water (Millipore, 18.2 M) was used to prepare aqueous
solutions throughout the whole study.

Preparation of MoS, NSs

The ultrasonication enhanced lithium intercalation (ULI)
method we reported previously was used to prepare single-layer
MoS; NSs (Zhang et al., 2017).

Preparation of MoS>,@PDA NSs (MP NSs)
Tris-HCl buffer (10 mM, pH = 8.5, 20 mL), MoS; NSs aqueous
dispersion (1 mg/mL, 0.5mL), and dopamine hydrochloride
aqueous solution (10 mg/mL, 0.3 mL) were added into a 50 mL
microwave reaction tube, and reacted in the microwave reactor
(Explorer 48, CEM) at 60°C for 10 min (Yuwen et al., 2018).
The reaction mixture was centrifuged at 12,000 rpm for 20 min.
And the sediment was resuspended in ultrapure water. After
repeating the centrifugation twice, MP NSs were resuspended in
ultrapure water.

Preparation of MoS,@PDA-PEG/IgG NSs
(MPPI NSs)

Tris-HCI buffer (10mM, pH = 8.5, 5mL), rabbit anti-protein
A IgG aqueous solution (IgG, 1 mg/mL, 1 mL), and PEG-SH
aqueous solution (50 mg/mL, 0.33 mL) were added into a 50 mL
centrifuge tube and mixed evenly. MP NSs aqueous dispersion
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(MoS;: 1 mg/mL, 1 mL) was added. The reaction mixture was
incubated overnight in an orbital shaker at 220 rpm and 37°C.
After centrifugation (12,000 rpm, 20 min) for three times, MPPI
NSs were resuspended in ultrapure water.

Preparation of MoS>,@PDA-PEG NSs (MPP

NSs)

The MPP NSs were prepared using the similar method with the
preparation of MPPI NSs except the addition of IgG.

Quantitative Analysis of Protein Loading
Due to the cost reason, frequently-used protein bovine serum
albumin (BSA) was used instead of IgG to evaluate the protein
loading efficiency of MP NSs and MoS; NSs by using Bradford
protein assay (Compton and Jones, 1985). Bradford reagent was
prepared by dissolving Coomassie Brilliant Blue G-250 (10 mg)
into ethanol solution (95%, 5mL), and then adding phosphoric
acid solution (85%, 10 mL) and H,O (85 mL).

Tris-HCl buffer (10mM, pH = 8.5, 5mL), BSA aqueous
solution (1 mg/mL, 1mL), PEG-SH aqueous solution (50
mg/mL, 0.33mL), and MoS, NSs or MP NSs aqueous
dispersion (MoS;: 1 mg/mL, 1mL) were mixed evenly in
50 mL centrifuge tubes, respectively. The reaction mixtures were
incubated overnight in an orbital shaker at 220 rpm and 37°C.
After centrifugation (12,000 rpm, 20 min) for five times, the
supernatant was collected.

Supernatant (50 wL) and BSA aqueous solutions at different
concentrations (8, 16, 32, and 64 pg/mL, 50 pL) were mixed
with Bradford reagent (250 wL), respectively. After 5min, the
absorbance at 595 nm of these mixtures was measured. A working
curve of absorbance at 595 nm vs. concentration of BSA was built
as followed, C (ng/mL) = (OD595—0.072)/0.00456. The amount
of BSA in the supernatant was determined by using the above
equation. Finally, the amount of protein integrated to MoS, NSs
and MP NSs was calculated according to the total amount of
BSA added.

Cytotoxicity Assay

Minimum essential medium (MEM, KeyGEN BioTECH,
containing penicillin-streptomycin) with supplement of fetal
bovine serum (FBS, Gibco, 10%) and trypsin-EDTA (0.25% w/v)
were used to culture and detach the human cervical carcinoma
(HeLa) cells (KeyGEN BioTECH), respectively. MoS,; NSs, MP
NSs, MPP NSs, and MPPI NSs suspended in MEM (no FBS, 200
nwL/well) were added into HeLa cells that grew in 96-well plates.
After incubation for 24h, the lactate dehydrogenase (LDH)
from the supernatant was detected using the LDH-cytotoxicity
colorimetric assay kit (BioVision) and the cytotoxicity of
nanosheets was evaluated following the instruction described in
our previous work (Zhang et al., 2017). A microtiter plate reader
(PowerWave XS2, BioTek) was used to measure the optical
density at 495 nm (OD495).

Photothermal Toxicity of MPPI NSs

The PTT of MPPI NSs was carried out on the human prostatic
stromal myofibroblast cell line WPMY-1 cells to evaluate the
side effects. The WPMY-1 cells were seeded in 96-well plates

using DMEM (Dulbecco’s modified Eagle’s medium, 10% FBS,
80 U/mL penicillin, and 0.08 mg/mL streptomycin). After 24 h,
WPMY-1 cells were washed with sterile saline, and incubated
with different concentrations of MPPI NSs (containing 0, 40,
80, and 160 pg/mL MoS;) suspended in DMEM (no FBS) for
another 6 h. The cells were rinsed with saline, and 50 pwL of
DMEM (no FBS) was added into each well. The NIR laser
irradiation was performed using a 785nm laser at 0.58 W/cm?
for 10 min. The supernatants were transferred to another 96-well
plate to calculate the cell viability using the LDH-cytotoxicity
colorimetric assay kit as we described above. Adherent cells were
co-stained by calcein-AM and propidium iodide (PI, KeyGEN
BioTECH), and imaged using an Olympus IX71 inverted
fluorescence microscope.

Bacteria Culture and Biofilm Formation

S. aureus ATCC 25923 and Pseudomonas aeruginosa PAO1 were
maintained on Luria-Bertani (LB) agar and stored at 4°C.
Before use, a single isolated colony was transferred into LB
broth in a 50mL centrifuge tube and incubated at 37°C in
a rotary incubator with shaking at 200 rpm overnight. After
rinsed with sterile saline twice, the bacteria were suspended in
fresh LB medium supplemented with 1% glucose (LBG broth)
at a concentration of 107 colony forming units (CFU)/mL.
The bacterial suspension was added into 6-well plates with
ITO glass with a volume of 3 mL/well, 96-well plates with
a volume of 200 pL/well, and glass-bottomed culture dishes
(confocal dishes) with a volume of 3 mL/well, respectively.
Established biofilms were obtained after incubation at 37°C for
24h (Chen et al., 2016).

In vitro PTT of S. aureus Biofilms
S. aureus biofilms grown in 96-well plates were rinsed softly
and cultured with MPPI NSs and MPP NSs (MoS;: 0, 40, 80,
and 160 pg/mL) suspended in saline at 37°C, respectively. After
6h, unbound nanosheets were washed away. Sterile saline (50
L) was added to maintain the humidification of biofilms. NIR
laser irradiation was performed by using a 785 nm continuous-
wave laser at the power density of 0.58 W/cm? for 10 min. These
biofilms treated with both nanosheets incubation and NIR laser
irradiation were classified into MPP + NIR and MPPI + NIR
groups. The biofilms with only nanosheets incubation and only
NIR laser irradiation (MoS;: 0 jug/mL) were set as control.

The bacteria inside biofilms of each well were dispersed into
saline thoroughly by pipetting. Bacterial viability was determined
by serial dilution and plate counting as CFU per well.

SEM Imaging of S. aureus Biofilms
S. aureus biofilms grown on ITO glass after 6 h incubation with
MPPI NSs or MPP NSs and P. aeruginosa biofilms grown ITO
glass after 6 h incubation with MPPI NSs were washed with saline
twice, fixed in 2.5% glutaraldehyde for 30 min, dehydrated with
graded ethanol series (25%, 50%, 75%, and 100%) for 10 min
each, sputter-coated with gold, and imaged by SEM.

The morphology change of S. aureus biofilms after PTT with
MPPI NSs and MPP NSs were also observed by SEM after similar
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treatments consisting of fixing with glutaraldehyde, dehydrating
with graded ethanol series, and sputter coating with gold.

Quantitative Assessment of
Biofilm-Binding by Energy Dispersive
Spectroscopy (EDS)

After incubation with MPPI NSs or MPP NSs for 6h, the
binding affinity of MPP NSs and MPPI NSs to S. aureus biofilms,
and that of MPPI NSs to P. aeruginosa biofilms were assessed.
Biofilms grown on ITO glass were washed with saline twice
after incubation with MPPI NSs and MPP NSs, fixed in 2.5%
glutaraldehyde for 30 min, dehydrated with graded ethanol series
(25, 50, 75, and 100%) for 10 min each, and examined by EDS.

Crystal Violet Staining Assay of S. aureus

Biofilms

Crystal violet staining was used for the structure observation of
S. aureus biofilms. The biofilms in 96-well plates treated with
MPPI NSs incubation (MoS;: 0, 40, 80, and 160 jLg/mL) and
NIR laser irradiation were all fixed with 2.5% glutaraldehyde for
30 min, and stained with 0.2% crystal violet for 1h. Excessive
dye was rinsed by saline. Biofilms were imaged using an inverted
microscope (Olympus IX71).

Three Dimensional (3D) Confocal Laser
Scanning Microscopy (CLSM) Observation

S. aureus suspended in LBG broth at the concentration of
107 CFU/mL was added into confocal dishes with a volume
of 3 mL/well, and cultured at 37°C for 24 h. Then, S. aureus
biofilms were treated with different conditions: only MPP NSs
incubation (MPP), only MPPI NSs incubation (MPPI), MPP
NSs incubation and NIR laser irradiation (MPP + NIR), and
MPPI NSs incubation and NIR laser irradiation (MPPI +
NIR). Biofilms were stained by calcein-AM (KeyGEN BioTECH)
for 20 min, washed with sterile saline to remove excessive
dye, and imaged by Olympus IX81 confocal laser scanning
microscope with an imaging area of 630 x 630 and 1 wm interval
on z-section.

In vivo PTT of S. aureus Focal Infection

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Nanjing
University and experiments were approved by the Animal Ethics
Committee of Nanjing University. Six-week-old female Balb/c
mice (Nanjing Junke Biological Engineering Co. Ltd.) were first
anesthetized and depilated. S. aureus suspended in LBG broth
at the concentration of 10° CFU/mL was injected into the right
flanks of mice subcutaneously with a volume of 40 pnL each to
construct subcutaneous abscesses. After 24h, 48 mice with S.
aureus focal infection were randomly divided into six groups and
injected in situ (into the abscess) with 100 pL saline, 100 pL
MPP NSs (suspended in saline, MoS;: 40 jLg/mL), and 100 pL
MPPI NSs (suspended in saline, MoS,: 40 jLg/mL), respectively.
The NIR laser irradiation was performed at 12h post-injection
using a 785nm laser at the power density of 0.58 W/cm? for
10 min. The sizes of abscesses were measured by using a caliper

every other day, and photographs were taken at the same time.
All mice were executed at 8th day. The infected tissues of three
mice from each group were dissected and fixed in 10% neutral
buffered formalin for hematoxylin and eosin (H&E) staining
and Masson’s trichrome staining. The stained slices were imaged
by using an Olympus IX71 microscope. The S. aureus infected
tissues of five mice from each group were transferred into sterile
saline. The bacteria of abscesses were dispersed thoroughly by
ultrasonication to determine the CFU by plating.

In vivo Toxicity Assessment of MPP NSs
and MPPI NSs

Nine female Balb/c mice (6-week-old) were divided randomly
into three groups, and were intravenously (i.v.) injected with
saline, MPP NSs, and MPPI NSs suspended in saline (MoS;:
500 g/mL) with a volume of 200 pL, respectively. One month
after the injection, these mice were all sacrificed and their major
organs (heart, liver, spleen, lung, and kidney) were collected for
H&E staining.

RESULTS
Morphology and Properties

As shown in Figures 1A,E and Figure S1, the transmission
electron microscopy (TEM) and atomic force microscopy (AFM)
images show that the as-prepared MoS; NSs have uniform
single-layer sheet-like morphology with sizes of 100~500 nm
and thickness of about 1.2nm, consistent with previous
reports (Yuwen et al, 2016). As shown in Figures 1A-H,
MoS,;@PDA NSs (MP NSs), MoS, @PDA-PEG NSs (MPP NSs),
and MoS;@PDA-PEG-IgG NSs (MPPI NSs) show no obvious
change in terms of size and shape compared with MoS; NSs.
After PDA coating, the thickness of MP NSs rises to about
6.6 nm (Figure 1F, Figures S1D,F). The thicknesses of MPP NSs
and MPPI NSs increase to 7.8~7.9nm (Figures 1G,H). The
hydrodynamic sizes of MoS, NSs, MP NS, MPP NSs, and MPPI
NSs determined by dynamic light scattering (DLS) are ~225 nm,
~246nm, ~271 nm, and ~261nm, respectively (Figure S2A).
As shown in Figure S2B, the zeta potential of MoS, NSs is
about —32mV, and that of MP NSs is about —22mV. The
electroneutral PEG-SH increases the zeta potential of MPP NSs
to about —17 mV, and the zeta potential of MPPI NSs is about
—27mV.

As shown in Figure 2A, the IR absorption band near 1,616
cm ™! of MP NSs can be assigned to the C=C stretching vibration
and N-H bending vibration from PDA, suggesting the successful
coating of PDA on the surface of MoS; NSs (He et al., 2014). The
C-H stretching vibrations at 2,926 and 2,855 cm ™! demonstrate
the presence of PEG-SH in both MPP NSs and MPPI NSs
(Yuan et al,, 2015; Uppu et al., 2016). The characteristic peaks of
Amide I (1,628 and 1,624 cmfl) and Amide II (1,578 and 1,542
cm™!) from MPPI NSs proves the conjugation of IgG (Figure 2A
and Figure §3; Islam et al., 2017). The X-ray photoelectron
spectroscopy (XPS) survey spectra of MoS; NSs, MP NSs, MPP
NSs, and MPPI NSs are shown in Figure 2B. The binding energy
peaks of Mo 3pi/; (~412eV), Mo 3p3» (~394eV), Mo 3d
(~229¢eV), and S 2p (~162eV) can be observed in MoS; NSs
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FIGURE 1 | Transmission electron microscopy (TEM) images (A-D) and atomic force microscopy (AFM) images (E-H) of MoS» NSs, MP NSs (MoS,; @PDA NSs),
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FIGURE 2 | (A) Fourier transform infrared (FT-IR) spectra, (B) X-ray
photoelectron spectroscopy (XPS) spectra, and (C) Ultraviolet-visible-near
infrared (UV-Vis-NIR) absorption spectra of MoSy NSs, MP NSs, MPP NSs,
and MPPI NSs. (D) Photothermal heating curves of MoS, NSs, MP NSs, MPP
NSs, and MPPI NSs (MoS»: 30 ng/mL). All samples were irradiated under
785nm laser at the power density of 0.43 W/cm? for 10 min.

(Kibsgaard et al., 2012; Ganta et al., 2014). The intensity of these
characteristic peaks of MoS; decrease in MP NSs, MPP NSs, and
MPPI NSs after the surface modification, and N 1s (~399¢V)
peak exists in all these three nanosheets, demonstrating the
presence of PDA and IgG (Ryou et al., 2011).

As shown in Figure 2C, MoS; NSs have broad absorption
ranging from the ultraviolet to the NIR region. The absorbance
of MP NSs increases slightly due to the PDA coating (Liu
et al., 2014). The ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectra of MPP NSs and MPPI NSs are almost the
same as that of MP NSs. Figure 2D shows that the temperature
of water increased < 1°C under 785 nm laser irradiation at 0.43
W/cm? for 10 min, while the temperature of MoS, NSs aqueous
dispersion (30 pg/mL) reached as high as 50°C. Meanwhile,
the final temperatures of MP NSs, MPP NSs, and MPPI NSs
aqueous dispersions containing 30 pg/mL of MoS, were ~2°C
higher than that of MoS, NSs aqueous dispersion, indicating
the photothermal property of MoS; NSs was not significantly
influenced by surface modification. What's more, MoS; NSs and
MP NSs showed similar temperature evolution during heating
(laser-on) and cooling (laser-off) processes (Figures S4A,B).
After laser irradiation at 0.43 W/cm? for 30 min, UV-Vis-NIR
absorption spectra of MoS; NSs and MP NSs showed no obvious
change (Figures $4C,D), indicating good photothermal stability.

Stability, Protein Loading Ability, and

Biocompatibility of MPPI NSs

The stability of MoS; NSs, MP NSs, MPP NSs, and MPPI NSs
was studied by comparing the absorbance of MoS; at 785nm
at different times. As shown in Figure 3A, the absorbance of
MoS; NSs aqueous dispersion (20 pg/mL) at 785 nm decreases
rapidly. The absorbance of MoS, NSs at 30 d is <30% of
that at the beginning, due to the oxidation of MoS, NSs. By
contrast, the absorbance of MP NSs, MPP NSs, and MPPI NSs
aqueous dispersions (MoS;: 20 ug/mL) at 30 d stays more than
80% compared with that at 0 d, indicating greatly improved
stability. As shown in Figure 3B, the color of MoS; NSs aqueous
dispersion is much lighter at 30 d than that at 0 d, while the
MP NSs aqueous dispersion at 30 d is almost the same as that
at 0 d, suggesting the same trend as the change of absorbance.
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MoS; NSs is stable in pure water, but usually aggregate in salt-
containing buffer (Zhang et al., 2017). As shown in Figure 3C,
MoS; NSs and MP NSs (MoS;: 40 pg/mL) aggregated completely
in phosphate buffered saline (PBS) and Minimum Essential
Medium (MEM) after 1 d. In contrast, MPP NSs and MPPI
NSs remained well dispersed in H,O, PBS, and MEM (MoS;:
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FIGURE 3 | (A) The relative absorbance at 785 nm of MoSy NSs, MP NSs,
MPP NSs, and MPPI NSs aqueous dispersions (MoS»: 20 ug/mL) after stored
in ambient environment at different times. (B) Photographs of MoS, NSs and
MP NSs aqueous dispersions (MoS»: 20 pg/mL) at 0 d and 30 d.

(C) Photographs of MoSy NSs, MP NSs, MPP NSs, and MPPI NSs (MoS»:
40 ng/mL) dispersed in HoO, PBS (phosphate buffered saline), and MEM
(Minimum Essential Medium) for 1 d, respectively. (D) Cell viabilities of human
cervical carcinoma (Hela) cells after incubation with MoS, NSs, MP NSs,
MPP NSs, and MPPI NSs for 24 h.

40 pg/mL) without any obvious precipitates even after 14 d
(Figure S5), and their hydrodynamic sizes almost remained the
same (Figure S6), demonstrating great colloidal stability of MPP
NSs and MPPI NSs.

The conjugation efficiency of protein to MP NSs was
investigated by using bovine serum albumin (BSA) as an
example. Determined by Bradford protein assay (Compton and
Jones, 1985), 1 mg of MoS; NSs can load 0.012 mg of BSA, while
MP NSs (containing 1 mg MoS;) can load 0.434mg of BSA,
suggesting a 36-fold increase.

Biocompatibility is an essential factor for the biomedical
application of nanomaterials. As illustrated in Figure 3D, HeLa
cells remained almost 100% viable after incubation with MoS,
NSs and MP NSs, and more than 90% viable with MPP NSs
and MPPI NSs even at the concentration of up to 320 pg/mL,
demonstrating good biocompatibility of MPPI NSs.

Targeting Ability of MPPI NSs to S. aureus

Biofilms

Prior to the photothermal therapy, the targeting ability of
MPPI NSs to S. aureus biofilms was studied. As shown in
Figure S7, the planktonic S. aureus cells have smooth, clear,
and spherical morphology, while the surface of bacterial cells
in S. aureus biofilms are less clear due to the enclosing of EPS
(Figures 4A,F; Asahi et al., 2015). As indicated in Figures 4B,G,
crumpled accumulation of nanosheets can be observed on the
surface of a few S. aureus cells in biofilms after 6h incubation
with MPP NSs (MoS,: 160 pwg/mL) due to the non-specific
absorption. In contrast, most S. aureus cells in biofilms were
covered by crumpled nanosheets after incubation with MPPI NSs
(MoS,: 160 pwg/mL) for 6 h (Figures 4C,H), suggesting effectively
binding of MPPINSs to S. aureus. To confirm the targeting ability
of MPPI NSs to S. aureus biofilms, Pseudomonas aeruginosa (P.
aeruginosa) biofilms was also incubated with MPPI NSs (MoS;:
160 g/mL) for 6 h. SEM images show that no obvious change
can be observed between the P. aeruginosa biofilms treated with
saline (Figures 4D,I) and that with MPPI NSs (Figures 4E,]).

Saline

2 um in (A-E) and 500 nm in (F=J).

FIGURE 4 | Representative scanning electron microscopy (SEM) images of S. aureus biofilms after 6 h incubation with saline (A,F), MPP NSs (B,G, MoSo:
160 pg/mL), and MPPI NSs (C,H, MoS»: 160 nwg/mL) and R, aeruginosa biofilms with saline (D,l) and MPPI NSs (E,J, MoS,: 160 g/mL). The scale bars represent

Saline MPPI
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The specific accumulation of MPPI NSs in S. aureus biofilms was
also analyzed by energy dispersive X-ray spectroscopy (EDS). As
illustrated in Figure S8, the atomic percentages of Mo among all
elements (C, N, O, S, P, and Mo) in S. aureus biofilms cultured
with MPP NSs and P. aeruginosa biofilms cultured with MPPI
NSs are very low (0.08~0.1%) even at high concentration (MoS;:
160 pg/mL), suggesting that limited amount of nanosheets bind
to biofilms through non-specific adsorption. In contrast, the
atomic percentage of Mo in S. aureus biofilms cultured with
MPPI NSs (MoS,: 160 jLg/mL) is 0.48%, which is about 5-fold
of that with MPP NSs. These results demonstrate the excellent S.
aureus biofilm-targeting ability of MPPI NSs.

As shown in FigureS9, the human prostatic stromal
myofibroblast cell line (WPMY-1 cells) stayed almost 100%
viable after PTT of MPPI NSs (0.58 W/cm? for 10 min), even
when the concentration of MPPI NSs reached up to 160 jug/mL.
The WPMY-1 cells after PTT of MPPI NSs were also co-
stained by calcein-AM and propidium iodide (PI). Live cells
were stained green by calcein, while dead cells were stained red
by PI. Figure S10 shows barely red fluorescence, and almost
all WPMY-1 cells show green fluorescence, indicating that the
targeted-PTT of MPPI NSs has little side effects to normal
mammalian cells.

In vitro Targeted PTT of S. aureus Biofilms
Prior to the in vivo treatment study of S. aureus biofilm-related
infection, the in vitro PTT efficacy of S. aureus biofilms by MPPI
NSs was evaluated. As shown in Figure 5A, the temperature of S.
aureus biofilms rose by 2°C under 785 nm laser irradiation (0.58
W/cm?, 10 min). The S. aureus biofilms with MPP NSs and MPPI
NSs incubation and NIR laser irradiation show temperature
increase of 30 and 43°C, respectively, suggesting more MPPI NSs
accumulate in S. aureus biofilms than MPP NSs due to the specific
binding mediated by antibody.

As shown in Figure 5B, the colony forming units (CFU) of
S. aureus biofilms after the treatments of MPP NSs and MPPI
NSs incubation (MoS;: 160 jug/mL) decreases by about 0.36 log
(~57.08%) and 0.77 log (~77.07%), respectively. The CFU of S.
aureus biofilms decreases by 0.96 log (~89.14%) after PTT of
MPP NSs (MoS;: 160 pg/mL), while that decreases by 4.46 log
(>99.99%) after PTT of MPPI NSs (MoS;: 160 pg/mL), showing
excellent targeted PTT efficacy.

Three dimensional (3D) confocal laser scanning microscopy
(CLSM) was used to directly observe live bacteria in biofilms
that were stained green by calcein (Chen et al,, 2016). As shown
in Figure 5C, the intensity of green fluorescence shows limited
reduction in S. aureus biofilms of control groups, including MPP,
MPPI], and MPP + NIR groups, which indicates the MPP NSs,
MPPI NSs, and non-targeted PTT of MPP NSs have neglectable
antibiofilm efficacy. In contrast, after targeted PTT of MPPI
NSs, the green fluorescence of S. aureus biofilms decreases
along with the increase of the concentration of MPPI NSs, and
nearly vanishes at the concentration of 160 pg/mL, indicating
that almost all S. aureus in biofilms are killed. The significant
difference of the green fluorescence between MPPI + NIR group
and MPP + NIR group suggests that the antibiofilm efficacy of
targeted PTT is much better than the non-targeted PTT, due to
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FIGURE 5 | In vitro targeted PTT of S. aureus biofilms. (A) Temperature
changing curves of S. aureus biofilms under 785 nm laser irradiation (0.58
W/cmz, 10 min) after 6 h incubation with saline, MPP NSs, and MPPI NSs
(MoSy: 160 wg/mL), respectively. (B) Bacterial viability and (C) Three
dimensional (3D) confocal laser scanning microscopy (CLSM) images (630 x
630 um) of S. aureus biofilms with or without NIR laser irradiation after
incubation with different concentrations of MPP NSs or MPPI NSs.

(D) Representative SEM images of S. aureus biofilms after PTT of MPP NSs or
MPPI NSs (MoSo: 160 wg/mL). The scale bars in upper row and lower row
represent 2 um and 500 nm, respectively.

the limited range of photo-induced thermal effect. These results
are consistent with the changing trend of CFU numbers after
different treatments.

As shown in Figure 5D, the bacteria in preformed S. aureus
biofilms have intact morphology after NIR laser irradiation
(Saline) or PTT of MPP NSs (MPP). On the contrary, after PTT
of MPPI NSs (MPPI), lysed bacterial morphology and debris can
be observed, suggesting serious structural damage of S. aurues
biofilms. The structure change of S. aureus biofilms after PTT
of MPPI NSs was also revealed by crystal violet staining (Chen
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FIGURE 6 | In vivo PTT of S. aureus focal infection. (A) IR thermal images of S. aureus infected tissues under 785 nm laser irradiation (0.58 W/cm?, 10 min) at 12h
after in situ injection (into the abscess) of saline (100 wL), MPP NSs (100 L, MoS,: 40 ng/mL), and MPPI NSs (100 wL, MoS»: 40 ng/mL). (B) Photographs (2cm x
2cm) of the S. aureus infected tissues at different times after treatments. (C) The wound area of subcutaneous abscesses after various treatments. (D) Colony
forming units (CFU) of the S. aureus infected tissues at 8th day after different treatments. (E) Microphotographs of hematoxylin and eosin (H&E) stained and Masson’s
trichrome stained slices of the S. aureus infected tissues at 8th day post-treatment. Red arrows and blue arrows indicate superficial ulcer in the epidermal layer and
inflammatory cell infiltration in the dermal layer, respectively. Yellow arrow, green circle, and pink circle indicate hair follicle formation, fibroblast proliferation, and
granulomatous inflammation in the dermal layer, respectively. Scale bar represents 200 pm. Data represent mean + SD (n = 5), *p < 0.05, “*p < 0.01, and **p <

0.001. Statistical analysis by two-tailed unpaired t-test.

et al, 2016). As shown in Figure S11, the S. aureus biofilms
after PTT of MPPI NSs become loosened, indicating that PTT
of MPPI NSs can partially destroy the EPS-encased structure of
biofilms. Hence, S. aureus biofilms can be inactivated by targeted
photothermal ablation using MPPI NSs efficiently.

In vivo PTT of S. aureus Focal Infection
To construct S. aureus focal infection model, S. aureus
suspensions were subcutaneously injected into the right flanks

of Balb/c mice (Hu et al., 2017; Zhao et al., 2017). These mice
with subcutaneous abscesses were randomly divided into six
groups: Saline, NIR, MPP, MPP + NIR, MPPI, and MPPI + NIR.
Among them, 100 L of MPP NSs or MPPI NSs dispersed in
saline were injected into the S. aureus focal infection sites with
a dose of 4 pug (40 ig/mL), and saline was used as control. NIR
laser irradiation (785nm, 0.58 W/cm?, 10 min) was carried out
at 12h post-injection. As shown in Figure 6A and Figure S12,
the temperature of S. aureus infected skins treated with saline
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FIGURE 7 | Microphotographs of H&E stained slices of major organs of Balb/c mice at 30th day after i.v. injection of saline, MPP NSs, and MPPI NSs. The MPP NSs
and MPPI NSs contained 500 pg/mL of MoS», and the injection volume was 200 L. The scale bar represents 200 pm.

rose from 33 to 34°C under NIR laser irradiation, while the
temperatures of infected tissues with PTT of MPP NSs and
MPPI NSs increased to ~43 and ~50°C, respectively. The higher
temperature indicates that more MPPI NSs accumulate at the
infection sites than MPP NSs.

The PTT efficacy of MPPI NSs was studied during the
following 8 days after treatments. As shown in Figures 6B,C,
the mice from MPPI + NIR group showed much earlier wound
scarring and significantly faster healing than those from the other
five control groups (Saline, MPP, MPPI, NIR, and MPP + NIR).
Wound crust appeared at 4th day after PTT of MPPI NSs, and
fell off at 6th day. After 8 d, the S. aureus infected tissues almost
recovered with a small scar left. As to the five control groups,
there were no crust formed until 6 d after treatments. At 8th
day, the crust detached, but ulceration still remained, showing
much slower healing. As shown in Figure 6C, the average area
of infected tissues from MPPI + NIR group was reduced to
~1 mm? at 8th day post-treatment, while those from other five
control groups were still larger than 7 mm?.

The number of viable S. aureus cells from the infected tissues
were obtained by standard plate counting method at 8th day
post-treatment. As shown in Figure 6D and Figure S13, the
CFU of the infected tissues from three groups (NIR, MPP, and
MPPI), shows <0.25 log reduction compared to the Saline group,
suggesting that neither MPP NSs or MPPI NSs incubation nor
NIR laser irradiation can kill the bacteria effectively. The number
of bacteria in infected tissues after PTT of MPPI NSs is reduced
by more than 4 log (>99.99%), which is significantly higher than
the group treated with PTT of MPP NSs (0.57 log, ~48.43%).

Hematoxylin and eosin (H&E) staining and Masson’s
trichrome staining were used to evaluate the healing status of
S. aureus infected tissues. As shown in Figure 6E, the infected
tissues from the five control groups (Saline, NIR, MPP, MPP +
NIR, and MPPI) exhibited severe inflammation on the 8th day
post-treatment, including superficial ulcer in the epidermal layer
(indicated by red arrows), massive inflammatory cells infiltration

in the dermal layer (indicated by blue arrows, and also shown
in Figure S14), and collagen layer (stained blue) disappearing.
On the contrary, the infected skin of mice after PTT of MPPI
NSs showed intact epidermal layer with dense collagen fibers,
and proliferation of fibroblast (indicated by green circle) as
well as hair follicles (indicated by yellow arrow) in the dermal
layer. Although there was still a little bit of granulomatous
inflammation (indicated by pink circle), the S. aureus focal
infection almost healed at 8th day after the targeted PTT of
MPPI NSs. These results demonstrate the superiority of targeted
PTT for the treatment of S. aureus focal infection over non-
targeted PTT.

In vivo Toxicity

As illustrated in Figure 7, the major organs (heart, liver, spleen,
lung, and kidney) of mice with iv. injection of MPP NSs
or MPPI NSs have similar morphology as the healthy tissues
(Saline) without noticeable organ damage or inflammatory
lesion. Although more studies of long-term toxicity are still
required, MPPI NSs show no obvious in vivo toxicity at the dose
we used.

DISCUSSION

PTT is a promising alternative solution of antibiotics for
the treatment of bacterial biofilm-related diseases. Targeting
functionalization has great potential to improve the therapeutic
efficiency and reduce the side effects. In this direction, the
modification of targeting moieties to photothermal agents would
be a key factor. S. aureus is one of the leading causes of biofilm-
related infections (Otto, 2013; Tong et al., 2015). Protein A is a
surface protein in the cell wall of S. aureus. Anti-protein A IgG
has proven effective to target S. aureus, and used here as the
targeting moiety (Meeker et al., 2016, 2018).

MoS; NSs is an excellent PTT agent with good
biocompatibility, high extinction coeflicient and photothermal
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conversion efficiency in the NIR region (Robinson et al., 2011;
Chou et al., 2013; Li et al., 2017). MoS; NSs can be functionalized
by various biomolecules, such as PEG-SH, proteins, DNA,
and so on, through coordination interaction and physical
absorption (Li et al., 2017). These methods are easy to carry
out, and the intrinsic properties of MoS, NSs would not be
affected (Li et al., 2017). Nevertheless, because of these weak
non-covalent conjugation, biomolecules tend to desorb from the
surface of MoS, NSs, which would cause the invalidation of the
functionalization and destabilization, especially in physiological
environment. Therefore, a facile method for valid and stable
functionalization is in demand.

It is realizable for dopamine to polymerize on the surface
of MoS; NSs, and the in situ polymerization of dopamine
would deposit a layer of PDA on the surface of MoS; NSs,
yielding MP NSs (Yuwen et al., 2018). Moreover, PDA has
plenty of catechol groups that can facilitate the covalent
linkage with amine and thiol groups via Michael addition
and/or Schiff base reactions (Liu et al, 2014). Thus, we
use PDA as interface of MoS; NSs to conjugate PEG-SH
and anti-protein A IgG covalently to form MPPI NSs, as
illustrated in Scheme 1. The surface modification with PDA,
PEG-SH, and antibody is moderate without causing any
damage to the morphology of MoS, NSs (Figures 1A-D), but
increases the thickness (Figures 1 E-H). The PDA coating not
only enhances the stability of MoS, NSs against oxidation
(Figures 3A,B), but also greatly improves the protein-loading
efficiency (36-fold increase). As a result, the MPPI NSs
have better colloidal stability compared with MoS, NSs
(Figure 3C, Figures S5, $6), good biocompatibility (Figure 3D),
and excellent photothermal property (Figure 2D) and stability
(Figure S4).

As shown in Figure 4 and Figure S8, much more MPPI NSs
accumulate in S. aureus biofilms than MPP NSs without IgG
functionalization (5-fold increase), resulting higher temperature
under NIR laser irradiation (Figure 5A). Although the amount
of MPPI NSs and MPP NSs at the infection sites of mice
was not measured quantitatively, the higher temperature of S.
aureus-infected skins treated with MPPI NSs than that with
MPP NSs indicates that more MPPI NSs accumulate at the
infection sites than MPP NSs (Figure 6A and Figure S12).
These results demonstrate that anti-protein A IgG provides
MoS, NSs with specific binding ability to the S. aureus cells
in both biofilms and infection sites through the antibody-
antigen interaction with high binding affinity. What’s more, the
antibody-antigen interaction can shorten the distance between
S. aureus cells and photothermal agents, which could enhance
the ablation effect of local photothermal hyperpyrexia (Peng
et al, 2018; Zhang et al, 2018). Combining the efficient
accumulation and reduced distance of MPPI NSs to S. aureus,
the targeted PTT of MPPI NSs achieved an excellent inactivation
efficiency of more than 99.99% both in vitro and in vivo,
and eventually accelerated the healing of S. aureus focal
infection (Figures 5, 6). Meanwhile, normal mammalian cells
are barely affected by the PTT of MPPI NSs (Figures S9, S10),
indicating little side effects of the targeted-PTT. In one word,

a S. aureus-targeting PTT agent has been proposed with
enhanced therapeutic efficiency and low side effects, suggesting
the necessity of targeting functionalization when designing
PTT agents.

CONCLUSIONS

In this study, MPPI NSs were prepared for targeted PTT
of S. aureus focal infection. With PDA coating, MoS, NSs
can be functionalized covalently with PEG-SH and IgG.
As a result, MPPI NSs possess excellent colloidal stability,
conjugation efficiency, photothermal property, biocompatibility,
and especially S. aureus-targeting ability. MPPI NSs can
accumulate in S. aureus biofilms effectively and specifically with
an amount of almost 5 times more than MPP NSs without
IgG. The numbers of S. aureus in biofilms and infected tissues
were reduced by more than 4 log (>99.99%) by targeted PTT
of MPPI NSs, which was significantly higher than that of MPP
NSs without targeting ability (<90% in vitro and <50% in vivo).
Meanwhile, the PTT of MPPI NSs show no harm to normal
mammalian cells, demonstrating the low side effects of targeted
PTT. Targeted PTT of MPPI NSs also shows much faster healing
process for the treatment of S. aureus focal infection in vivo than
non-targeted PTT. With no obvious toxicity observed both in
vitro and in vivo, these results demonstrate that the MPPI NSs
have great potential as a targeted PTT agent for the treatment of
S. aureus infection.
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Optical imaging plays an indispensable role in biology and medicine attributing to its
noninvasiveness, high spatiotemporal resolution, and high sensitivity. However, as a
conventional optical imaging modality, fluorescence imaging confronts issues of shallow
imaging depth due to the need for real-time light excitation which produces tissue
autofluorescence. By contrast, self-luminescence imaging eliminates the concurrent
light excitation, permitting deeper imaging depth and higher signal-to-background
ratio (SBR), which has attracted growing attention. Herein, this review summarizes
the progress on the development of near-infrared (NIR) emitting self-luminescence
agents in deep-tissue optical imaging with highlighting the design principles including
molecular- and nano-engineering approaches. Finally, it discusses current challenges
and guidelines to develop more effective self-illuminating agents for biomedical diagnosis
and treatment.

Keywords: self-luminescence, bioluminescence, chemiluminescence, afterglow, deep-tissue imaging, optical
imaging

INTRODUCTION

Imaging techniques such as single-photon emission computed tomography (SPECT), positron
emission computed tomography (PET), magnetic resonance imaging (MRI), computed
tomography (CT), optical imaging, ultrasound imaging, and photoacoustic (PA) imaging have
become powerful tools to detect and monitor the physiological or pathological processes at the
molecular, subcellular, cellular, tissue and body levels (Jokerst and Gambhir, 2011; Farzin et al,,
2018; Li et al., 2018; Ma et al., 2018; Ni et al., 2018a; Yin et al., 2019). Among the above-mentioned
imaging modalities, optical imaging shows tremendous potential in biomedical applications due
to its noninvasiveness, high sensitivity, high temporal and spatial resolution (Liu et al., 2007;
Weissleder and Pittet, 2008; Choi et al, 2013; Zhu et al., 2018). Moreover, optical imaging
equipment are relatively low-cost and convenient to operate (Baker, 2010; Badr and Tannous,
2011; Gnaim et al., 2019). However, as a conventional optical imaging, fluorescence imaging has
not been extensively utilized in clinical practice. The main reason is the need for concurrent light
excitation in imaging process, which produces severe light-tissue interactions (i.e., light scattering,
tissue absorption, and autofluorescence), consequently resulting in poor signal-to-background
ratio (SBR) and low penetration depth (Shimon et al., 2009; Jones et al., 2017; Miao and Pu, 2018).

Self-luminescence imaging, which does not rely on real-time light excitation and thus eliminates
the tissue autofluorescence and photo-bleaching, has attracted increasing attention in recent years.
By virtue of the merits, self-luminescence imaging displays higher imaging sensitivity, higher SBR,
and deeper imaging depth relative to fluorescence imaging (Table 1; Chen et al., 2017; Hananya
and Shabat, 2017; Yan et al., 2019). To date, three kinds of self-luminescence imaging approaches
including bioluminescence, chemiluminescence and afterglow luminescence have been developed
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TABLE 1 | Comparison of the penetration depth and SBR for self-luminescence
imaging modalities.

Imaging Penetration SBR References

modality depth (cm)

Bioluminescence 2 100 Xiong et al., 2012
Chemiluminescence 2.5 N.A. Shuhendler et al., 2014
Afterglow 5 2,922 Jiang et al., 2019

N.A., Not applicable.

and widely applied in biology and medicine. Among the
self-luminescence imaging techniques, bioluminescence and
chemiluminescence imaging do not need external light source
and detect photons from enzymatic- and reactive species-
initiated oxidation reaction with their substrates, respectively.
By contrast, instead of the combination of enzyme/reactive
species with corresponding substrate to generate photons,
afterglow luminescence imaging necessitates a pre-irradiation
of light to store the energy in agents and then collects the
slowly releasing photons from the stored energy after the
cessation of light irradiation. The underlying process to
generate self-luminescence is summarized in a general
way Scheme 1. Bioluminescence, chemiluminescence, and
afterglow luminescence rely on respective initiator (enzymes
for bioluminescence, H;O;, for chemiluminescence, and light
irradiation for afterglow luminescence) to generate high-energy
peroxides such as 1,2-dioxetanone, 1,2-dioxetanedione, and
1,2-dioxetane firstly. Then the peroxides dissociate directly or
modulating by an acceptor molecule (F) through energy transfer,
leading to the production of an excited state (an excited carbonyl
or acceptor molecule) and subsequent light emission.
Near-infrared (NIR) self-luminescence imaging has attracted
increasing enthusiasm due to higher tissue penetration depth
of NIR light than visible light, which dramatically expands the
visualization scope of physiological or pathological processes
in living subjects in a noninvasive way (Hasegawa et al,
2013; Li et al.,, 2016; Zhen et al., 2017). The publications and
citations regarding NIR self-illuminating agents are increasing

Abbreviations: SBR, signal-to-background ratio; NIR, near-infrared; SPECT,
single-photon  emission computed tomography; PET, positron emission
tomography; MRI, magnetic resonance imaging; CT, computed tomography;
PA, photoacoustic; Flug, firefly luciferase; Gluc, Gaussia luciferase; Rluc, Renilla
luciferase; Nluc, Nanoluc; BRET, bioluminescence resonance energy transfer;
QDs, quantum dots; FRET, fluorescence resonance energy transfer; MEHPPV,
poly [2-methoxy-5-((2-ethylhexyl)oxy)-p-phenylenevinylene]; NCBS,
2,3-naphthalocyanine bis(trihexylsilyloxide); c¢RGD, cyclic arginine-glycine-
aspartic; ROS, reactive oxygen species; CRET, chemiluminescence resonance
energy transfer; ONOO™, peroxynitrite; H,O,, hydrogen peroxide; CPPO,
Bis-(2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl) oxalate; PFODBT, poly(2,7-
(9,9/—dioctylﬂuorene)—alt-4,7-bis(thiophen-2—yl)benzo—2,1,3—thiadiazole); APAP,
acetaminophen; RNS, reactive nitrogen species; TCPO, bis(2,4,6-trichlorophenyl)
oxalate; HOMO, highest occupied molecular orbital; LUMO,
unoccupied molecular orbital; CIEEL, chemically initiated electron exchange
luminescence; QY, quantum yield; Ce6, chlorin e6; MPO, myeloperoxidase;
DCMC, dicyanomethylene-4H-chromene; LPS, lipopolysaccharide;  FA,
formaldehyde;  SPNs, semiconducting  polymer nanoparticles; PPV,
phenylenevinylene; 'O,, singlet oxygen; DNBS, 2,4-dinitrophenylsulfonyl;
NAPQI, N-acetylparaquinonimine; AIE, aggregation-induced emission; RES,
reticuloendothelial system.

silicon

lowest

in number, and there are few reviews summarizing the
recent development and advances of NIR self-illuminating
agents for biomedical applications (Hananya and Shabat, 2017;
Weihs and Dacres, 2019). This review will focus on the
recent progress on NIR emitting self-luminescence agents for
deep-tissue optical imaging, and pinpoint their contemporary
molecular- and nano-engineering approaches that have been
exploited in this field. As follows, the molecular construction
and applications of NIR bioluminescence imaging are first
described. Then, NIR chemiluminescence imaging and afterglow
luminescence imaging are discussed, respectively, highlighting
the strategies for red-shifting and amplifying the luminescence.
Finally, it discusses current challenges and guidelines to develop
more effective self-illuminating agents for biomedical diagnosis
and treatment.

NIR BIOLUMINESCENCE IMAGING

Bioluminescence is the occurrence of light emission generated
through oxidation reaction of a substrate catalyzed by an
enzyme. The typical enzyme that is used for bioluminescence
imaging is luciferase including firefly luciferase (Fluc), Gaussia
luciferase (Gluc), Renilla luciferase (Rluc), and Nanoluc (Nluc)
(Kaskova et al., 2016). Nevertheless, the naturally occurring
bioluminescence is commonly resided in the visible region (Hai
et al., 2017; Yao et al,, 2018; Zhang et al., 2018). For example,
the native substrate for Fluc is D-luciferin with an emission
peak at 560-610 nm, the native substrate for Gluc and Rluc is
coelenterazine with an emission maximum at 480 nm, and the
native substrate for Nluc is furimazine with an emission peak
at 460 nm (Hall et al., 2012; Tang et al., 2019b). As a result, the
bioluminescence in the visible region suffers from severe tissue
attenuation, compromising imaging SBR and imaging depth,
which is not appropriate for in vivo deep-tissue imaging. To
resolve this, some approaches were adopted to red-shift the light
from visible into the NIR region (650-950 nm) to achieve higher
imaging depth due to the decreased light scattering and tissue
absorption of NIR photons through living tissues relative to that
of visible light (Mezzanotte et al., 2017).

A general strategy for constructing NIR emitting
bioluminescence is to elongate the m-conjugation of luciferase
substrate (Miura et al., 2013). To explore the substrate with an
emission wavelength in the NIR region, Pule et al. synthesized
a luciferin analog (iLH;) by inserting a carbon-carbon double
bond between the thiazole group and benzothiazole group of
luciferin (LH3). The substrate iLH, produced light in the NIR
range (Amax = 670 nm) in presence of a native Fluc (Figure 1A)
and showed an enhanced penetration depth through blood
relative to luciferin (Jathoul et al., 2014). The in vivo imaging
ability of iLH, was investigated by establishing different tumor
models in mice. The results revealed that the iLH, had less
tissue attenuation and showed more imaging definition for
systemic lymphoma and metastatic tumor in mice compared to
LH,. Using a similar strategy, Iwano et al. synthesized another
luciferin analog, Akalumine, and utilized it for tumor imaging
(Amax = 675nm) (Iwano et al., 2013). However, Akalumine
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SCHEME 1 | Schematic illustration of the general mechanism for generation of self-luminescence including bioluminescence, chemiluminescence, and afterglow
luminescence. () Formation of high-energy peroxides: enzymes, reactive species (i.e., H.Oz), and light irradiation facilitate the formation of high-energy intermediates
(cyclic four-membered peroxides such as 1,2-dioxetanone, 1,2-dioxetanedione, and 1,2-dioxetane) in bioluminescence, chemiluminescence, and afterglow
luminescence imaging process, respectively. (i) A chemiexcitation process: the peroxides decompose directly or activated by an acceptor (F) through energy transfer,
leading to the formation of an excited state (excited carbonyl or F') accompanied by light emission.

had poor water solubility, hampering its efficient accumulation
to the targeted site. To resolve this, the same group reported
a substituent, AkaLumine hydrochloride (AkaLumine-HCI),
which had better water-solubility and emitted NIR light (Apax =
677 nm) in the presence of luciferase (Kuchimaru et al., 2016).
After penetrating 4- or 8-mm-thick tissue, the bioluminescense
intensity of AkaLumine-HCI was 5- and 8.3-fold higher than
that of D-luciferin, and 3.7- and 6.7-fold higher than that of
CycLucl, respectively (Figure 1B). As expected, Akalumine-HCI
performed imaging of lung metastases with higher sensitivity
relative to CycLucl (Figure 1C). To further red-shift the
bioluminescence, Mezzanotte developed two kinds of naphthyl-
based luciferin analogs (i.e., NH,-NpLH, and OH-NpLH;)
that were matched with a mutant luciferase (CBR2), generating
NIR bioluminescence (730 nm for NH,-NpLH, and 743 nm
for OH-NpLH;) (Hall et al., 2018; Figure 1D). In addition,
the mutant enzyme/substrate (CBR2opt/NH,-NpLH;) system
enabled stable and highly resolved NIR bioluminescence imaging
of the migration of cells in the brain (Figure 1E).

To avoid the time-consuming synthetic — work,
bioluminescence resonance energy transfer (BRET) is an
alternative approach to red-shift the light emission from visible
into the NIR region. To achieve this, a NIR-emitting dye or
nanoparticle was commonly selected to covalently conjugate
with the natural bioluminescence system as an acceptor to allow
for efficient energy transfer (Weihs and Dacres, 2019). Rao

et al. developed a series of BRET-based NIR bioluminescence
inorganic systems, in which a Renilla reniformis luciferase (Luc8)
served as an energy donor and quantum dots (QDs) acted
as an energy acceptor (So et al.,, 2006a,b; Yao et al., 2007; Ma
et al., 2010). Such QDs-based BRET systems engineering with
emissions ranging from visible to the NIR were utilized for in
vivo imaging and enzyme activity detection with high sensitivity.
Except for inorganic BRET systems, Rao et al. also tried to
introduce organic systems for constructing BRET-based NIR
bioluminescence. For instance, self-luminescent semiconducting
polymer nanoparticles (BF-SPN) were developed for in
vivo NIR bioluminescence imaging by combining BRET
and fluorescence resonance energy transfer (FRET) (Xiong
et al, 2012). The nanoparticles (BF-SPNs) were designed to
comprise three components: Luc8, poly [2-methoxy-5-((2-
ethylhexyl)oxy)-p-phenylenevinylene] (MEHPPV) and silicon
2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS) serving
as the BRET donor, the BRET acceptor (and the FRET donor)
and the FRET acceptor, respectively. Such BRET-FRET system
produced multiple energy transfer from Luc8 to MEHPPV and
then to NCBS, resulting in final NIR bioluminescence centered
at 780nm. In order to improve the targeted ability toward
tumor, the cyclic arginine-glycine-aspartic (cRGD) peptides
were attached to the surface of SPN to obtain BF-SPN-cRGD
(Figure 2A). As shown in Figure 2B, the tumor could be clearly
delineated by BF-SPN-cRGD with bioluminescence imaging
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Cycluc1, or AkalLumine-HCI through biological tissues with different thickness (0, 4, and 8 mm). The penetration efficiency was calculated according to the relative
bioluminescence imaging intensities. (C) Representative bioluminescence imaging of lung metastasis in living mice after intraperitoneal injection of substrates (5 mM,
100 pL) (reproduced with permission from Kuchimaru et al., 2016). (D) Chemical structures of NH2-NpLH, and OH-NpLH,. (E) Co-registered CT and
bioluminescence tomography imaging of mice brain using the bioluminescence agent CBR2opt/NH2-NpLH,. Migration of cells could be clearly observed at day 5
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while it could not be achieved with NIR fluorescence imaging,
attributing to negligible background of bioluminescence in living
tissue. In addition, the bioluminescence imaging of BF-SPN-
cRGD could detect smaller tumors (2-3 mm in diameter) with
SBR over 100, which was 30-fold higher than that of fluorescence
imaging (Figure 2C).

NIR CHEMILUMINESCENCE IMAGING

Compared with bioluminescence imaging, chemiluminescence
imaging does not need an enzyme and detects light emission
from the reaction of a substrate with reactive oxygen species
(ROS), which performs a great deal of versatility and flexibility
in experimental systems (Augusto et al., 2013; Ryan and Lippert,
2018; Vacher et al., 2018). The reaction commonly contains
two sequential processes: oxidation of a substrate by ROS
leads to the formation of a high energy intermediate and
subsequently the high energy intermediate decomposes along
with the generation of light. Chemiluminescence assays have
been widely used in various biological and chemical applications
due to their excellent sensitivity and high SBR (Suzuki and Nagai,
2017; Sun et al.,, 2018; Tiwari and Dhoble, 2018; Son et al.,

2019). These advantages accelerate the development of novel
chemiluminescent probes. To obtain NIR chemiluminescence
which is more suitable for in vivo imaging (Green et al,
2017a; Lippert, 2017), strategies including chemiluminescence
resonance energy transfer (CRET) and chemical modifications
of the chemiluminescent substrate have been utilized to achieve
bright and NIR chemiluminescence probes, enabling deep-
tissue imaging (Lim et al, 2010; Hananya and Shabat, 2019;
Nishihara et al., 2019). Oxalate esters and luminol are the typical
H,0;-activated chemiluminescent compounds, which have been
applied to visualize H;O;-related biological situations. To
improve deep-tissue imaging ability of oxalate esters and luminol,
the CRET is a facile way to shift their visible chemiluminescence
into the NIR region. For instance, Rao et al. exploited
an organic semiconducting polymer nanoparticle-based NIR
chemiluminescence probe (SPN-CF) by integrating CRET and
FRET for detecting peroxynitrite (ONOO™) and hydrogen
peroxide (H,O;) (Shuhendler et al., 2014). In SPN-CE bis-
(2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl) oxalate (CPPO)
served as the chemiluminescent substrate for reaction with
H,0, and poly(2,7-(9,9'-dioctylfluorene)-alt-4,7-bis(thiophen-
2-yl)benzo-2,1,3-thiadiazole) (PFODBT, 680 nm) acted as both
the CRET acceptor and the FRET donor. A cyanine dye
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FIGURE 2 | NIR bioluminescence imaging. (A) lllustration of the fabrication of NIR self-luminescence nanoparticle BF-SPN-cRGD by a BRET-FRET strategy. (B)
Bioluminescence (left) and fluorescence (right) imaging of U87MG tumor in living mice at t = 5 min post-injection of BF-SPN-cRGD. (C) Bioluminescence imaging of
U87MG tumor (2 mm) at t = 2 h post-injection of BF-SPN-cRGD (reproduced with permission from Xiong et al., 2012).

(IR775S, 820 nm) was embedded into the nanoparticles to serve
as the FRET acceptor, inducing the NIR chemiluminescence.
SPN-CF was anchored with galactose-attached copolymer
(PS-g-PEG-Gal) favoring hepatocytes-targeting (Hu et al,
2013; Figure 3A). In vitro experiment confirmed that the
SPN-CF could detect H,O, and ONOO~™ with a limit of
detection (LOD) of 5 and 10nM, respectively (Figure 3B).
The SPN-CF was further explored to detect hepatotoxicity
induced by the anti-pyretic acetaminophen (APAP) (McGill
and Jaeschke, 2013). Dose-dependent ROS/reactive nitrogen
species (RNS) in the liver could be detected by the SPN-
CF within minutes of APAP challenge (Figure 3C), antedating
histological changes in drug-damaged tissue. This study proved
that the SPN-CF could be developed for early detection of
hepatotoxicity in vivo.

To further enhance the chemiluminescence efficacy, Pu group
reported the screening of five polyfluorene derivatives-based
luminescent reporters (PFO, PFVA, PFPV, PFPT, and PFODBT)
to pair with the substrate bis(2,4,6-trichlorophenyl) oxalate
(TCPO) (Zhen etal., 2016), as shown in Figure 3A. Among all the
SPN, the highest occupied molecular orbital (HOMO) of PFPV
was closest to the lowest unoccupied molecular orbital (LUMO)
of 1,2-dioxetanedione (Figure 3E), which led to the fastest

intermolecular electron transfer between them and thereby
created the highest chemiluminescence intensity based on the
chemically initiated electron exchange luminescence (CIEEL)
mechanism (Figure 3D). The optimized system (SPN-PFPV)
showed a quantum yield (QY) of 2.3 x 1072 einsteins/mol,
superior to the previously reported probes (Lim et al., 2010; Lee
et al., 2012; Augusto et al., 2013). Furthermore, the PFPV-SPN
had a high sensitivity to detect H,O, with LOD as low as 5nM.
To endow this probe with NIR chemiluminescence for in vivo
imaging, a NIR dye (NCBS) as an energy acceptor was doped into
SPN-PFPV to obtain SPN-PFPV-NIR with 778 nm emission by
CRET. The SPN-PFPV-NIR allowed the ultrasensitive detection
of H,O; in vivo in both peritonitis and neuroinflammation
models (Figure 3F).

Recently, the NIR self-illuminating nanomaterials based on
luminol system were developed for inflammation imaging (Liu
et al.,, 2019; Xu et al., 2019). Zhang synthesized a biodegradable
polymer nanoparticle conjugating chlorin e6 (Ce6) and luminol
(CLP) (Xu et al, 2019). In the presence of myeloperoxidase
(MPO) and ROS, luminol emitted luminescence at 440 nm,
which was shifted to the Ce6 emission (675nm) via energy
transfer. The ROS-induced oxidation of luminol and efficient
energy transfer endowed the self-illuminating CLP nanoparticle
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with an outstanding in vivo imaging capability to detect
inflammation in various animal models.

Different  from  above-mentioned  chemiluminescent
compounds which require both sequential oxidation and
decomposition steps in imaging process, dioxetane-based
chemiluminescent agent is an oxidized high-energy species,
which eliminates the ROS-oxidation step and directly
generates light emission after substrate decomposition. The
dioxetane can remain stable at room temperature until phenol-
protecting group was removed to initiate the decomposing
process, which is an ideal scaffold for designing stimulus-
responsive chemiluminescent probes. To date, dioxetane-based
chemiluminescent probes have been well developed for detecting
enzymes and other analytes (Cao et al., 2016; Ryan and Lippert,
2018; Sun et al,, 2018; Hananya and Shabat, 2019). To construct
NIR dioxetane agents, Shabat et al. recently reported a “turn-on”
NIR fluorophore-tethered dioxetane chemiluminescence probe
for B-galactosidase imaging (Hananya et al, 2016). In the
presence P-galactosidase, the protecting group of dioxetane
as the CRET donor was removed to form the electronically
excited benzoate and then the energy was transferred to NIR
fluorophore (QCy) acting as the CRET acceptor, which resulted
in efficient and bright NIR chemiluminescence (714 nm).
The chemiluminescence intensity of the probe was enhanced

by 100-fold compared to the probe without tethering NIR
fluorophore. Moreover, after incubation with B-galactosidase,
the NIR fluorophore-tethered dioxetane probe was then injected
into living mice and obtained clear chemiluminescence imaging
with 6-fold increase in signal intensity than that obtained by
green fluorophore-tethered dioxetane probe.

Although the NIR chemiluminescent probes based
on dioxetane can be easily obtained by CRET, the
chemiluminescence intensity is limited by the energy-

transfer efficiency. An alternative strategy is to develop
NIR chemiluminescence probe with a direct emission mode
through structural modification. Recently, Shabat et al. put
forward a design strategy to generate NIR chemiluminescence by
extending w-conjugation length of the chemical substrate. Based
on the design, a NIR-emitting phenoxy-dioxetane luminophore
(690nm) with dicyanomethylene-4H-chromene (DCMC) as
an electron acceptor was synthesized (Green et al, 2017b).
To achieve the ability to detect H,O,, the phenol group of
this luminophore was masked with aryl-boronate that can
react with H,O, to generate the active phenolate-dioxetane
(Figure 4A). This probe was investigated to monitor H,O, in
living mice and the inflammation induced by lipopolysaccharide
(LPS). Figure 4B shows that the inflammation for LPS-treated
mice was clearly visualized with stronger chemiluminescence
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signal compared with that of non-LPS-treated mice. In 2018,
another NIR-emitting phenoxy-dioxetane luminophore with
a 2-aza-Cope FA-reactive trigger was reported for monitoring
formaldehyde (FA) (Figure 4C; Bruemmer et al, 2018). With
NIR chemiluminescence at 700nm, the luminophore was
evaluated for in vivo FA imaging in mice, which confirmed that
this probe could detect clearly endogenous FA released from the
folate metabolism (Figure 4D).

NIR AFTERGLOW IMAGING

Bioluminescence and chemiluminescence require respective
enzyme or ROS to oxidize their substrate to generate
luminescence, and thus the imaging signal was easily disturbed
by cellular environment and substrate availability. Different from
bioluminescence and chemiluminescence imaging, afterglow
imaging detects slow release of photons from the chemical
or energy defects stored by light pre-irradiation (Xu et al,
2016; Zhen et al, 2018; Lyu et al, 2019). The separation
of light irradiation and signal collection circumvent the
autofluorescence, inducing remarkable improvement of imaging
sensitivity and SBR. Afterglow luminescence possesses extremely
long lifetime, up to minutes to hours, which is long enough
to implement time-resolved bioimaging without additional
instrument. To achieve deep-tissue imaging, some afterglow
nanoagents including inorganic and organic nanoparticles with
NIR luminescence have been reported (Maldiney et al., 2011; Liu
etal., 2013).

Inorganic persistent luminescence nanoparticles containing
rare-earth metal ions have been explored as afterglow nanoagents
for a long time. In the past 10 years, some advances have been
made to prepare NIR emitting inorganic afterglow nanoparticles
as highly sensitive tools for real-time bioimaging in living
animals (Abdukayum et al., 2013; Li et al., 2014; Maldiney et al.,
2014; Shi et al, 2015; Lécuyer et al,, 2016; Ai et al, 2018).
For instance, Han et al. employed an aqueous-phase reaction
procedure to synthesize a water-soluble inorganic nanoparticle
ZnGay 04Crp g4 with sub-10 nm in size and high NIR persistent
luminescence intensity (Li et al., 2015). In vivo imaging result

confirmed that afterglow nanoparticles had outstanding imaging
ability with a SBR of 275. In addition, under the simulated
deep-tissue environment created by covering a 1-cm-thick pork
slab on living mouse, the renewable afterglow luminescence
signal of the nanoparticle could be clearly observed. Imaging
in NIR-II window (1,000-1,700 nm) possesses less light-tissue
interactions (i.e., reduced light scattering) than those in NIR-
I window, permitting imaging with higher SBR and sensitivity
(Hong et al., 2014; Antaris et al, 2015; Sun et al, 2017;
Huang et al., 2019; Tang et al, 2019a; Tian et al, 2019;
Wang et al., 2019). Thus, to explore NIR-II afterglow agents,
Zhang et al. synthesized a novel multifunctional nanoparticle
m$i0,@Gd3Gas012:Cr’t,Nd**  (mSi02@GGO) (Shi et al,
2018). These mSiO2@GGO nanoparticles showed excellent
afterglow luminescence in the first NIR window (745nm) and
second NIR window (1,067 nm). The NIR-I luminescence of the
mSiO2@GGO could penetrate through the 2 cm-thickness tissue
with a SBR of 5.5. To evaluate the NIR-II imaging ability of the
mSiO2@GGO, the nanoparticles were subcutaneously injected
into the abdomens of mice and a bright NIR-II luminescent
signal was observed at the injection site. The result indicated that
the mSiO2@GGO could be employed for deep-tissue imaging in
NIR-II region.

Although significant achievements in deep-tissue imaging
have been made, inorganic afterglow nanoparticles may suffer
from potential toxicity due to the existence of heavy metal ions
(Toppari et al., 1996). Furthermore, the surface of inorganic
nanoparticles is difficult to modify, thereby leading to the
finite targeting ability. As an alternative, organic afterglow
nanoparticles have attracted increasing interest due to their high
biological safety, optical tunability, facile processability, and easy
functionalization (An et al., 2015; Su et al., 2018). In 2015, Rao
et al. reported the semiconducting polymer nanoparticles (SPNs)
with afterglow luminescence that can last for an hour (Palner
etal,, 2015). However, the underlying mechanism of the afterglow
phenomenon remained unrevealed. To resolve it, Pu et al.
screened a series of semiconducting polymers and discovered
that only phenylenevinylene (PPV)-based SPNs such as BOPPV,
MDMOPPYV, and MEHPPV had distinct afterglow luminescence,
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mouse (1.7 cm). (D) Representative afterglow images of SPN-NCBS solution through a living mouse with pre-irradiation of 808 or 514 nm laser. (E) lllustration of
afterglow imaging experiment of a lymph node in living mice, after pre-irradiation with 808 nm laser for 1 min, the SPN-NCBS solution was stored in —20°C for 1 day
and then was directly applied for lymph node imaging. (F) Representative afterglow (right) and fluorescence (left) images of lymph node in living mice. (G) Schematic
illustration of SPN-NCBS with DNBS for detecting APAP-caused hepatotoxicity. The formation of N-acetylparaquinonimine (NAPQI) by metabolism of APAP with
Cytochrome P450 can deplete GSH, leading to an inactivated afterglow. The antioxidant drug (N-acetyl-L-cysteine, NAC) and enzyme inhibitors (DCE or 1-ABT)
remediate hepatotoxicity, causing an active afterglow (Reproduced with permission from Miao et al., 2017).

implying its essential role in the production of afterglow
luminescence (Figure 5A; Miao et al., 2017). According to series
of characterizations and analyses, the probable mechanism of
afterglow luminescence for PPV-based SPNs was proposed as
follows: the singlet oxygen (*O,) was generated by the light
irradiation of PPVs and then oxidized the vinylene bond to
form an unstable PPV-dioxetane intermediate, which could
spontaneously decompose into PPV-aldehyde fragments along
with photonic efflux (Figure 5B). To amplify the afterglow of
SPNs and red-shift it into NIR region, NCBS, a NIR dye (778 nm)
and 'O, photosensitizer, was doped into SPN-MEHPPYV to yield
SPN-NCBS. The afterglow of SPN-NCBS could be increased by
11-fold under pre-irradiation at 808 nm compared to 514 nm
due to the higher 'O, generation ability of NCBS vs. MEHPPV.
Due to the amplified brightness and lower background noise,
the afterglow signal of SPN-NCBS could penetrate through a
living mouse with a SBR of 237, which was 120 times higher
than that of NIR fluorescence (Figures 5C,D). Then the SPN-
NCBS was used for afterglow imaging of lymph nodes and

tumors in living mice (Figure5E). The afterglow of SPN-
NCBS permitted more efficient and high-contrast imaging of
lymph nodes and tumor relative to NIR fluorescence imaging,
demonstrating its potential in guiding intraoperative surgical
resection (Figure 5F). An overdose of drugs, take acetaminophen
as an example, will induce oxidative stress after metabolization
and in turn deplete antioxidants (i.e., biothiols) in body.
Thus, imaging of biothiol levels can be a feasible way to
evaluate drug-induced hepatotoxicity. To achieve this, a biothiol-
activated afterglow probe was prepared for detecting drug-
induced hepatotoxicity by introducing an electron-withdrawing
quencher (2,4-dinitrophenylsulfonyl, DNBS) onto the surface of
SPN-NCBS (Figure 5G). In the presence of biothiols, such as
Cys, Hey and GSH, DNBS was removed from the nanoprobe and
then the electron transfer between the quencher and the afterglow
moiety was restrained, leading to an activated afterglow. In vivo
data proved that the probe permitted real-time afterglow imaging
of drug-caused hepatotoxicity with an excellent SBR that is 25-
fold higher than that of NIR fluorescence imaging.
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Strong hydrophobic polymer required amphiphilic polymer
to form a water-soluble nanoparticle by co-precipitation, thus
leading to large size (34nm) that could be unfavorable for
efficient accumulation in tumor. To solve it, Pu et al. prepared
an amphiphilic PPV polymer with grafted poly(ethylene glycol)
that could self-assemble into smaller nanoparticles (24 nm) in
aqueous solution (Xie et al, 2018). The nanoparticles were
further doped with NCBS to form SPPVN-NCBS. Compared
with SPN-NCBS, SPPVN-NCBS had smaller size, stronger NIR
afterglow luminescence and higher accumulation in tumor. The
NIR afterglow of SPPVN-NCBS could clearly detect 1 mm?
xenografted tumors and invisible peritoneal metastatic tumors.

In a subsequent work, Pu et al. prepared a new library of
afterglow luminescence agents by a generic approach that utilized
an intraparticle cascade photoreaction of three main components
(afterglow initiator, afterglow substrate and afterglow relay unit)
(Jiang et al,, 2019). By tuning the components, the afterglow
emission could be adjusted from visible to NIR region. The
representative NIR afterglow agents showed great imaging depth
up to 5cm, and permitted rapid detection of tumor in living
mice with ultrahigh SBR (2,922 £ 121). Recently, Ding et al.
reported the first aggregation-induced emission (AIE)-based NIR

afterglow probe (AGL AIE dot) that could persist over 10 days
(Figure 6; Ni et al, 2018b). This afterglow probe exhibited
deep tissue penetration, high SBR, and ultrahigh signal ratios
of tumor-to-reticuloendothelial system (RES) organs, thereby
having the capability of image-guided cancer surgery in living
mice. As shown in Figure 6C, the NIR afterglow imaging of AGL
AIE dot could clearly differentiate the microtumors in peritoneal
carcinomatosis-bearing mice, but the fluorescence imaging failed
to do it. Moreover, under the guidance of the afterglow imaging,
all the tiny tumor nodules could be nearly removed by surgery.

SUMMARY AND OUTLOOK

Self-luminescence including bioluminescence,
chemiluminescence and afterglow have permitted imaging
with higher sensitivity and deeper penetration depth than that
obtained by fluorescence because it avoids the requirement of
real-time light excitation and eliminates tissue autofluorescence.
As NIR light possesses improved penetration depth than that
obtained by visible light, many strategies via molecular- and
nano-engineering approaches have been adopted to develop
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FIGURE 6 | NIR AlE-based afterglow luminescence imaging. (A) Chemical structures of compound TPE-Ph-DCM, compound EE, MD, and BE. (B) Schematic
illustration for NIR afterglow luminescence mechanism of AQL AIE dot. Under the white light pre-irradiation, TPE-Ph-DCM produced 'O, that can oxidize compound
EE to obtain compound MD. The slow degradation of compound MD leads to the formation of compound BE, and then the energy is transferred back to
TPE-Ph-DCM to induce the NIR afterglow emission. (C) Fluorescence and afterglow images of the abdominal cavity of living mice with peritoneal carcinomatosis. The
abdomen of mice was opened at 2 h after intravenous injection of AGL AIE dots (reproduced with permission from Ni et al., 2018b).
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NIR self-luminescence. Stimulated by the merits, NIR self-
luminescence imaging has been applied for in vivo detection
of biological and pathological processes in living systems. With
the development of new self-luminescence agents, the selectivity
and sensitivity of bioluminescence, chemiluminescence and
afterglow imaging tools have been dramatically improved.
Because bioluminescence, chemiluminescence and afterglow
agents for deep-tissue optical imaging in living system is
in the infancy, some challenges still need to be addressed.
Firstly, the luminescence intensity of NIR self-luminescent
agents is relatively low due to the limited efficiency to red-
shift luminescence emission from visible to NIR window.
Thus, it is necessary to explore new agents with evolving
molecular- or nano-engineering strategy to obtain brighter
luminescence. Secondly, compared with NIR-I light, NIR-II light
has substantially lower light scattering, and thus increases the
imaging sensitivity and tissue penetration depth (Jiang and Pu,
2018; Kenry et al, 2018). However, the second NIR (NIR-
II, 1,000-1,700 nm) emitting self-luminescent agents have not
been reported yet. We envision that new approaches will be
developed to red-shift the emission of self-luminescent agent
from NIR-I to NIR-II for advances of deep-tissue optical imaging.
Thirdly, the majority of the reported NIR self-luminescent
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Treatment of Hepatocellular
Carcinoma by Intratumoral Injection

of 12°]-AA98 mAb and Its Efficacy
Assessments by Molecular Imaging

Jun Zhou %3t, Pengcheng Hu "%, Zhan Si"®, Hui Tan™®, Lin Qiu™3, He Zhang"*,
Zhequan Fu ™3, Wujian Mao '°, Dengfeng Cheng "3* and Hongcheng Shi "-**

" Department of Nuclear Mediicine, Zhongshan Hospital, Fudan University, Shanghai, China, 2 Department of Nuclear
Medicine, Xuhui District Central Hospital of Shanghai, Shanghai, China, ® Shanghai Institute of Medical Imaging, Shanghai,
China

Objective: To investigate the therapeutic efficacy of intratumoral injection of 125-AA98
mAb for hepatocellular carcinoma (HCC) and its therapy efficacy assessment by
99MTe-HYNIC-duramycin and 2°™MTe-HYNIC-3PRGD2 SPECT/CT imaging.

Methods: HCC xenograft tumor mice models were injected intratumorally with a
single dose of normal saline, 10 microcurie (LCi) 12°1-AA98 mADb, free 1251, AA98 mAD,
80 Ci 1251-AA98 mADb, and 200 wCi '?°I-AA98 mAb. %9MTc-HYNIC-duramycin and
99MTe-HYNIC-3PRGD2 micro-SPECT/CT imaging were performed on days 3 and 7,
respectively. The T/M ratio for each imaging was compared with the corresponding
immunohistochemical staining at each time point. The relative tumor inhibition rates
were documented.

Results: In terms of apoptosis, the 200 wCi group demonstrated the highest apoptotic
index (11.8 & 3.8%), and its T/M ratio achieved by 99MTc-HYNIC-duramycin imaging
on day 3 was higher than that of the normal saline group, 80 wGCi group, 10 wCi
group and free 1251 group on day 3, respectively (all P < 0.05). On day 3, there was a
markedly positive correlation between T/M ratio from 9™ Tc-HYNIC-duramycin imaging
and apoptotic index by TUNEL staining (r = 0.6981; P < 0.05). Moreover, the 200 wCi
group showed the lowest T/M ratio on 99" Tc-HYNIC-3PRGD2 imaging (1.0 & 0.5) on
day 7 (all P < 0.05) comparing to other groups. The T/M ratio on day 7 was not correlated
with integrin a,p3 staining (P > 0.05). The relative inhibitory rates of tumor on day 14 in
the AA98 mAb, 10 nCi, 80 nCi, free 251, and 200 wCi groups were 26.3, 55.3, 60.5,
66.3, and 69.5%, respectively.

Conclusion: 2°|-AA98 mAb showed more effective apoptosis induced ability for CD146
high expression Hep G2 HCC cells and hold the potential for HCC treatment. Moreover,
99MTe-HYNIC-Duramycin  (apoptosis-targeted) imaging and 99MTc-HYNIC-3PRGD2
(angiogenesis-targeted) imaging are reliable non-invasive methods to evaluate the
efficacy of targeted treatment of HCC.

Keywords: AA98 mAb, hepatocellular carcinoma, CD146, 1251, angiogenesis, apoptosis
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1251-AA98 mAD to Treat Hepatocellular Carcinoma

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary
malignant tumor of the liver in adults (Torre et al., 2015). The
majority of patients diagnosed with advanced HCC and failed to
meet the criteria for resection or transplantation (Thomas et al.,
2010). Although locoregional therapies including transarterial
chemoembolization, cryotherapy, and radiofrequency or
microwave ablation can reduce tumor burden while preserving
liver function, the prognosis of advanced HCC patients
still remains dismal. Alternatively, intratumoral injection
of radiopharmaceuticals can achieve a high therapeutic
concentration at targeted sites with an extended period of time
and avoid systemic exposure to radiation and the results are
promising (Tian et al., 1996; Wang et al., 1998; Junfeng et al,,
2000; Chi et al., 2014).

It is widely accepted that angiogenesis is essential for
tumor growth and invasion (Folkman, 1971). HCC is one of
the malignant hypervascular solid tumors, and inhibition of
angiogenesis is one of the important methods to treat HCC.
CD146 has emerged as a biomarker for angiogenesis (Zheng et al.,
2009; Wang and Yan, 2013; Nomikou et al., 2015), and it has been
identified as an attractive target for imaging and therapy in HCC
(Thomann et al.,, 2014; Hernandez et al., 2016). Furthermore,
high expression of CD146 predicted poor prognosis in HCC
patients (Jiang et al., 2016). AA98 monoclonal antibody (mAb)
is a promising mAb against CD146 by inhibition of angiogenesis
and tumor growth, but it does not induce apoptosis in vitro (Yan
et al., 2003). Anti-angiogenic mono-therapy is a powerful tool to
inhibit tumor growth, but, to date, any available anti-angiogenic
mono-therapies targeting cancer do not satisfy the expectation of
“starving the tumor.”

One of the solutions to enhance this anti-angiogenic
efficacy is to label the anti-angiogenic agents with therapeutic
radionuclides, and this strategy is supported by previous
reports (Tijink et al., 2006; Fujiwara et al., 2014; Park et al,
2017; Ehlerding et al., 2018). Iodine-125 (1%°]) is a long-lived
radioisotope with a half-life of 59.5 days and a short-range
emitter (Cunningham et al., 1998). Its decay can produce a highly
localized deposition of dose by short-range Auger electrons
plus X ray and Gamma ray. '?°1 can cause non-repairable
damage to double strand DNA and then induce tumor cell death
with favorable results by several possible mechanisms including
apoptosis hypothesis (Hofer and Hughes, 1971; Bagshawe et al.,
1991; Cunningham et al., 1998).

Molecular imaging plays a critical role in monitoring
tumor response to targeted therapy. *MTc is an easily
accessible diagnostic radionuclide using **Mo/?*™Tc generator
system, and it has a very attractive nuclear property for
molecular imaging. The main targets for apoptosis are the

Abbreviations: Al, apoptosis index; DAPI, 4/, 6-diamidino-2-phenylindole
dihydrochloride; HCC, hepatocellular carcinoma; HE, haematoxylin and eosin;
HYNIC, mAb, monoclonal antibody; IOD, integrated optical density; 1251
Todine-125; PBS, phosphate buffer solution; PE, phosphatidylethanolamine;
PS, phosphatidylserine; RCP, radiochemical purity; T/M, tumor-to-contralateral
muscle tissues; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling; VOI, volume of interest; 3PRGD2, 3PEG4-cRGD dimer.

two common cell membrane aminophospholipids, such as
the richest phosphatidylserine (PS) and the second richest
phosphatidylethanolamine (PE). PE can be recognized and
bound with high affinity by duramycin with a 19-amino
acid peptide during cell apoptosis and necrosis (Zhao, 2011).
Moreover, the stable, fast clearing, and highly specific **™Tc-
HYNIC-duramycin can be applied to detect tumor cell death and
monitor tumor response to treatment (Elvas et al., 2015; Hu et al.,
2018). Integrin o, B3 is an attractive molecular target for its highly
restricted expression in tumor angiogenesis and metastasis.
The **™Tc-HYNIC-3PRGD2 (3PEG4-cRGD  dimer) with a
safe, highly stable, rapid blood clearance, and easily available
kit formulation has the potential for non-invasive integrin
ayf3-targeted imaging and monitoring treatment efficacy of
antiangiogenesis (Wang et al., 2009; Jia et al., 2011).

In the present study, AA98 mAb was labeled with %I to
treat HCC xenograft by intratumoral injection. In the following,
apoptosis-targeted imaging with ™ Tc-HYNIC-duramycin and
angiogenesis-targeted imaging with **™Tc-HYNIC-3PRGD2
were employed to evaluate treatment efficacy.

MATERIALS AND METHODS

Preparation of 125]-AA98 mAb and Quality

Control

The modified iodination protocol of AA98 mAb with !2°I
was employed fundamentally as described previously (Visser
et al, 2001; Tijink et al., 2009). Briefly, 800 png AA98 mAb
(80 wL, 10 mg/mL) was added into a tube coated with 25 pg
TIodogen (Pierce Biotechnology), then 0.5-wL Na!?T solution
(GMS Pharmaceutical Co., Ltd., Shanghai, China) with specific
activity of 1.6 Ci/mL was added. After 10 min, the reaction was
terminated. The radiochemical purity (RCP) of 1251_AA98 mAb
was assessed by radio-thin layer chromatography (radio-TLC)
Imaging Scanner (Eckert & Ziegler Radiopharma, Inc., USA).

Preparation of %®™ Tc-Labeled Probes for

Tumor Apoptosis and Angiogenesis

A single-step kit containing 15 pg hydrazinonicotinamide
(HYNIC)-duramycin (Molecular Targeting Technologies, Inc.,
USA) was labeled by Na®*™TcQ, as previously reported (Zhao
et al,, 2008; Hu et al., 2018). In brief, 0.5 mL freshly prepared
sodium pertechnetate (™ Tc-pertechnetate) with specific activity
of 30 millicurie (mCi), which was obtained from Mo0-99/Tc-99m
generator (GMS Pharmaceutical Co., Ltd., Shanghai, China), was
added to the kit vial. The vial was heated at 80°C around 20 min
and then cooled down to room temperature. The RCP of the
99mTe HYNIC-duramycin (always beyond 95%) was analyzed
by Radio-TLC.

A single-step kit containing 20 pg of the HYNIC-3PRGD2
conjugate was labeled by Na®™TcO, as previously reported
(Wang et al., 2009). Simply put, 1.0 mL of Na”™TcOy solution
(20 mCi) in saline was added into the kit vial and heated at 100°C
around 20 min. After heating, the vial was cooled down to room
temperature. The RCP of the ™ Tc-HYNIC-3PRGD2 was >95%.
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Cell Lines

The human HCC cell line Hep G2 was obtained from the
Cell Bank, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai. Hep G2 cells were cultured in
DMEM medium (Gibco) containing 1% penicillin-streptomycin
(100 U/mL penicillin; 100 pg/mL streptomycin) and 10% fetal
bovine serum at 37°C with 5% CO,. All cells were passaged
and collected with trypsin-EDTA solution (0.05% trypsin;
0.02% EDTA).

Animal Care

All animal studies were performed under a protocol approved by
the Institutional Animal Care and Use Committee of Zhongshan
Hospital, Fudan University. All mice were acclimatized to
laboratory conditions (individually ventilated cages, 20°C,
12/12hlight/dark cycle, and ad libitum to a standard diet) around
1 week prior to studies.

Animal Model and Intratumoral Injection
Female athymic BALB/c nu/nu mice (6-8 weeks, Shanghai SLAC
Laboratory Animal Co., Ltd.) were injected s.c. into the right
shoulder with Hep G2 cells (3 x 10°) in 0.1 mL phosphate buffer
solution (PBS). When tumors reached 6-10 mm in diameter
(around 3 weeks after inoculation), 0.25% sodium iodide was feed
to mice for 3 days to block the absorption of '2°T by the thyroid
gland before intratumoral injection, and this treatment lasted
until the end of experiments. Sixty-six athymic mice bearing s.c.
Hep G2 tumor xenografts were randomized into six groups (n =
11/group) to monitor tumor apoptosis (n = 3/group), evaluate
angiogenesis (n = 3/group), and observe therapeutic efficacy (n
= 5/group). All mice received a single intratumoral injection
in a volume up to 20 pL as follows: control (normal saline, 20
pL/mouse), 10 microcurie (nCi) '°1-AA98 mAb (10 nCi '2°1-10
g AA98 mAb/mouse), free 12°1(80 LCi 125T/mouse), AA98 mAb
(80 g/mouse), 80 1LCi 125T-AA98 mAb (80 LCi 12°1-80 ug AA9S
mAb/mouse), and 200 uCi 2°1-AA98 mAb (200 nCi 12°1-200 ug
AA98 mAb/mouse). The injection was administered slowly into
the center of the tumor using a microsyringe. The needle was
left in the tumor for several seconds before withdrawal, and the
injection site was pressed using cotton ball around 1 min.

In vivo Micro-SPECT/CT Imaging

Prior to micro-SPECT/CT imaging, mice were placed into a
mice anesthesia chamber with 4% isoflurane mixed with 2
L/min O, for several minutes to induce deep anesthesia using
a VETEQUIP V-1 animal anesthesia system (VetEquip Inc.,
USA), then mice were transferred to exam table and maintained
with 1.5% isoflurane mixed with 0.4 L/min O, using the same
anesthesia system. The Nano SPECT/CT scanner (Bioscan, USA)
was employed to perform in vivo micro-SPECT/CT imaging
with the settings (Tan et al,, 2017). All 3D OSEM images were
reconstructed with a HISPECT algorithm.

Tumor responses in the tumors were evaluated with
99mTc HYNIC-duramycin and *™Tc-HYNIC-3PRGD2. Before
treatment (day 0), baseline micro-SPECT/CT imaging was
performed in each of imaging groups using the two molecular
probes. After intratumoral injections, micro-SPECT/CT imaging

targeting tumor apoptosis was performed using **™Tc-HYNIC-
duramycin on day 3, and targeting tumor angiogenesis using
9mTc-HYNIC-3PRGD2 on day 7.

Data Analysis

All micro-SPECT/CT images were displayed with Invivo Scope
software (Version 1.43, Bioscan, USA). An appropriate 3D
volume of interest (VOI) was placed in the tumor with maximum
molecular probe uptake included and necrotic area spared,
and the contralateral muscle area was also measured. The
radioactivity of tumor or contralateral muscle (in pnCi/mm?)
was reported by the software for each VOI. The tumor-to-
contralateral muscle tissues ratio (T/M ratio) was calculated for
each tumor. For assessment of tumor apoptosis and angiogenesis,
the T/M ratio of each of the six groups after intratumoral
injection was compared with that of the corresponding baseline
imaging, and multiple comparisons of the T/M ratio were also
conducted among the six groups after intratumoral injection.

Therapeutic Efficacy Study

Tumor size (length and width in mm) and body weight (gram)
were measured every other day for 14 days after injection. Tumor
volume (mm?) was calculated following the formula (Inaba et al.,
1989): Volume [length x (width)?]/2. The relative tumor
inhibition rate was used to assess the antitumor efficacy of the
different treatments as follows:

The relative tumor inhibition rate = [1 — (averageV14/Vo)r/
(averageV14/Vo)c]x 100%.

Where V4 is the tumor volume on Day 14, Vj is the pretreatment

tumor volume before injection (Day 0), T represents each of the
five treatment groups, and C means the control group. When
body weight loss was >20%, or tumor volume was larger than
2 cm?, mice were sacrificed and excluded to calculate the relative
tumor inhibition rate.

Histiopathological and

Immunohistochemistry

After imaging or treatment, all mice were sacrificed, and
all tumors were harvested. Adjacent 4pum thick paraffin-
embedded sections of all tumor samples were stained with
Haematoxylin and Eosin (HE) and terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling (TUNEL)
fluorescence or integrin o, B3 fluorescence. In brief, all tumors
were fixed in 4% paraformaldehyde in PBS, dehydrated, and
embedded in paraffin, then sliced in the maximal section
of the tumor. According to the instruction of the in situ
cell death detection kit (Roche), TUNEL fluorescence staining
was performed to detect and quantify tumor cell apoptosis.
To stain integrin o,fB3, the 4pum slices were blocked with
10% goat serum at 37°C for 20min. The sections were
then incubated with rabbit anti-integrin o3 antibody (1:200,
Beijing Biosynthesis Biotechnology Co., Ltd.) overnight at 4°C.
Then, the sections were visualized with Cy3-labeled goat anti-
rabbit antibody (1:200, Abcam). Finally, tumor sections were
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mounted in 4/, 6-diamidino-2-phenylindole dihydrochloride
(DAPI) mounting medium.

Pathological and Immunohistochemistry
Analysis

The percentage of tumor necrotic area was calculated as: the area
of tumor necrosis/the area of total tumor tissue (drawn manually)
on HE sections using Case Viewer (3dhistech Ltd., Hungary).
Apoptosis index (AI) was determined by calculating the
percentage of apoptotic nuclei with green TUNEL fluorescence
staining over total nuclei using Quant Center software (3dhistech
Ltd., Hungary). Image-Pro Plus 6.0 software (Media Cybernetics,
USA) was used to assess the integrin «,fB3 red fluorescence
intensity by measuring the integrated optical density per field of
view (IOD/mm?) of the images with an equivalent area.

Statistics
The numerous data were expressed as mean =+ standard
deviation. The results were analyzed usinig the software package

(IBM SPSS version 22.0 for Mac OS, IBM, USA). A P < 0.05 was
considered to indicate statistically significant difference.

RESULTS

The labeling rate of the '2°1-AA98 mAb molecular probe was over
95%. Both the radiochemical purity and the radiochemical yield
were 95.8 £ 0.5% (Figure S1).

Apoptosis Imaging

In terms of T/M ratio, **™Tc-HYNIC-Duramycin imaging
showed that the baseline scans had no statistically significant
difference (P > 0.05, Figure 1). Three days after treatment, the
T/M ratio in each group was higher than that before treatment.
The T/M ratio of the 10 iCi group, 80 Ci group, free %I
group, and 200 nCi group on day 3 was higher than that on
the corresponding baseline scans (P = 0.0011, P = 0.0002, P
= 0.0332, and P = 0.0218, respectively). There was statistically
significant difference among all the 6 groups on day 3 (P =

Normal Saline 10uCi '25I-mAb 80uCi '°I-mAb  Free '2%|

*** P=0.0006

microcurie; white dashed circled area in (A) indicates HCC tumor].

AA98 mAb 200uCi '*I-mAb

(o] | | D 204
* P=0.0121
[ * P=0.0200 1
N I | ! 154 r=0.6981 .
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FIGURE 1 | /n vivo SPECT/CT imaging with **™Tc-HYNIC-Duramycin and apoptosis immunofluorescence staining in HCC xenograft mice models. Tumor images
were obtained with SPECT/CT before (upper row) and 3 days after (bottom row) intratumoral injection among the six groups (A). (B) T/M ratio was analyzed from
99MT5-HYNIC-Duramycin imaging at baseline scan before intratumoral injection and second scan 3 days after intratumoral injection. (C) Correlation between T/M ratio
and apoptosis index. (D) Multiple comparisons of average apoptosis index were performed among the six groups. [Note-'2%|-mAb means '2°-AA98 mAb; n=3, mean
+ 3D, ‘P < 0.05; "P < 0.01; ""P < 0.001; ns indicates no significance between the baseline scan on day 0 and the second scan on day 3, P > 0.05; nCi means

*P=0.0066

B I *P=00016 1
“pa 1
o in Imaging I P=0.0029 :
1 P=00413
26m P=00021
- P=00043
™ 10uci
204 M 80 Ci
- 1125
W AA98 MAD
W 200 Ci
154 “P=00375
2
£
£
F

Time after injection (day)

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

35

November 2019 | Volume 7 | Article 319


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhou et al.

1251-AA98 mAD to Treat Hepatocellular Carcinoma

Normal Saline

Day 3

Free "2

10uCi '2°I-AA98 mAb

AA98 mAb

FIGURE 2 | Photographs of pair-matched HE staining and TUNEL fluorescence staining 3 days after intratumoral injection in each group.

80uCi '#I-AA98 mAb

200puCi '%°1-AA98 mAb

0.0066). In terms of the degree of apoptosis, the 200 uCi group
demonstrated the highest apoptotic index (11.8 £ 3.8%), and
its T/M ratio on day 3 was higher than that of the normal
saline, 10 wCi and free '2°T groups, respectively (P = 0.0016,
P = 0.0029, and P = 0.0413, respectively). The T/M ratio
in 80 pnCi group on day 3 was higher than that in 10 pnCi
and normal groups (P = 0.0021 and P = 0.0043). In terms
of T/M ratio on day 3, there was also a markedly significant
difference between 10 |LCi group and normal group (P = 0.0375).
There were no significant differences among the remaining
comparative studies (all P > 0.05). There was a markedly positive
correlation (r = 0.6981; P = 0.0013) between T/M ratio and
apoptotic index by TUNEL fluorescence staining (Figure 2)
on day 3.

Angiogenesis Imaging

In terms of T/M ratio, ®™Tc-HYNIC-3PRGD2 imaging showed
there was no statistically significant difference among the baseline
scans (P > 0.05) (Figure 3). Seven days after treatment, the
T/M ratio was significantly lower than that before treatment,
and there had no statistically significant difference among all
groups (P = 0.0001). There was marked difference between

the baseline scan and the repeated scan on day 7 in 200 pnCi
group, 80 nCi group, and AA98 mAb group, respectively (all
P < 0.05). The 200 nCi group showed the lowest T/M ratio
(1.0 & 0.5) compared with the other five groups on day 7 (all
P < 0.05). The T/M ratio in 80 wCi group and AA98 mAb
group on day 7 were both higher than that in 10 nCi group
and saline control group on day 7 (all P< 0.05). The T/M ratio
of angiogenesis-targeted imaging on day 7 was not correlated
with IOD/mm? by integrin a3 immunofluorescence staining
(Figure 4) (P = 0.1020).

Therapeutic Efficacy

As shown in Figure 5, compared with the control group, the
relative inhibitory rates of tumor in AA98 mAb group, 10 pCi
group, 80 LCi group, '2°T group, and 200 pCi group on day
14 were 26.3%, 55.3%, 60.5%, 66.3%, and 69.5%, respectively.
Fourteen days after intratumoral injection, there is no markedly
statistical difference in terms of tumor volume growth rate
among all the six groups (P > 0.05). No significant difference of
the percentage of tumor necrotic area was noted among the six
groups (P > 0.05).
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DISCUSSION

CD146 is one of adhesion molecules involving in angiogenesis
(St Croix et al.,, 2000; Chan et al., 2005), and it also plays an
essential role in tumor progression. Recently, overexpression of
CD146 was found to promote migration and invasion of HCC
cells and predict poor prognosis in HCC patients (Jiang et al.,
2016). A novel anti-CD146 mAb AA98 has been revealed that
it can block angiogenesis both in vitro and in vivo, and it alone
can effectively inhibit tumor growth of HCC xenografts via
intraperitoneal injections (Yan et al., 2003). In clinical settings,
the usual way of treating inoperable HCC is transcatheter arterial
chemoembolization (TACE), which is not easily accessible for
HCC xenograft mice model. Alternatively, intratumoral injection
is preferred to mimic TACE as a way of drug delivery.

AA98 mADb, as an angiogenesis inhibitor, can block the
formation of new blood vessel, rather than directly damage
existing blood vessel to result in secondary tumor cell apoptosis
(Siemann and Horsman, 2009). Previous report also showed
AA98 mAb could not directly induce cell apoptosis in vitro
(Yan et al., 2003). However, 2T can delivery longer short-range
internal radiation over time to induce tumor cell apoptosis. One

of the possible molecular mechanisms of tumor cell apoptosis
that 25T may upregulate expression of p53 to downregulate
vascular endothelial growth factor and then decrease microvessel
density (Ma et al, 2014). We were motivated to try the
intratumoral injection of '2I-AA98 mAb to target CD146 with
AA98 mAb and then to induce HCC cell apoptosis by '2°T with its
potential mechanisms (Cunningham et al., 1998; Ma et al., 2014).

In our experiments, AA98 mAb was labeled with a high
specific activity of Na!?°I solution by Todogen method to yield
>95% of RCP. Compared with the baseline T/M ratio of
in vivo ™ Tc-HYNIC-Duramycin imaging before intratumoral
injection, the T/M ratio of the four groups containing !>
revealed marked increase of HCC cell apoptosis after 3-day
treatment (P < 0.05), but not in AA98 mAb group (P > 0.05).
Noticeable, 12°1-AA98 mAb for targeting CD146 might more
efficiently induce apoptosis than free '?°I. The central HCC
tumor apoptosis with peripheral normal HCC cells among all
groups was verified by TUNEL staining. For in vivo *™Tc-
HYNIC-Duramycin imaging on day 3, the T/M ratios of the 3
kinds of molecular probe groups (10 nCi group, 80 nCi group,
and 200 nCi group) were significantly different from that of the
control group (P < 0.05), but not the free 1251 group (P > 0.05).
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Compared with the control group before treatment, although
there was slight increase tendency of *™Tc-HYNIC-Duramycin
uptake within tumor in the 3 kinds of molecular probe groups
on day 3 (P > 0.05), the inherently spontaneous HCC tumor
apoptosis in the three kinds of molecular probe groups was
ruled out.

We also confirmed that '2°T low-energy radionuclide which
resulting a highly localized irradiation can kill HCC cells via
apoptosis-mediated cell death. According to dosage of '2°I, there
is a tendency that higher dosage may induce higher apoptosis.
Moreover, the 200 nCi group alone had the highest apoptotic
index and markedly different from the five other groups (all P
< 0.05). It means that higher dosage of '»I-AA98 mAb will
cause more serious apoptosis, and the 200 and 80 nCi groups
may superior to the free 12°I group. Finally, our results revealed
that the T/M ratio of in vivo ¥™Tc-HYNIC-Duramycin imaging
had a positive correlation with apoptotic index by TUNEL
fluorescence staining. It indicates that in vivo *™Tc-HYNIC-
Duramycin imaging can provide a potential tool to evaluate
tumor cell apoptosis.

AA98 mAb plays an essential role in inhibiting early
angiogenic processes, which control the formation of secondary

and tertiary vessel branches (Yan et al, 2003). Tumor
neoangiogenesis was able to be identified by overexpression
of the integrin a,P3 receptor too, which can be visualized
by radionuclide-labeled RGD analogs, such as the molecular
probe *MTc-HYNIC-3PRGD2 (Jin et al., 2016). We found
that the groups containing 80 g of AA98 mAb or more
(i.e., 200 nCi group, 80 nCi group, and AA98 mAb group)
showed marked difference between the baseline scan on
day 0 and the repeated scan on day 7 (all P < 0.05).
This finding indicates that AA98 mAb of > 80 ng may
be the optimal single dosage to achieve response detected
on #MTc-HYNIC-3PRGD2 SPECT/CT imaging during 7-day
therapy. These results were consistent with previous report
(Yan et al, 2003). However, our study found that only
200 wCi group was superior to the other five groups (P
< 0.05), although the T/M ratio of in vivo *™Tc-HYNIC-
3PRGD2 SPECT/CT imaging on day 7 was not correlated with
IOD/mm? by integrin a,B3 immunofluorescence staining (P
> 0.05). The fixed dosage of AA98 mAb may be one of the
reasons to limit the anti-angiogenetic effects. Further work is
needed to apply multiple injections for treatment to achieve
better response.
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In addition, our data also showed that there is a tendency
of inhibiting growth of HCC xenografts using 125I-AA98 mAb
for the first time, although there is no marked significant
difference among the five treatment groups (P > 0.05). We
noted that the relative inhibitory rate of tumor in the '2°1
group was very well (66.3%). However, the average necrotic
area in the !'?°I group was just higher than the in the
control group and lower than that in the other four groups.
It indicates that the percentage of the tumor tissue in the
1251 group was only lower than that in the control group.
This is the first point that we thought the !%*T group did
not share the best anti-tumor effect. Second, the average
apoptotic index in the '2°I group on day 3 also showed it is
inferior to the three groups containing 2> I-AA98 mAb. Third,
the evaluation of the SPECT/CT imaging in terms of anti-
apoptosis and anti-angiogenesis demonstrated that the tumor-
muscle rates did not indicate the '>°I group was the best
one. Based on our study, we think our further research may
focus on comparing the '2°I-AA98 mAb with free '2°1, optimal
multiple injections and optimal injection interval to confirm the
definite efficacy.

In conclusion, compared with free 12°T and unlabeled AA98
mAb, it's evident that 'I-AA98 mAb showed more effective
apoptosis induced ability for CD146 high expression Hep G2
HCC cells. Moreover, *™Tc-HYNIC-Duramycin (apoptosis-
targeted) imaging and **™Tc-HYNIC-3PRGD2 (angiogenesis-
targeted) imaging are reliable non-invasive methods to evaluate
the efficacy of targeted treatment of HCC.
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Non-invasive tracking for monitoring the selective delivery and transplantation of
biotargeted agents in vivo has been employed as one of the most effective tools in
the field of nanomedicine. Different nanoprobes have been developed and applied
to bioimaging tissues and the treatment of diseases ranging from inflammatory and
cardiovascular diseases to cancer. Herein, we will review the recent advances in
the development of optics-responsive nanomaterials, including organic and inorganic
nanoparticles, for multimodal bioimaging and targeted therapy. The main focus is placed
on nanoprobe fabrication, mechanistic illustrations, and diagnostic, or therapeutical
applications. These nanomedicine strategies have promoted a better understanding of
the biological events underlying diverse disease etiologies, thereby facilitating diagnosis,
illness evaluation, therapeutic effect, and drug discovery.

Keywords: optical, nanomaterials, bioimaging, tissues, therapy

INTRODUCTION

Molecular imaging reflects biological information on temporal and spatial scales, unveiling the
dynamics of disease (Smith and Gambhir, 2017). It is a crucial diagnostic tool for monitoring
in vivo response and assessing outcomes in targeted therapies (Fan et al., 2017). Also, integrating
imaging, and therapy into theranostic systems is an efficient strategy for real-time tracking
of the pharmacokinetics and biodistribution of a drug. Current imaging modalities include
X-ray, magnetic resonance, optics (e.g., fluorescence, luminescence, Raman, photoacoustics),
radionuclides, and mass spectrometry (Kunjachan et al., 2015). Among them, optical imaging is
a common modality in preclinical research on theranostic agents.

Nanomaterials have been widely developed as therapeutic and diagnostic agents (Lim et al.,
2015; Chen et al., 2016a). Research efforts have changed from developing new materials in vitro
to exploring functional materials in vivo, thereby increasing the potential for clinical translation
(Lamch et al., 2018). Perhaps the unique advantage of nanoparticles (NPs) for optical imaging is
that their physical and optical properties are easily tunable through structural modulation. Also,
some NP compositions possess inherent imaging and therapeutic properties, while others are
rendered multifunctional through the manipulation of multiple structural elements. Engineering
multifunctional theranostic NPs presents several challenges, including imaging quality, loading
capacity, the toxicity of intrinsic ingredients, storage, and in vivo stability, the complexity of
synthesis, batch repeatability, production costs, and regulatory hurdles (Farokhzad and Langer,
2006; Lee et al, 2012). Common nanomaterials, including inorganic and organic NPs, have
demonstrated a potential for diagnosis and therapy (Brigger et al., 2002). Variations in size, shape,
and surface modifications can adjust their biocompatibility and specificity with target tissues

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 42

November 2019 | Volume 7 | Article 320


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2019.00320
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2019.00320&domain=pdf&date_stamp=2019-11-15
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yuyang@rcees.ac.cn
https://doi.org/10.3389/fbioe.2019.00320
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00320/full
http://loop.frontiersin.org/people/723530/overview

Yang et al.

Nanomaterial-Based Optical Imaging and Therapy

(Wang and Thanou, 2010). Depending on their structural
composition, NPs can provide an optical signal or function as
nanocarriers for optically active agents. Current interests mainly
involve non-invasive imaging of deep tissues and targeting
drug therapy.

In this paper, we discuss recent progress in optical-sensitive
NPs, their bioimaging involving fluorescence, luminescence,
surface-enhanced Raman scattering (SERS), and photoacoustic
(PA) signals, and their therapeutic applications in photodynamic
therapy (PDT), photothermal therapy (PTT), and drug delivery.
Moreover, common design considerations for advanced
nanomedicines and the challenges of their application are
discussed from diagnostic and therapeutic perspectives.

OPTICALLY ACTIVE NANOMATERIALS

Inorganic Nanomaterials

Due to their unique characteristics, i.e., surface plasmon
resonance (SPR), gold NPs (GNPs) are usually chosen to
enhance optical imaging based on their absorption, fluorescence,
Raman scattering, etc. (Wu et al., 2019). Generally, GNPs are
synthesized by HAuCly reduction, known as the Brust et al.
(1994) or Turkevich method Turkevich et al. (1951). GNPs
are stabilized by a wide variety of ligands that affect their
sizes and properties (Treguer-Delapierre et al., 2008; Boisselier
et al., 2010). Their diameters range from 1nm to more than
120 nm. Also, diverse shapes can be prepared, such as core-shell
nanostructures (Kharlamov et al., 2015), nanorods (de la Zerda
et al., 2015), or nanocages (Chen et al., 2005a) whose aspect
ratios modulate their optical properties. The excellent stability of
GNPs covalently bonded with thiolated ligands permits chemical
modifications directly on their surfaces (Boisselier et al., 2008).
The ligands for stabilizing GNPs can be specifically selected for
drug encapsulation and release or targeted to tissues such as
tumors (Guo et al., 2017; Her et al., 2017; Spyratou et al., 2017).
However, the safety of GNPs in clinical application remains
controversial, with more information required on their long-
term toxicity in vivo.

Carbon-based nanomaterials (CBN) as members of the
carbon family including fullerenes, carbon nanotubes (CNTs),
graphene (G), graphene oxide (GO), nanodiamonds (NDDs),
and carbon dots (CDs) (Bartelmess et al., 2015; Patel et al.,
2019). Modifying their surfaces with functional groups (e.g.,
carboxylic acid, hydroxyl, or epoxy) provides the opportunity to
optimize their properties. The extraordinary optical features of
CBN (e.g., inherent fluorescence, high photostability, and tunable
narrow emission spectra) increase their potential for imaging and
diagnosis of cells or tissues (Sadegh and Shahryari-ghoshekandi,
2015; Goodarzi et al., 2017; Namdari et al., 2017; Bullock and
Bussy, 2019; Tinwala and Wairkar, 2019). Fullerenes usually act
as photosensitizers (PSs) to generate singlet oxygen (*0,) and
hence are applied for blood sterilization and cancer PDT (Lu
et al., 2019). The inherent spectroscopic features of CNTs (e.g.,
Raman scattering and photoluminescence) provide a valuable
means of tracking in vivo therapeutic status, pharmacodynamic
behavior, and drug delivery efficiency and imaging and detecting
diseases (Tasis et al., 2006; Liu et al, 2011). Graphene and

GO-based nanocarriers have attracted significant attention for
imaging and anticancer therapy because of their large drug
loading and effective delivery capacity. Also, ~2,600 m?/g is more
than double the surface area of most nanomaterials (Mao et al.,
2013; Reina et al., 2017). Recently, carbon dots (CDs, size <
10 nm) have been extensively studied to gain a high fluorescence
quantum yield through facile synthesis methods (Liu et al.,
2015a). NDDs are nanocrystals that consist of tetrahedrally
bonded carbon atoms in the form of a three-dimensional (3D)
cubic lattice. The optical properties of NDDs allow their use as
photoluminescent probes (hey = 550-800 nm) due to nitrogen-
vacancy defect centers (Chang et al., 2008). When functionalized,
their biocompatibility is known to be superior to CNTs and
carbon black (Mochalin et al.,, 2013). However, the toxicity of
CBN is presently the key problem for their clinical use. Also,
the toxicology and pharmacokinetics of CBN mainly rely on
several factors, e.g., physicochemical and structural properties,
exposure dose and time, cell type, mechanism, residual catalyst,
and synthesis method. It is necessary to systematically evaluate
CBN in vivo safety using more relevant animal models.

Porous silicon nanoparticles (pSiNPs) have gained intense
attention in the biomedical field due to their low toxicity and
potential for use in minimally invasive and focal therapies that
avoid conventional side effects (Vivero-Escoto et al., 2012).
pSiNPs can be degraded completely to produce non-toxic
orthosilicic acid (Tzur-Balter et al., 2013), a bioavailable form
of Si, and then excreted efficiently through renal clearance
(Park et al., 2009). Also, their high active surface areas (up to
1,000 m?2/g) (Loni et al.,, 2015) allow Si modifications by other
molecules through various surface chemical reactions (e.g.,
hydrosilylation, silanisation, and hydrocarbonization), which
facilitate their targeted and controlled drug release into cancer
cells (Wu et al,, 2011a; Makila et al., 2012; Wang et al., 2014).
Actually, the porous nanostructures of pSiNPs allow them
to load drugs, probes, enzymes, proteins, antibodies, siRNA,
or other species (Castillo and Vallet-Regi, 2019). Numerous
cell-specific epitopes and biomarkers afford selective binding
to certain antibodies, peptides, or other molecules and thus
provide the opportunity for targeted drug delivery via vectorized
pSiNPs (Li et al, 2018a). Moreover, the optical features of
silicon nanostructures, i.e., intrinsic photoluminescence,
afford an alternative for bioimaging, accompanied with better
biocompatibility and biodegradability and lower toxicity
compared with semiconductor quantum dots (Warner et al.,
2005; Erogbogbo et al., 2008; Bimbo et al., 2010; Gu et al., 2010).
Finally, easy handling and cost-efficient preparation through
facile electrochemical anodization of crystalline silicon increase
the interest in utilizing pSiNPs (Sailor, 2012). Nevertheless,
the design and synthesis of smart multifunctional pSiNP
nanocarriers, in vivo performance evaluation using animal
models, and subsequent translational studies still need to be
further explored.

Lanthanide (Ln)-doped upconversion nanoparticles (UCNPs)
can convert two or more low-energy near-infrared (NIR)
photons into high-energy emissions through a non-linear anti-
Stokes process (Auzel, 2004). Due to their special upconversion
luminescence feature and stable Ln-based inorganic framework,
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Ln-UCNPs have been developed as promising alternatives to
conventional labels (e.g., organic dyes and quantum dots)
with several attractive advantages, such as being highly
resistant to photobleaching and photoblinking, having negligible
background autofluorescence, having deeper tissue-penetration
ability, and causing minimal photodamage (Zhou et al., 2012).
Also, considering the high feasibility and maneuverability of
their structural design, many functional components with other
imaging capabilities are introduced into these nanoparticles
for diagnostic and therapeutic applications (Liu et al., 2014a,
2015b). Likewise, UCNPs with a high surface area, characteristic
structures, and versatile surface functionalization can act as
nanocarriers for drug delivery (Wu et al., 2015; Yang et al., 2015a).
Significantly, UCNPs with a distinctive upconverted emission can
double as light-transducers to activate PSs for deep-tissue PDT
or as phototriggered devices for precise control of drug-payload
release induced by NIR light (Wang et al., 2013a; Min et al.,
2014; Idris et al., 2015). However, high upconversion efficiency is
realized only upon 980- or 808-nm excitation, which has seriously
hindered their practical usage in the biomedical field. Also,
surface modification and bioconjugation of long-term stable and
biocompatible Ln-UCNPs remain a huge challenge. Therefore,
more strategies for surface modification and corresponding
toxicology studies of these NPs are still needed for future pre-
clinical and clinical applications.

Quantum dots (QDs) are semiconductor nanocrystals
(typically with diameters <10nm), which display dimension-
dominant optical features (e.g., absorption and luminescence)
(Xu et al., 2018a). Particularly, QDs of various dimensions or
ingredients are excited by a single light source to separately emit
diverse colors over a wide range with negligible spectral overlap,
rendering them desirable for multiple imaging (Yong, 2012).
Avoiding the photobleaching of organic dyes, QDs are more
beneficial to imaging in vivo for a long time (Geszke-Moritz
and Moritz, 2013). Significantly, QDs can be tuned to emit over
a broad wavelength range (e.g., 450-1,500 nm) by modulating
their dimensions, configurations, and components (Pichaandi
and van Veggel, 2014; Zhao et al,, 2018). QDs can also be
conjugated with a recognition molecule, such as antibodies,
DNA, proteins, etc. (Lu and Li, 2011). Flexibility in the surface
chemistry and emission peak of QDs makes them useable as
optical probes or nanocarriers for bioimaging, drug discovery,
diagnostics, and therapy (Probst et al., 2013; Bilan et al., 2016;
Yao et al.,, 2018). The main QDs involved in biomedicine contain
Cd-based QDs (e.g., CdSe, CdTe, CdS) or Cd-free QDs (e.g.,
InP, CulnS;, AgInS;, Ag,S, WS;, ZnO, silicon, GQDs, CuS) (Xu
et al., 2016; Mo et al., 2017). However, the potential hazards of
QDs have become a critical issue that must be further addressed
prior to clinical use.

Organic Nanomaterials

Optical nanoagents (e.g., QDs, UCNPs, metal nanoclusters,
carbon, and silica-based nanomaterials) have been widely
employed for molecular imaging. However, inorganic NPs
usually suffer from critical safety concerns, including heavy metal
poisoning, and not being susceptible to fast clearance from

the body. To facilitate clinical translation, organic systems are
generally preferred.

Fluorogens with aggregation-induced emission (AIEgens), the
typical organic nanomaterials, exhibit very weak emission in
the molecular state but high fluorescence in the aggregated
state (Luo et al., 2001). They are usually arranged in a rotor-
like conformation. In the free state, intermolecular collisions
cause the consumption of energy in the form of non-radiative
transition, while in the aggregated state, the restriction of
intramolecular motion (RIM) ensures the release of exciton
energy via a radiative pathway, intensifying the emission (Mei
et al., 2015). Through intelligent modulation, AIEgens can emit
a broad wavelength in the ultra-violet (UV) to NIR region,
accompanied with certain attractive qualities. For example, they
enhance the chance of intersystem crossing, thereby increasing
the production of free radicals for PDT (Hong et al., 2009;
Xu et al., 2015) and strengthen the conversion of non-radiative
relaxation to generate thermal energy for PA imaging and PTT
(Mei et al,, 2014; Geng et al,, 2015). Also, some biomolecules
(e.g., target or chelation agents) can be integrated into AIEgens
without affecting their AIE properties (Hong et al., 2011; Hu
et al., 2014), which endows them with multiple performances
for cancer therapy (Yuan et al., 2015). AlEgens have been
successfully combined with PSs, drugs, and several imaging
methods to realize efficient theranostic platforms (Chang et al.,
2012; Xue et al., 2014). Most AIE systems with multiple functions
(or modalities) are composed of several components through
an all-in-one approach, suffering from defects in their complex
molecular structure and multistep synthesis.

Owing to poor photostability of traditional NIR organic
dyes, organic semiconducting agents, including semiconducting
polymer nanoparticles (SPNs), and semiconducting molecule
nanoparticles (SMNs), have emerged as excellent candidates (Lyu
etal., 2016; Pu et al., 2016; Zhu et al., 2016). These agents possess
higher absorption coefficients, more tunable optical properties,
and controllable dimensions compared with inorganic agents
(Hong et al., 2012a; Pu et al.,, 2014a). The wavelength range 650-
1,000 nm of NIR fluorescence imaging is known as the first NIR
window (NIR-I), which can achieve a tissue penetration depth
of up to ~1 cm (Shanmugam et al., 2014). However, when NIR-
I light passes through or interacts with the tissue, it still suffers
from light scattering, tissue absorption, and autofluorescence
(Ntziachristos, 2010), leading to a relatively poor signal-to-noise
ratio (SNR), and thus is less ideal for deep-tissue imaging. To
enhance the imaging depth, the second near-infrared window
(NIR-1I, 1,000-1,700 nm), a more ideal region with deeper tissue-
penetration depth and fewer light-tissue interactions, has been
explored recently (Miao and Pu, 2018; Cai et al., 2019). To date,
organic semiconducting agents have been utilized for deep-tissue
imaging, including NIR-II fluorescence, self-luminescence, and
PA imaging, in biomedical fields such as cell (Wu et al., 2010; Pu
et al., 2014b), tumor (Wu et al., 2011b), acute edema (Pu et al,,
2014b), and cardiovascular imaging (Hong et al., 2014) and in
real-time evaluation of drug-toxicity (Shuhendler et al., 2014).
However, they also face the major issues of high accumulation
in the liver and slow removal from the body due to their large
dimensions. Therefore, new designs are needed to increase their
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biodegradability or reduce their sizes so that they are smaller
than the renal filtration threshold (~5nm) for quick clearance
via urine excretion.

Polymer nanoparticles (PNPs) have been widely developed
for cancer diagnosis and therapy due to their high extinction
coefficients, extraordinary fluorescence intensity, good
photostability, biocompatibility and biodegradability, and
simple encapsulation of anticancer drugs and/or imaging probes
(Pecher and Mecking, 2010; Yang et al., 2012; Feng et al., 2017).
Although PNPs can accumulate in the tumor region via the
enhanced permeability and retention (EPR) effect (Luk and
Zhang, 2014; Tang et al., 2016), cancer-targeting moieties (e.g.,
proteins, peptides, and aptamers) must be modified onto the
NP surface by chemical or physical interaction, resulting in
functionalized PNPs with enhanced selectivity and sensitivity for
cancer diagnosis and therapy (Liu et al., 2015¢; Li et al., 2016; Li
and Yang, 2017; Lin et al., 2017). Recently, functionalized PNPs
have been designed according to specific cellular processes and
disease environments and applied to selectively deliver drugs
to the target regions (Vaidya et al.,, 2011; Krasia-Christoforou
and Georgiou, 2013; Herranz-Blanco et al., 2016; Kumar et al.,
2018; Wang et al., 2019). Further in vivo work will be required to
comprehensively investigate the safety and efficacy of these novel
theranostic platforms before clinical application.

OPTICALLY ACTIVE NANOMEDICINE FOR
BIOIMAGING

Fluorescence Imaging

Fluorescence imaging, as a means to visualize specific organelles
within cells or animals, has become a powerful tool for biological
research and even for the emerging field of fluorescence-
guided surgery. Additionally, fluorescence imaging can capture
specific molecular information on the tumor microenvironment
(Wolfbeis, 2015).

Among the commonly utilized non-viral vectors, gold
nanocages (AuNCs) investigated for ~microRNA
(miRNA) delivery due to their biological inertness and unique
physicochemical features (Skrabalak et al.,, 2008). Their strong
and easily adjustable absorption and scattering in the NIR region
demonstrate their feasibility in theranostic uses (Xia et al., 2011).
The sizes, shapes or surface chemistry of NPs can mediate their
cellular uptakes, macrophage clearance, and biodistribution
(Huang and El-Sayed, 2010). NPs with a size of 10-100 nm are
more appropriate for cancer diagnosis and therapy since they
can escape from renal elimination and accumulate in tumors.
Besides size, surface chemistry is another crucial factor for the
cellular uptake and biodistribution of NPs in vivo (Chen et al.,
2005b). Bao et al. (2017) have successfully fabricated a series
of differently-sized miRNA delivery systems, miR-26a-loaded,
hyaluronic acid (HA)-modified, polyetherimide-conjugated
PEGylated AuNC ternary nanocomplexes (PPHAuNCs-TNCs),
and monitored them through fluorescence and PA imaging.
First, they prepared PEGylated AuNCs (PAuNCs) by employing
HS-PEG-OMe (MW 5000) to replace the PVP layer through an
Au-S bond to extend the circulation period of the NPs in the

were

blood and enhance their stability. Secondly, polyethyleneimine
(PEI)-conjugated PAuNCs (PPAuNCs) were obtained by
conjugation of PEI onto the surface of the PAuNCs to condense
miRNAs, utilizing 11-mercaptoundecanoic acid (MUA) as a
linker. Thirdly, miRNAs were encapsulated with differently-sized
PPAuNC:s via electrostatic interaction to obtain miRNA-loaded,
PEI-conjugated PEGylated AuNC binary nanocomplexes
(PPAuNCs-BNCs). Finally, to neutralize their slightly positive
charge and enhance their stability and biocompatibility, a small
amount of HA was added to PPAuNCs-BNCs to obtain the final
product, PPHAuUNC-TNC (Figure 1A).

miRNAs were labeled with Cy5.5, a NIR fluorescent dye,
so as to visualize the effect of NP size on biodistribution
in vivo. Figure 1B shows real-time images of differently-sized
PPHAuNCs-TNCs in BEL-7402 tumor-bearing nude mice.
Notably, the fast tumor accumulation of PPHAuNCs-30-TNCs
was clearly observed at 0.5h and approached saturation at 6h
post-injection. For the PPHAuNCs-30-TNC group, sustainable
maintenance of the relatively high fluorescence density was found
at the tumor site at 24 h, which was similar to the PPHAuNCs-
50-TNC group. However, slower and less tumor accumulation
was observed for the PPHAuUNCs-50-TNC group than for the
PPHAuNCs-30-TNC group. In addition, no obvious fluorescence
signals were detected at the tumor site 24 h after injection in the
PPHAuNCs-70-TNC and naked Cy5.5-labeled miRNA groups.
This was likely due to the accumulation at the tumor site being
too weak to be examined or its rapid clearance from the body.
The different biodistribution profiles of the three NPs clearly
indicated that NP accumulation in the tumor could be ascribed
to not only the EPR effect but also diffusion, which largely
relied upon the morphology, dimensions, and surface charges
of the NPs and the physicochemical properties of the interstitial
matrix. The above results confirmed that the PPHAuNCs-30-
TNCs and PPHAuNCs-50-TNCs efficiently delivered miRNAs
into the tumor.

Abraxane is the trade name of paclitaxel (PTX)-loaded human
serum albumin (HSA) NPs, which is an example of clinical
success of nanomedicine against cancer (Ma and Mumper,
2013). HSA is usually applied to encapsulate certain theraputic
drugs to promote their biocompatibility (Desai, 2016). Wang
et al. (2016a) constructed a targeted agent by employing PTX
and AlEgens for cancer imaging and therapy. The theranostic
nanoplatform included four elements: (1) AIEgens conjugated
with HSA for imaging; (2) cyclic arginine-glycine-aspartic
acid (cRGD)-modified HSA for specific recognition; (3) HSA-
functionalized polypyrrole (PPy) for thermotherapy; (4) PTX
as a chemotherapy agent and mediating the protein assembly.
Firstly, HSA-AIEgens was synthesized by introducing AIEgens
into a hydrophobic pocket of HSA, which endowed AlEgens
with strong fluorescence. Notably, due to the superb features
of AlEgens, the final product exhibited strong fluorescence
intensity even after conjugation with quencher-PPy. Next, the
imaging performance of the AIEgens-based nanoplatform was
investigated to assess tumor treatment efficacy in mice. With
intravenous injection for about 1h, AlEgens fluorescences
were observed in the whole bodies of the mice, which were
associated with the large amounts of NPs in blood. Thereafter,
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FIGURE 1 | (A) Formation of PPHAUNC-TNC. (B) in vivo biodistribution of differently-sized PPHAUNCs-TNCs. After intravenous injection with (a) naked
Cy5.5-miRNAs (control group), (b) PPHAUNCs-30-TNCs, (c) PPHAUNCs-50-TNCs, and (d) PPHAUNCs-70-TNCs.

the nanoagent showed elevated accumulation in tumors with  charge carriers, trapping of charge carriers, release of the trapped
enhanced fluorescence vs. time, which verified its ability to  charge carriers, and recombination of the released charge carriers
target tumors specifically. Also, the fluorescence of the nanoagent  to generate emission.

in mice still remained strong after injection for 48h, which 7ZnGa, 04:Cr3t is gaining considerable attention because of
indicated the superior performance of AlEgens in bioimaging its strong NIR persistent luminescence upon UV excitation
and their superb long-lasting retention in vivo. (Bessiere et al., 2011). Maldiney et al. (2014a) introduced the

new generation of ZnGa;04:Cr’* nanoprobes whose persistent
Persistent Luminescence Imaging luminescence could be directly charged in vivo by incident

Persistent luminescence is the phenomenon whereby light with deep penetration and low energy. Low-temperature
luminescence lasts for several seconds to even days after  sintering was adopted to prepare the nanoprobes. The excitation
switching off the excitation source. Generally, two types of active  spectrum of n-ZGO photoluminescence showed a broad spectral
centers, i.e., traps and emitters, contribute to the generation of ~ range from ultraviolet to red light containing four bands
persistent luminescence. Intrinsic lattice defects or codopants in ~ (Figure 2A, solid black line). The bands at 245, 290, and
the host material act as the traps, which are just a few electron ~ 425-560nm corresponded to an exciton energy higher than
volts (eV) below the conduction bands. The emitters are usually ~ the bandgap of ZnGa;Oy, interband excitation, and Cr’t d-
lanthanide or transition metal ions. The emergence of persistent ~ d transitions, respectively. The A, — *T, absorption band
luminescence covers four consecutive processes: the formation of ~ was partly ascribed to weaker absorption of tissue domains
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FIGURE 2 | (A) Photoluminescence excitation (black solid line) and emission (black dotted line) spectra of Cr**+ doped n-ZGO. (B) Schematic representation of in vivo
imaging after in situ activation of persistent luminescence nanoparticles (PLNPs). (C) Optical image of a tumor-bearing mouse. (D) Persistent luminescence image of a
tumor-bearing mouse 2 h after injection of ZGO-PEG NPs. (E) Persistent luminescence image of a tumor-bearing mouse immediately after LED illumination, 4 h after
injection of ZGO-PEG NPs.

(red rectangle, Figure 2A). The n-ZGO PL emission (Figure 2A, Unfortunately, the persistent luminescence peak (around
dotted black line) consisted of the 2E — %A, bandgap of Cr*t.  700nm) of ZnGa,04:Cr’T made it difficult to use for deep
The mechanism for ZnGa,O4:Cr’t persistent luminescence  tissue imaging. Also, the emissions of Near-infrared persistent
under visible light was related to antisite defects around the Cr>*  luminescence NPs (NPLNPs) quickly decays over time, leading
ion. Then, ZnGa,04:Cr’* nanoprobes were directly injected  to lower SNRs. Therefore, superior nanoprobes with higher
into mice without preliminary activation (Figure2B). In the = SNRs are urgently needed for bioimaging. Shi et al. (2018)
first 2 h, there was no difference in the biodistribution between  fabricated a desirable NPLNP, mSiO,@Gd3-GasO1,:Cr3 T, Nd3+
tumor-bearing and healthy mice (Figures2C,D). However, (mSiO,@GGO), for bioimaging and cancer treatment. The
persistent luminescence images of tumor-bearing mice clearly = mSiO,@GGO NPs showed an intense emission at 745 nm using
showed the tumors 4 h after PEGylated ZGO administration and ~ 254-nm excitation. The NIR emission was ascribed to the
following visible activation using the orange/red LED source  Cr’" spin-allowed *T,/*A; transition. The 258-nm excitation
(Figure 2E). band was attributed to the GGO host absorption. After the
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nanoprobes were injected into mice, their luminescence signals
were detected throughout the body in 5min. An intensive
luminescence was observed in the liver due to nanoprobes
captured by the reticuloendothelial system (RES). The signal
intensities of the nanoprobes were even still maintained in
the liver after 60 min. This suggested that the nanoprobes
could achieve long-duration imaging in vivo using their NIR-
I luminescence. Also, the mSiO,@GGO NPs could realize 2-
cm tissue imaging with high SNR (&5.5). Three main emission
peaks were detected at 888, 1,067, and 1,338 nm, corresponding
to the eletronic transitions of Nd** from the excitation level
4F3/2 to the bottom states 419/2, 4111/2, and 4113/2 with 808-
nm irradiation, respectively. Among them, the emission peak at
1067 nm was predominant, demonstrating high NIR-II emission
efficiency. After the nanoprobes were subcutaneously injected
into the abdomens of mice, a remarkable NIR-II luminescence
signal was detected at the injection site, while negligible intensity
was determined at other abdomen areas, suggesting that the
nanoprobes can be applied for in vivo imaging in the NIR-
II region.

PLNPs have gained more attention in deep-tissue bioimaging
due to their emission in the NIR region, lack of in-situ excitation,
and high SNR (de Chermont et al., 2007; Abdukayum et al.,
2013). In particular, Cr**-doped PLNPs can produce renewable
persistent luminescence under tissue-penetrating LED light,
which indicates that the imaging performance of PLNPs is
no longer restricted by the light-emitting lifetime (Li et al.,
2015a). Chen et al. (2016b) fabricated a novel luminescence
probe for bioimaging by combining PLNPs and metallic sulfide.
The nanoprobe is attractive due to its ultrasensitive switch-
on imaging response to targeted recognition. The PLNP,
Zn11Ga; §Geo104:Cr3T, served as the light source due to
its renewable persistent luminescence. CuS NP is not only
as a PTT agent but also serves as a quenching agent for
photothermal conversion and NIR absorption. A peptide
catalyzed by matrix metalloproteinase (MMP) was introduced to
construct the nanoprobe. Further modification with mercapto-
PEG and polypeptide endows the nanoprobe with desirable
biocompatibility and tumor specificity. To evaluate the activation
performance of the nanoprobe, it was intravenously injected into
mice after being treated by UV light for 10 min. Remarkable
luminescence was clearly detected at the tumor site of mice for
about 2h, showing efficient MMP activation and the superior
tumor-targeting recognition of the probe.

Some PLNPs consisting of host nanomaterials and codopants
have been extensively investigated; please see details in Table 1
(Liu et al., 2019a).

Near-Infrared Surface-Enhanced Raman
Scattering (NIR SERS) Imaging

NIR optical nanoprobes have received increasing attention
as multimodal therapeutic reagents for bioimaging and
photothermal tumor elimination. For optical imaging, SERS
has emerged as an attractive method with intense signal
response and good specificity (Gandra and Singamaneni, 2013;
Zhang et al., 2018). A narrow bandwidth, high resistance to

photobleaching, and autofluorescence make SERS an effective
tool for non-invasive single-cell assay, rapid disease diagnosis,
and nanomedical imaging (Maiti et al.,, 2012; Guerrini et al,
2017). Three parts, including a noble metal matrix, Raman active
reporters, and a biocompatible surface coating, constitute a
typical NIR SERS nanoprobe.

The NIR SERS probe is usually prepared through direct
modification of a reporter molecule (e.g., a dye) onto the
metal surface. However, the electrostatic force-based metal-
dye framework leads to structural instability, particularly
in physiological environments (Wang et al., 2013b). Strong
cytotoxicity is another defect that limits the uses of dye-based
SERS probes in nanomedicine. Outer covering with hydrophilic
thiolated polyethylene glycol (PEG-SH) can evidently improve
the biocompatibility of the metal-dye system. However,
competitive binding of polymer and dye reporter with the noble
metal can reduce the SERS signal intensity of probes. Also, this
kind of PEG-based modification is unsuitable for PTT owing to
its labile steric conformation, which is subject to morphological
change (melting) upon high-power NIR irradiation (Wang
et al, 2012). Liu et al. (2015d) developed environmentally
friendly NIR SERS nanoprobes instead of using highly toxic
organic dyes. Multifunctional conducting polymer (CP), acting
as an outer modification layer and Raman-active molecule,
was immobilized on the surface of gold nanorods (GNRs).
The GNR-CP nanostructure was separately fabricated through
oxidatively chemical polymerization, utilizing two different
combinations of monomer and oxidant, namely pyrrole/FeCl;
and aniline/(NHy),S,0g. Rod-shaped GNRs were synthesized
with average dimensions of 42.3 £ 6.9nm long and 9.6 +
1.4nm wide (Figure 3A). Such nanoparticles are considered
to have an EPR effect and long-term retention in tumors. The
UV-vis-NIR absorption spectra of GNRs showed a transverse
and a longitudinal SPR peak at around 515 and 800nm,
respectively. Figure 3Ab,c show different constructions of two
probes, GNR-polyaniline(PANI) and GNR-polypyrrole(PPy).
Remarkable shifts toward longer wavelengths and reductions in
absorbances were observed in the absorption curves of GNR-CPs
(Figure 3Ad). The SERS fingerprints of the nanoprobes were
dependent on excitation light source. Negligible SERS signal
were detected as the probes were illuminated with 514.5 nm light.
In comparison, very strong SERS signals appeared upon 785 nm
excitation. The strongest peaks were located at 945 cm™! for
GNR-PPy and 1,170 cm ™! for GNR-PANI (Figure 3Ae,f), which
were ascribed to in-plane distortion and bending vibrations of
C-H in the quinoid group, respectively.

A549 cells exposed with the probe were investigated by
utilizing the above NIR SERS imaging. After cell exposure to
GNRs, the SERS images exhibited a very weak response from
cellular elements in the 600-1,700 cm ™! range (Figure 3Ba—c).
However, distinct SERS signals were obtained from cells exposed
to GNR-PANI (Figure 3Be-g) or GNR-Ppy (Figure 3Bh-j). The
results demonstrated that the probes were mainly distributed in
the cytoplasm. The characteristic signals from the cytoplasm were
detected clearly in the SERS spectra (Figure 3Bd), displaying
the availability of SERS probes in the sophisticated cellular
environment. Moreover, cancer cells were cotreated with the two
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TABLE 1 | Persistent luminescence NPs for bio-imaging and therapy.

Hosts Dopants Comments and applications in bio-imaging References

Gdp0,S Eust Mgt Titt Regular NP shape, bimodality optical/MRI Rosticher et al., 2015

Cagz(POy4)»/hydroxyapatite Mn2+ T8+ Dy3+ Fully biocompatible, NPs and in vivo imaging Rosticher et al., 2015

CaySisNg Eu?t, Tms+ Bioimaging applications Maldiney et al., 2012

SrAl, Oy Eu?t Dy3+ NPs, functionalization, Bioimaging applications, green Zeng et al., 2018
emission

Cap.2Znp.9Mgo.9Si»Og Mn2+ Eu?t Dy3+ NPs, functionalization, pioneer work for bio-imaging: cancer de Chermont et al.,

Cay 86Mg0.14ZnSi2 O7
CaMgSi»Og

MAIOs (M = La, Gd)
GdAIO;

ZnGag 04

ZnGay Oy in hollow
cavity

ZnGaZO4
ZnGay04/SiOs
ZnGapO4/Fes O3
ZGOCs@m-
SiO,@Gd»03

Zn+.1Gay gGeo.104/SI02
ZnseaQGGQOw
Zn1.1Gay 8Geo.104@SiOo
Zny 25Gay.5Geo 2504
Zm A Ga1,gGeo,1 04
Zn3GasSn10qg
Zn2.94Gay.96Ge2010

ZI’]gGﬁQGGgO1 0
Zﬂ3 Gao GeOgg
LiGasOs

083682663012

m—Si02 @GdgGa5012
SI’QSI’]O4
Si0,/CaMgSi> Og

Y3AlgGa3012
NaYF; + SrAl,O4
SI’QMgSiQO7

LagGasGeO14@SiO,@Van
(vancomycin)

CaTiOz

ZI’]SI’]Q O4

SrzSn, Oy

Eu?* Dy®+
Mn2+ Eu?t Pret
Mn#+/Ge*+
Mn#+ Ge*+ Au
Sm3+ ,Cr3+

Cr3+

cret

Cré+,Gad+
Cri+
Cr3+
Cri+

Cré+ Eudt

cr3t

cr3t

Cr3+ Yot Eret
Crit

Crét

Cr3t prét

Ccri+
Cr¥+ Y8+ Er¥+
Cr¥+/PEG-OCH3

Cr¥+,Yp%+, Tm3+ Pré+ Yo+

Cré+ Nd®+
Nd3+
Eu?t Prét+ Mn?t

Er’+,Cret
Yb3+ Y-|-ms+ , Eu2+ YDy3+
Eu2t/3+ , Dy3+

Cr3+,zn?+
Pr3+ be3+ ’Tm3+

Cré+ Eust
Nd3+

cells imaging, cell targeting

FRET and various bio-sensing applications
NPs, functionalization, bio-imaging
Bio-imaging in pork tissue

Trimodality imaging

Optical and magnetic dual mode imaging

NPs, functionalization, bio-imaging (cancer cells imaging),
Cell targeting, cytotoxicity, visible Light NIR
photostimulation

X-rays activation

Oral administration

Breast cancer imaging

Toxicology analysis

Protobiotic analysis

Photodynamic therapies

NPs, functionalization, bimodality optical/NMR imaging
Core-shell structure, drug delivery

Cell labeling and magnetic vectorization

Multimodal nanoprobes

NPs, core-shell structure, drug delivery

Imaging of pork tissue, Photostimulation, cytotoxicity
Bio-imaging and drug delivery

Metastasis tracking and chemo-photodynamic therapy
Nanothermometry

Imaging of goldfish

NPs, functionalization

Recognition of breast cancer cells
Upconversion

NPs, functionalization, bio-imaging, Visible light stimulation,
photostimulation

NIR stimulation, upconversion

in vivo imaging

Multimodal imaging and cancer therapy

Finger image

Bio-imaging, intraperitoneal injection

Photostimulation imaging of pork tissue

Imaging in the second biological window

Upconversion & photodynamic therapy

Photodynamic activation
Visualization of abdominal inflammation

Bio-imaging-guided in vivo & drug delivery

Upconverting and guided photothermal therapy
Cellular and deep tissue imaging
Second window imaging

2007

Sunetal.,, 2018
Maldiney et al., 2011
Liu et al., 2016

Liu etal., 2016
Lietal, 2018b

Maldiney et al., 2014a
Xue et al., 2017; Liu
et al., 2018a
Ramirez-Garcia et al.,
2017; Liu et al., 2017

Wang et al., 2018

Maldiney et al., 2015
Maldiney et al., 2014b
Teston et al., 2018
Zou et al., 2017

Shi et al., 2015a
Lietal, 2014a
Liu et al., 2018b
Lietal, 2018c
Yang et al., 2017a
Lietal., 2014b

Abdukayum et al.,
2013

Lietal., 2015b
Liu et al., 2014b

Liu et al., 2013; Fu
etal., 2014

Chen et al., 2014; Dai
etal., 2017

Shiet al., 2018
Kamimura et al., 2014
Lietal., 2014c

Xu et al., 2018b
Hu et al., 2018b

Homayoni et al., 2016
Yu et al., 2018

Zhan et al., 2018

Zhao et al., 2017
Lietal, 2017a
Kamimura et al., 2017
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probes. Figure 3Bl,m show SERS images of the probes and the
individual response distribution in cells. Notably, each mapping
was separate, which was attributed to the narrow bandwidth of
the Raman peaks.

Silver bumpy nanoshell (AgNS) has been explored as a
highly active NIR SERS nanoprobe for the biomedical field
(Premasiri et al., 2018). AgNS has intense scattering in the
NIR-region, where its SERS enhancement factor is higher than
those of gold nanorods or nanospheres. Also, AgNS has strong
NIR absorption, which is useful for PA imaging. Additionally,
AgNS do not induce any in vivo toxicity, as confirmed by
cytotoxicity tests (Baumberg et al., 2017). Cha et al. (2017)
demonstrated dual-modal detection of sentinel lymph nodes
(SLNs) using a silica-coated silver bumpy nanoshell probe
(AgNS@Si0,): imaging the SLN with a PA signal and in vivo
multiplex identification of targets in the located region with
SERS. Using the correctional Stéber approach, the surface of
AgNS was covered by silica-shell and finally treated with bovine
serum albumin (BSA) to enhance biocompatibility. AgNS@SiO,
possesses some advantages, e.g., high dispersion stability, facile
surface modification, and good biocompatibility. PA imaging was
adopted to detect the accumulated regions of AgNS@SiO,, and
the SERS signals were analyzed to identify different ratios of
several kinds of Raman-labeled AgNS@SiO,. After three different
types of Raman-labeled AgNS@SiO, probes were injected into
rat’s left front paw pad, respectively, their PA and SERS signals
were monitored and analyzed to locate the SLN and identify
the targeted AgNS@SiO,. They successfully obtained PA images
and SERS spectra using the portable-Raman system with a
785-nm NIR-excited laser. This dual-modal imaging system may

be utilized in diagnostic fields, e.g., multiplex cancer marker
detection in vivo.

Photoacoustic (PA) Imaging

Photoacoustic (PA) imaging, a new method of visualization via
photoacoustic response, has increasing potential in nanomedical
fields (Kim et al, 2010). PA imaging has been explored
to visualize biostructures from organelles to cells to organs
(Wang and Hu, 2012). A contrast agent absorbs the excitation
energy and converts it into thermal energy. Thus, a wideband
ultrasound emission is produced due to heat-induced transient
thermoelastic expansion, which is collected with an acoustic
detector and transformed into PA images. PA imaging combines
the good specificity of optics and the deep-tissue transmission of
ultrasound (US), which overcomes the restrictions of traditional
imaging (Nie and Chen, 2014).

Perylene-3,4,9,10-tetracarboxylic diimide (PDI) and its
derivatives have been extensively applied to fabricate diverse
electronic devices based on their extraordinary physicochemical
properties, easy functionalization, and extremely low price
(Perrin and Hudhomme, 2011; Birel, 2017). Fan et al. (2015)
constructed an efficient PDI-based NIR-absorptive contrast
nanoagent enveloped by micelle for PA imaging of deep
brain tumor in living mice. To make PDI absorb in the NIR-
region, tertiary amine and diimide as donor and acceptor
were introduced to fabricate a classical donor-m-acceptor
system for increasing redshift efficacy. Water-soluble PDI NPs
were prepared by wrapping with amphiphilic PEG derivatives
(Figure 4A). These PDI NPs displayed strong NIR absorption
at around 700 nm in aqueous solution (Figure4B). After 2-h
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FIGURE 4 | (A) Schematic illustration of the PA imaging process of brain tumor in vivo by PDI NPs. (B) UV-vis-NIR absorption spectrum of PDI NPs in aqueous
solution. (C) Ultrasonic (gray), photoacoustic (green), and their overlay brain coronal sections of the tumor model after tail vein injection of PDI NPs. (D) PA spectra of
PDI NPs in different media. Skull region in the red dotted circle of (C) before NP injection (red line) and tumor region in the blue dotted circle of (C) after 2 d NP
injection (blue line).

injection, the PA signal at the skull region (red dotted circle)
intensified greatly due to the circulation of PDI NPs in the blood
vessel. After 1-d injection, a significant PA signal appeared in
the brain tumor region (blue dotted circle) of mice, but no
signal was found in the control group. Also, a 4.0-mm depth of
the tumor region was more clearly observed after 2-d injection
compared with a shallower depth (~3.0 mm) after 1-d injection
(Figure 4C), which was attributed to the enhanced tumor
penetration depth of NPs with time. The biodistribution of
PDI NPs in brain tumor was verified by measuring PA spectra.
Strong PA intensities at 700 and 735 nm (blue line) were clearly
observed in the tumor region after 2-d NP injection (Figure 4D),
which was consistent with the NIR absorption peak of PDI NPs
(Figure 4B). This indicated the successful accumulation of PDI
NPs in the tumor.

Carbon dots (CDs) are promising carbon-based imaging
probes due to their excellent biocompatibility, water solubility,
and photostability (Yang et al., 2009; Li et al., 2012, 2013).
However, the main challenge of CDs for practical application
is guaranteeing their biodegradability (Tang et al., 2013; Ge
et al., 2015; Jiang et al., 2015). Moreover, the mechanisms of
the interaction between CDs and low-energy photons are being
investigated to obtain high resolution and contrast for CD
optical imaging. Lee et al. (2016) synthesized a biocompatible
and N-doped type of CD (N-CDs) for PA imaging. N-CDs

were prepared by solvothermal carbonation using citric acid and
HNO3 as a C and N source. N-CDs showed strong absorption
in the NIR region (680-800 nm). N-CDs with high contents of
N atoms raised the ambient temperature more quickly upon
NIR (680-808 nm) laser irradiation. This was because a high
N content produced more bandgaps so that the carrier could
be captured from LUMO to a bandgap and relaxed between
bandgaps. N-CDs exhibited higher heat conversion efficiency
than conventional PA contrast agents (e.g., GNR and methylene
blue) under the same optical density. Therefore, N-CDs could
produce sufficiently intense PA effects to realize non-invasive
imaging and thermal therapy in vivo. The researchers carried
out time-resolved PA imaging of SLNs of Sprague-Dawley rats
and evaluated the biodegradability of N-CDs through renal
clearance. The relative PA signal was suddenly enhanced in
SLNs 30 min after hypodermic injection of N-CDs and reduced
gradually until 180 min. Meanwhile, the PA signal from the
bladder area rose intensively at 100 min, suggesting the effective
removal of N-CDs to the urine. For tumor PTT, the N-
CDs displayed complete tumor ablation without recurrence for
Balb/c nude xenograft HepG2 tumor model mice with a tumor
volume of 27 mm? upon 808-nm NIR laser irradiation. N-
CDs, as a kind of NIR-absorbing nanomaterial, will become
a potent contrast agent for PA bioimaging and for improving
PTT efficacy.
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A new type of optical nanoagent, semiconducting polymer
NP (SPNP), provides an inspiring strategy for solving the
nanotoxicity problem (Li and Pu, 2019). SPNPs with highly
conjugated structures exhibit excellent photothermal conversion
efficiency and photostability (Li et al., 2018d). Moreover, the
molecular versatility of SPNPs is not only beneficial to facile
tuning of the spectrum independent of size or morphology but
also allows the skeleton or side chain to be easily modified
for on-demand functionalization (Feng et al.,, 2013). Based on
these merits, SPNPs have been used as promising PA agents
for biomarkers and cancer detection (Lyu and Pu, 2017).
Furthermore, preliminary investigation has revealed that SPNPs
have the advantage of being degradable NIR-I nanoagents
(Lyu et al., 2018). Nevertheless, whether they can perform as
biodegradable NIR-II nanoagents has not been explored. Jiang
et al. (2019) fabricated metabolizable NIR-II SPNP-based agents
for PA imaging. By introducing the strong electron-withdrawing
group benzobisthiadiazole, the synthesized SPNPs (SPNP-PT,
SPNP-DT, and SPNP-OT) showed strong absorption at 1,079 nm
and superior photothermal conversion efficiencies at 1,064 nm.
Owing to the oxidizable thiophene group and hydrolyzable PEG-
based matrix in their skeletons, three NIR-II SPNPs (~30 nm)
could be effectively decomposed into smaller sizes NIR NPs
(~1nm) by myeloperoxidase or lipase with high abundance
in vivo. Further, the SPNPs were completely eliminated in 15
days through renal or hepatobiliary metabolism in living mice.
Especially, SPNP-PT demonstrated good SNRs for PA imaging
of tumor or brain vasculature in mice under a systematic
dosage (2.5mg kg~!) lower than that of other reported agents
(=10 mgkg™").

Opverall, various nanomaterials have been exquisitely designed
for deep-tissue PA imaging. PA contrast agents are mainly
categorized into inorganic and organic nanoagents based on their
structures (Table 2) (Wang et al., 2016b).

OPTICALLY ACTIVE NANOMEDICINE FOR
TARGETED THERAPY AND DRUG
DELIVERY

Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) employs photosensitizers (PSs)
and light of a specific wavelength in combination with molecular
oxygen to generate reactive oxygen species (ROS) that kill
cancer cells through the oxidation of important biomolecules
and organelles (Zhou et al., 2016a). The introduction of NPs in
PSs provides the following advantages: (1) effective PS delivery
to the target site, (2) easy phase transfer of hydrophobic PSs
into an amphiphilic bloodstream to increase circulation time,
(3) use of the EPR effect for the effective diffusion of PSs
into tumors, (4) surface modification with various molecules,
enhancing the cellular uptake and targeting, and (5) multiple
functionality by combining the properties of NPs (e.g., multi-
modal imaging) with those of PSs (Lucky et al, 2015). A
myriad of inorganic and organic nanostructured PSs, e.g., gold
NPs (Dykman and Khlebtsov, 2012), metallic oxides (Bechet
et al.,, 2008), carbon-based materials (Albert and Hsu, 2016),

mesoporous silica (Montalti et al., 2014), polymeric micelles
(Elsabahy et al., 2015), and UCNPs (Wang et al., 2017), have
been developed for image-guided PDT therapies (Lan et al,
2019).

Recently, AIE PS, a new family of PSs, has been gaining
more attention (Hu et al., 2018a). Owing to the inhibition of
non-radiative energy consumption and RIM, AIE PSs exhibit
enhanced signal intensity (Alifu et al., 2017) and produce more
ROS species in the aggregate state (Gu et al., 2017). These
properties of AIE-based PSs make them a better choice for image-
guided PDT and tumor-killing (Wu et al., 2017a). However, PSs
with NIR emissions and high ROS production still remain to
be explored. Wu et al. (2017b) reported the fabrication of a
kind of PS TPETCAQ (Figure 5A) with AIE characteristics for
NIR image-guided PDT. Encapsulation of TPETCAQ using a
DSPE-PEG-MAL matrix and subsequent surface modification
with the HIV-1 transactivator were used to obtain the final
product, TPETCAQ NPs (Figure 5B). The resultant product
exhibited strong fluorescence emission intensity at 820 nm,
accompanied by much more !0, production than Ce6, a well-
known highly efficient PSs. The bioluminescence of tumor
in vivo progressively reduced with time, which demonstrated
that the nano-PSs were efficient for image-guided PDT. Also,
only very faint luminescence signals were detected from the
AlE-based PSs after 14 d, suggesting their high PDT efficacy
(Figure 5C). The excellent PDT efficacy of the AIE PSs was
turther confirmed by tumor volume changes for different groups
(Figure 5D).

In addition to low toxicity, photobleaching resistance, and
deep tissue penetration, UCNPs also have the unique properties
of transforming from NIR emission to visible light (Gu et al.,
2013; Chan et al., 2015). Notably, the long-lived red emissions
from UCNPs overlap partly with the absorptions of some
PSs, e.g., ZnPc or Ce6, which offers a valid energy transfer
pathway to activate PSs for PDT under NIR irradiation (Idris
et al., 2015; Tian et al, 2015). Huang et al. (2016) prepared
Nag 52 YbF3 55:Er UCNPs with intense red emission using a simple
solvothermal approach for multimodal imaging and tumor PDT.
A low [Na]/[Yb] ratio in UNCPs was found, owing to the
lack of elemental Na, which resulted in high luminescence
intensity and color purity for red UC emission of Er**. The
UNCPs displayed dominant red and weak green UC emission
at 655 and 522/543 nm, which were attributed to the intra-4f
transitions of EI‘3+, 4F9/2 — 4115/2, and 2H11/2/4S3/2 — 4115/2,
respectively. In addition, a thin SrF, layer was modified on the
UNCPs, and the red UC emission intensity was increased by
about 17 times, while a relatively high intensity ratio (~5.8) of
Red/Green was still retained. To make them utilizable in vivo,
the Nag s, YbF3 5:Er@SrF, UCNPs were further modified with
DSPE-PEG to obtain the final low toxicity product Lipo-UCNPs.
Significantly, the PS ZnPc-loaded Lipo-UCNPs exhibited high
efficacy in 'O, production and cancer cell killing under 915 nm
irradiation, avoiding the overheating effect usually resulting from
980 nm excitation. After intratumoral injection of 50 wL ZnPc-
Lipo-UCNPs (10 mg mL™1) into HelLa tumor-bearing mice, the
tumor volumes increased much more slowly, demonstrating
the significant tumor growth rate inhibition effect of the
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TABLE 2 | Examples of PA contrast agent explored in PA imaging.

Materials Types of nanoagents Advantages (+)/Disadvantages (-) References
Inorganic Metallic nanomaterials Au nanorods; (+) tunable physiochemical Chen et al., 2015b; Zhong et al.,
Au nanostars; properties; 2015
Au nanocages; chemically inert element with Wang et al., 2015a
Au nanoshell; reasonable Zhang et al., 2013
Au nanovesicles; biocompatibility; able to carry Topete et al., 2014
Au nanoflowers; cargoes. Song et al., 2015a
Ag nanoplates; (-) non-biodegradability; Huang et al., 2014a
Palladium nanoplates; suboptimal photothermal stability Homan et al., 2012
antimony nanoparticles Nie et al., 2014
Li and Chen, 2015
Carbon-based nanomaterials Carbon nanotubes; (+) able to carry cargoes; Zhang et al., 2015
Graphenes; good photothermal stability. Lalwani et al., 2013; Sheng et al.,
Carbon dots ) 2013; Ge et al., 2015
non-biodegradability; heterogeneity
Transition metal chalcogenides CuS; WS,; MoSy; (+) high photothermal conversion Cheng et al., 2014a; Yin et al., 2014
(TMC)-based nanomaterials FeS; Bi»S3; CuSe; efficiency; Cui et al., 2015; Yang et al., 2015b
CogSeg; BirSes good photothermal stability; low cost. Hessel et al., 2011; Liu et al., 2015e
Song et al., 2015b
(-) non-biodegradability;
contain heavy metal elements
Organic Dyes Porphyrin- and (+) good Sheng et al., 2014;

Cyanine-based dyes,

e.g., Indocyanine green (ICG), IR780, (-) poor aqueous solubility,

IR825, etc.

Polymer-based nanomaterials Polypyrrole;
Polyaniline;
Polydopamine;
Semiconducting

polymers

biocompatibility/biodegradability. Wang et al., 2015b
Lovell et al., 2011; Song et al., 2015¢
low photothermal stability, Huang et al., 2014b; Chen et al.,

short bloodstream circulation half-life 2015a; Rong et al., 2015

Yang et al., 2011; Lin et al., 2014
Yang et al., 2012; Pu et al., 2015

(+) good biocompatibility and
photothermal stability; able to carry
cargoes.

(-) their biodegradation behaviors
remain unknown

UNCP-based PDT. The results revealed the great potential of
UCNPs with high-purity red emission for imaging-guided PDT
of tumors.

Most PSs for PDT possess poor solubility in water and
suboptimal selectivity in vivo (Yan et al., 2015). To overcome
these limitations, PSs are usually conjugated with nanocarriers
with a high surface area, e.g., GO (Yang et al., 2013). Various
PSs have been designed to load on the surface of GO via 7-
n stacking and hydrophobic forces for tumor imaging and
PDT in animal models (Rong et al., 2014; Shi et al, 2014).
However, most PS-GO nanoconjugates passively targeted to
tumors in vivo via an EPR effect. Thereby, some tumor-specific
molecules (e.g., peptides, ligands, and antibodies) need to be
modified onto GO to increase targeting and PDT efficacy (Shi
et al, 2015b). Yu et al. (2017) fabricated a PS-loaded GO
nanocomplex by conjugating PEGylated GO with a tumor-
selective HK peptide that can specifically bind to highly expressed
integrin avf6 receptor in many tumor types and following
functionalization with a PS. The tumor uptake of GO(PS)-PEG-
HK was obviously higher than that of free PS and GO(PS)-PEG,
demonstrating the specific intake of the nanocomplex in tumors
by the recognition of integrin avf6. Tumor recurrence, especially
lung metastasis, was significantly inhibited in mice for nearly
a month by vaccination with necrotic 4T1 tumor cells induced
by the nanocomplex PDT. The nanocomplex-treated necrotic
tumor cells could activate dendritic cells and significantly

inhibit tumor growth and lung metastasis by increasing the
infiltration of cytotoxic CD8™ T lymphocytes in tumor. Using the
nanocomplex, the primary tumor, and the residual tumor cells
could be efficiently killed by activating host anti-tumor immunity
and stimulating the immune memory, accordingly prohibiting
distant metastasis. These findings suggest that nanocomplex-
based PDT is an effective strategy for eliminating residual cells
after tumor resection and preventing tumor recurrence and
distant metastasis.

Photothermal Therapy (PTT)

Photothermal therapy (PTT) utilizes the photothermal effect of
a photothermal transduction agent (PTA) that can harvest the
energy from light and transform that energy into heat to raise
the surrounding temperature and induce the death of cancer
cells. An ideal PTA should possess high photothermal conversion
efficiency (PCE), strong absorption in the NIR region, and good
accumulation in tumors without toxic side effects. In particular,
nano PTAs can accumulate in tumors through the EPR effect
and active targeting. Also, nano PTAs can realize higher PCE
than small-molecule PTAs and can potentially be used with
multiple imaging modalities and incorporate various therapeutic
functions for advanced application (Cheng et al., 2014b). Nano
PTAs can be divided into inorganic and organic materials (Gai
et al., 2018). Inorganic materials include noble metals (Riley and
Day, 2017), metal chalcogenides (Li et al., 2017b), carbon-based
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FIGURE 5 | (A) Design of TPETCAQ. (B) Synthesis of TPETCAQ-1 NPs and TPETCAQ NPs. (C) Time-dependent bioluminescent 4T1-luc tumor imaging of mice after
intratumoral administration of TPETCAQ NPs (30 L, 1 mg mL~" for TPETCAQ, top panel) or saline (bottom panel) with light irradiation (300 mW cm~2, 5min) at 1h
post-injection. (D) Tumor volume measurement for different groups of mice. ***P < 0.001.

materials (Hong et al., 2015), and other two-dimensional (2D)  their monodisperse size distribution (Figure 6B). Also, larger
materials (e.g., black phosphorus, nanosheets, boron nitride, = NDs showed a higher fluorescence response in the NIR-II
graphitic carbon nitride, MXenes) (Chen et al., 2015¢; Augustine  range, suggesting that the fluorescence spectrum strongly
etal., 2017; Tan et al., 2017; Choi et al., 2018; Huang et al., 2018).  depended upon their diameters. Ag,S-NDs also displayed
Organic PTAs include semiconducting polymer NPs (SPNPs),  obvious size-dependent temperature elevations (Figure 6C),
nanomicelle-encapsulated NIR dyes, and porphysomes (Jung  mainly originating from their size-dependent molar extinction
etal., 2018; Liu et al., 2019b). coefficients. Additionally, strong non-radiative energy decay

Recently, stoichiometric semiconductor metal sulfide in the conduction band may contribute to the efficient
nanocrystals (e.g., Ag,S and CuS) have been developed for  photothermal conversion efficacy of the NDs. The improved
optical imaging and PTT due to their strong absorption circulation and EPR effect of NDs caused them to be mainly
capacity in the NIR-region, negligible photobleaching, high  distributed into tumor, suggesting their high uptake in tumor
photoconversion efficiency, ultrasmall size, and good inertia  (Figure 6D). The NDs showed remarkable fluorescence within
(e.g., the solubility product constant is Ky, = 6.3x107°°  tumor at 48 h after injection, whereas the control group displayed
for Ag,S) (Hong et al, 2012b). Yang et al. (2017b) designed  a faint signal due to fast elimination of NDs (Figure 6E). These
dimension-dependent Ag,S nanodots (NDs) as a photothermal  findings indicated that the NDs could be accumulated at the
agent for PTT and multimodal imaging. These NDs are tumor site for a long time, which was beneficial to flexible
prepared by finely modulating their growth within clinically — imaging or PTT. The NDs showed time-dependent uptakes in
acceptable HSA nanocages (Figure 6A). They exhibited a narrow  other tissues, including heart, liver, spleen, lung, and kidney.
emission band (full-width at half-maximum ~8.0nm) due to  Moreover, the NDs were progressively excluded from the tissues
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in 30 days via renal excretion (Figure 6F), thus avoiding potential
toxicity concerns.

Copper chalcogenide (Cuy—zR, R = S, Se, Te, 0 < n <
1) NPs, which possess strong localized SPRs (LSPRs) in the
NIR region due to copper deficiency, have been employed for
PA imaging and PTT (Coughlan et al, 2017). Cu;—nR NPs
may be much smaller than conventional photothermal agents
such as GNPs (typically >50 nm in 1D to generate NIR LSPR).
Also, their good biodegradability allows the release of the vital
trace elements copper and chalcogen to maintain the health
of the organism (for example, selenium or copper deficiency
contributes to the incidence and mortality of some cancers [e.g.,
liver, prostate, and lung)] or the evolution and aggravation of
some cardiovascular diseases and diabetes (Zhou et al., 2016b).
Monodisperse Cu,_,Se NPs are usually synthesized in organic
solvents at high temperature, and they then need laboriously
subsequent modification to make them utilizable in biological
fields (van der Stam et al, 2015; Yan et al, 2017). Zhang
et al. (2016) prepared novel ultrasmall PEGylated Cuj_,Se
NP in aqueous solution for multimodal imaging-guided tumor
PTT. The Cuy_,Se NPs were synthesized in distilled water and
formed by a characteristic dark green solution and were then
functionalized with dimercaptosylated PEG to enhance their
solubility, dispersity, and biocompatibility after ultrafiltration.
The final product displayed strong LSPRs in the NIR region
(600-1,100 nm) owing to the high hole density due to copper
deficiency. The high extinction coefficient (8.5 Lg™! cm™!)
of the PEGylated Cu;_,Se NPs at 808 nm reflected a distinct

photothermal conversion capability. Also, the NPs showed good
photothermal stability and long-term circulation with a half-
life of 8.14h owing to the presence of water-soluble and large
sterically hindered PEG. After intravenous injection of the
PEGylated Cu;,_,Se NPs into BALB/c mice bearing 4T1 tumors
(130 mm? volume), the tumor temperature of the mice rose
steeply to 57.6°C during NIR irradiation, which was high enough
to kill the cancer cells and to halt their lethal proliferation. The
tumors shrank and became black scars at day 3 and were removed
totally in 16 d without recurrence. These NPs might become an
effective PTT agent for in vivo tumor therapy.

Nanodiamonds (NDDs) with diameters of 2-10nm and a
truncated octahedral framework have appeared as innovative
materials for bioimaging and therapy due to their good
biocompatibility, spherical morphology, high density, large
surface area, and surface functionality (Mochalin et al., 2011).
Ryu et al. (2016) designed folic acid (FA)-conjugated NDD
(FA-NDD) nanoclusters by using the unique features of NDDs
for PTT. FA was selected as a model targeting ligand for
tumor and receptor-mediated endocytosis since its receptors
are generally overexpressed in some types of tumor cells. Their
spherical morphology and good biocompatibility enabled NDDs
to act as a nanoplatform for delivery systems. Amination of
NDD nanoclusters with -COOH via 1,2-ethylenediamine and
subsequent modification with FA by carbodiimide chemistry
were performed. After 5-min laser irradiation, the temperature
of NDD (10 pg mL™1) rose to 54°C. Compared with WI-38 cells
(negative control), FA-NDD nanoclusters easily entered the KB
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FIGURE 7 | (A) Schematic illustration for the preparation of charge-convertible CD-based drug nanocarrier. pHe means tumor extracellular pH. (B) Schematic
illustration for the drug delivery process: (1) negative charge/PEGylation to prolong circulation time, (2) accumulation at the tumor site through the EPR effect, (3)
responsiveness to tumor extracellular pH, (4) effective uptake by cancer cells, (5) facilitated endosome escape by the “proton sponge” effect and controlled cisplatin
release, and (6) cisplatin binding with DNA to exhibit cytotoxicity. (C) Relative tumor volume achieved from mice after intravenous treatments with CD-based drug
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cells (positive control), indicating specificity to tumor cells that ~ polymers (Nicolas et al., 2013; Tong et al, 2014), micelles
overexpress FA receptors. Cell viability assay and fluorescence ~ (Cabral et al, 2018), dendrimers (Astruc et al.,, 2010), silica
microscopic imaging clearly showed that FA-NDD preferred to ~ (Wen et al, 2017), gold NPs (Arvizo et al, 2012), black
ablate KB cells selectively rather than WI-38 cells under NIR  phosphorus (Qiu et al., 2019), and carbon-based nanomaterials
laser illumination. For tumor-bearing nude mice, a substantial ~ (Panwar et al., 2019) have been developed for medical purposes.
accumulation of FA-NDD in tumor led to a significant decrease ~ Robust and effective nanocarriers could even be responsive to
in tumor volume, and almost absent 14 d after NIR laser exposure ~ multiplex combinations of diverse stimuli to further strengthen
as compared to NDD nanoclusters. These results clearly verified  their specificity for targeted and controlled drug delivery (Biju,
that the combination of the FA-NDD nanoclusters and NIR light ~ 2014).

might be an efficient and feasible tumor therapy. CDs can serve as imaging probes or as nanocarriers for
transporting the targeted theranostic agents (e.g., PSs, drugs,
Optical-Responsive Drug Delivery genes) (Boakye-Yiadom et al, 2019). The surfaces of CDs,

The effective delivery and release of drugs to targets remains  as the drug nanocarriers, are usually modified by negatively
a great challenge to improving therapies for human diseases  or positively charged PEG, which affects their therapeutic
(Devadasu et al., 2013). A recognized strategy is to construct efficacy and future biological application. Owing to electrostatic
a target-specific drug delivery system (DDS) that can carry repulsion from the same-charged cell membrane, negatively
an efficient dosage of the drug to targeted cells and tissues  charged PEGylated CDs nanocarriers cannot easily enter
(Wong and Choi, 2015). An ideal stimuli-responsive DDS should ~ the cancer cells, which affects intake and ultimately leads to
possess the following features: biocompatible or biodegradable  low curative effects. Due to non-specific interactions with
composition, high drug-loading capacity, a site-specific delivery ~ cellular ingredients (e.g., serum), positively charged CD
mechanism to spare normal cells and tissues, no premature  carriers can be easily endocytosed through RES, resulting
drug release, and accurate release in response to exogenous or  in quick clearance from blood circulation. Also, positively
endogenous stimulus (Karimi et al., 2016; Liang et al., 2016).  charged nanocarriers can be phagocytized by healthy cells to
Various nanocarriers such as liposomes (Grimaldi et al., 2016),  produce some potential toxicity via charge attraction with cell
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membrane (Mishra et al., 2018). To solve the above-mentioned
problems, Feng et al. (2016) developed a cisplatin-loaded
charge convertible CD nanocarrier functionalized by poly-
(allyamine)-modified PEG, which could sensitively distinguish
the pH difference between tumor pathologic outcomes and
the normal physiological environment for controllable drug
delivery (Figure7A). The anionic poly-(allyamine)-modified
PEG polymer with dimethylmaleic acid on the constructed
CD nanocarrier would experience a charge transformation
into the cationic polymer under the mild acidity of tumor
cells (pH ~ 6.8), resulting in intense electrostatic repulsion
and “leakage” of cisplatin(IV)-CD cations. Significantly,
positive cisplatin(IV)-CDs showed high affinity for negative
cancer cell membrane, thus leading to the enhancement of
internalization and efficient release of drug in the reductive
cytosol (Figure 7B). Tumors growth in mice injected with the
drug-loaded CDs were greatly suppressed during 14 days of
treatment (Figure 7C). The digital images of tumor excision
in mice further confirmed that the sizes of the tumors were
smallest using the drug-loaded CDs, indicating their better
treatment efficiency (Figure 7D). Also, through hematoxylin
and eosin (H&E) staining analysis of tumor tissues (Figure 7E),
the drug-loaded CD treatment groups exhibited the greatest
degree of cell injury, which was consistent with the tumor
growth data.

Zinc gallogermanate structured PLNPs have demonstrated
superior physiochemical properties, e.g., a strong NIR signal
(quantum yield ~10%), superlong optical lifetime (>90h),
monodisperse stability, and minimal poisoning (Abdukayum
et al, 2013). The superlong sustained emission and red
light renewability of the trivalence-doped zinc gallogermanate
PLNPs (ZGGO:Cr?t,Yb?+ Er’t) are the principal basis for long
circulation bioimaging and drug release in living organisms
(Li and Yan, 2016). Also, the easily controllable surface
modulation of ZGGO PLNPs makes them desirable alternatives
for fabricating the drug carriers. Liu et al. (2018b) incorporated
red blood cell membrane vesicles with NIR PLNPs to construct an
erythrocyte membrane bioexcited optical nanocarrier. In order
to realize the biomimetic pattern, erythrocyte membrane vesicles
were isolated from RBC and then fused with mesoporous SiO;-
coated ZGGO to form the membrane bioexcited nanocarriers.
Three groups of 4T1 tumor-bearing mice were individually
treated with unmodified, SiO,-coated, or membrane-fused
ZGGO via tail vein injection. The NPs were mainly distributed in
the two primary RES organs (i.e., liver and spleen) and the tumors
due to EPR effects. Meanwhile, compared with two other NPs,
the membrane-fused ZGGO exhibited a far higher proportion
of retention capacity. Moreover, the amounts of membrane-
fused ZGGO loaded with the drug Dox in blood were measured,
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SUMMARY AND PERSPECTIVES

By conjugating with different functional groups, ligands,
and biomolecules, multifunctional NPs have displayed superb
capabilities in diagnosis and therapeutic applications. Diverse
designs and synthesis strategies have been developed to achieve
specific NPs offering targeted and controlled drug delivery for
practical use. Multiple aspects of NP research, from investigations
of the effects of different kinds of NPs and their sizes on the
imaging and therapeutic efficacy in biological environments
to studies of specific ligand targeted drug delivery, have been
carefully performed.

Despite these exciting achievements in the last few years,
the distinctive functions of multifunctional nanomaterials
have influenced the injection dose in different imaging
models and therapy types. Therefore, the issues around the
controllable synthesis of nanoagents, synergistic theranostic
effects, and short-term and long-term toxicity should be carefully
investigated as a whole to realize every function (diagnosis and
therapy) and to achieve the lowest side effect with single injection.

More investigations are required to improve the performance
of theranostic agents, such as intensifying excretion,
strengthening continuous monitoring, prolonging blood
circulation time, promoting physiological barrier penetration,
evading the RES, and accelerating more materials into clinical
trials. Therefore, continuous innovations and development for
novel theranostic approaches are necessary to meet growing
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MicroRNAs (miRNA) have been identified as oncogenic drivers and tumor suppressors in
every major cancer type. In this work, we design an artificial intelligent signal amplification
(AISA) system including double-stranded SQ (S, signal strand; Q, quencher strand) and
FP (F, fuel strand; P, protect strand) according to thermodynamics principle for sensitive
detection of mIRNA in vitro and in vivo. In this AISA system for miBNA detection,
strand S carries a quenched imaging marker inside the SQ. Target miRNA is constantly
replaced by a reaction intermediate and circulatively participates in the reaction, similar
to enzyme. Therefore, abundant fluorescent substances from S and SP are dissociated
from excessive SQ for in vitro and in vivo visualization. The versatility and feasibility for
disease diagnosis using this system were demonstrated by constructing two types of
AISA system to detect Hsa-miR-484 and Hsa-miR-100, respectively. The minimum target
concentration detected by the system in vitro (10 min after mixing) was 1/10th that of
the control group. The precancerous lesions of liver cancer were diagnosed, and the
detection accuracy were larger than 94% both in terms of location and concentration.
The ability to establish this design framework for AISA system with high specificity
provides a new way to monitor tumor progression and to assess therapeutic responses.

Keywords: in vivo detection of non-coding RNA, an artificial intelligent signal amplification system, early diagnosis
of precancerous lesions, fluorescent molecular tomography, stem cell tracing

INTRODUCTION

Foundational to physiological programs in developmental and disease contexts is microRNA
(miRNA) regulation, especially for cancer; miRNAs have been confirmed to be oncogene drivers or
inhibitory factors (Anastasiardou et al., 2018). When cells become cancerous, they secrete special
proteins that can be used for targeted imaging. However, the expression levels of miRNAs in cells
are often changed before they become cancerous. Compared to detecting proteins secreted by
tumors, detecting secreted miRNAs has become more attractive for monitoring tumor progression.
The molecular biology principle of complementary base paring for miRNA facilitates the design of
a universal, highly sensitive detection system that can visualize miRNA in vivo to monitor tumor
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progression. Based on this principle and the fluorescence
quenching principle, molecular beacons have been synthesized
with DNA or RNA base sequences (Yurke et al., 2000; Seelig et al.,
2006; You et al., 2015, 2017; Ma et al., 2017; Fu et al., 2018),
enabling their application in the detection of target RNA in vitro
and at the cellular level (Yurke et al., 2000; Sawada et al., 2009;
Auslander and Fussenegger, 2014; Green et al., 2014; Koc et al.,
2015; Parolini et al., 2016; Yang et al., 2016a; Zhang et al., 2017; Li
et al., 2018).

However, these reported strategies cannot achieve in vivo
visualization of miRNA (not to mention miRNA quantification)
because the fluorescence generated by the molecular beacon is
not amplified; simple conjugation with one unit of target miRNA
only release one unit of the fluorescent molecule. In a short
period of time, chemical reactions often cannot be completely
carried out, so a unit of target molecules often cannot produce
a unit of fluorescent molecules. Amplification of fluorescent
signal would produce a sufficient signal to meet the needs of
in vivo detection. Recently, some amplification strategies were
successfully used in logic circuits and for in vitro detection of the
Zika virus (Pardee et al., 2016); however, these strategies cannot
be directly applied to in vivo monitoring of miRNA because they
do not adequately account for the chemical reaction that occurs
within the probe itself and its in vivo degradation (Green et al.,
2014; Hall and Macdonald, 2016; Pardee et al., 2016).

Despite its fundamental importance and theoretical
achievability, as well as the aforementioned promising early
efforts (Yurke et al., 2000; Seelig et al., 2006; Siuti et al., 2013;
Li et al,, 2016; Ma et al., 2017; You et al, 2017), it remains
challenging to develop a general strategy for designing and
synthesizing an artificial intelligent signal amplification (AISA)
system [including double-stranded SQ (S, signal strand; Q,
quencher strand) and double-stranded FP (F, fuel strand; P,
protect strand)] that can react with the miRNA of interest and
further amplify the generated signal (due to double-stranded FP)
for the purpose of in vivo detection. The key design challenge
is to barely achieve a reaction between the two components
in the AISA system to obtain as little noise as possible in the
absence of the target miRNA and to initiate a cascade in the
presence of the target miRNA to obtain as many useful signals
as possible. Fortunately, Song et al. designed a probe for the
detection of miR-21 (Wang et al., 2017), which was the structural
prototype of the amplification system and initially realized the
increase in signal. However, the specificity is not considered in
the design of the system and the nonspecific signal is strong,
so the fluorescence of miR-21 was only detected at the tissue
level. The AISA system contains two double-stranded DNA,
SQ and FP, and there are many combinations of SQ and FP
(kinds of terminal a, B, and y) that can meet the corresponding
three-step amplification response. Our main innovation lies in
that, through experiments, we have selected the AISA system
with the optimal signal/noise ratio (SNR). Meanwhile, we will
further explore the relevant conditions of the AISA system with
the optimal SNR in the future research.

In addition, an appropriate carrier is indispensable to
transport the active components and guarantee that the detection
reaction occurs. A suitable carrier must satisfy the following

three basic requirements. First, during the transportation process
after injection via the tail vein, the carrier of the AISA system
should load as many active components as possible and resist
degradation by various enzymes in the body to achieve a sufficient
concentration in the target organs. Second, after reaching the
target organ, the AISA system should be able to release its
active components, that is, two double-stranded DNA molecules,
which should cross the cell membrane and enter the cytoplasm.
Third, and most critically, the cytoplasmic concentration of the
active components released and transported by the AISA system
must be sufficient to guarantee an effective detection reaction,
and these components should be able to distinguish the target
miRNA and its analogs effectively so that we can obtain an
image with a high signal/noise (SNR) ratio. In the previous
studies, many researchers have innovatively prepared vectors to
deliver small interfering RNA, miRNA, and immunotherapeutic
antibody for molecular therapy (Zhong et al., 2015; Wang et al.,
2018; Yaghini et al., 2018; Liu et al., 2019; Wu et al,, 2019; Xu
etal.,, 2019). These carriers can transport the substances into cells,
but their transport efficiency varies, which will affect subsequent
calculation of the relationship between fluorescence intensity and
RNA concentration. Therefore, the mature carrier with stable
delivery efficiency is the best choice for our study.

In this study, we designed the AISA system including two
double-stranded DNAs (SQ and FP) for in vivo visualization
of miRNA and clarified the reaction principle. We verified the
detection sensitivity and specificity of the system in vitro. The
versatility and practicability of this system were demonstrated
by constructing two types of AISA system to detect Hsa-miR-
484 and Hsa-miR-100, respectively. Based on this detection
system, the precancerous lesions of liver cancer were diagnosed
and reconstructed.

MATERIALS AND METHODS
Materials

All chemical reagents were purchased from Sigma-Aldrich
(Sigma-Aldrich, Beijing, China). Lipofectamine 3000 reagent
(included 1ipo3000 and reagent) were purchased from
ThermoFisher (USA). LO2 cells were purchased from the
National Infrastructure of Cell Line Resource, and miR-484-
transfected LO2 normal human liver cells (LO2-miR-484) were
provided by Dr. Lei Chen from the Second Military Medical
University. All animals were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd., and all animal
experiments were conducted in accordance with the guidelines
of the Institutional Animal Care and Use Committee at Peking
University and the Eastern Hepatobiliary Surgery Hospital
Research Ethics Committee.

Standard Buffer Conditions

All double- and single-stranded DNA molecules were suspended
and stored in Tris-HCI buffer (150 mM NaCl pH balanced to
7.4, with 1.25mM MgCl,) at 4°C. This buffer concentration
produces 303.75 osmotic pressure, which is near that of the
internal environment.
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DNA Concentration

Nucleotide concentrations were calculated according to the
molar extinction coefficient of single-stranded DNA. The
measured extinction value at 260nm and ultraviolet-visible
spectra were obtained through a Cary UV-300 ultraviolet—
visible spectrophotometer.

Preparation of Double-Stranded SQ and FP
Each strand was prepared with nominal stoichiometry at 100 wM
concentration in Tris-HCI buffer. The signal strands S were
mixed with quencher strands at a 6:7 molar ratio to ensure
that the signal strands were saturated by quencher strands
and suppressed the background noise without miRNA. Single-
stranded F was mixed with single-stranded P at a 1:1 molar
ratio. The two mixtures were heated at 90°C for 10 min and
then slowly cooled to room temperature (more than 2h). The
double-stranded SQ and FP were stored at 4°C for further use.

Preparation of the AISA System

Then, 100 1 of double-stranded SQ (50 LM), 200 wl of double-
stranded FP (50 uM), and 5 pl of reagent (included in the
Lipofectamine 3000 kit) were mixed homogenously. After 5 min,
5 ul of Lipo3000 was added to the mixture to construct the
AISA system.

In vitro Time-Based Fluorescence Studies
Fluorescence emission signals were acquired using an F-7000
fluorescence spectrophotometer (Hitachi High-Tech Science
Corporation, Tokyo, Japan) with 649 nm excitation and 669 nm
emission wavelengths for Cy5. The fluorescence intensity of
100 nM single-stranded S was set as 1,000, and the fluorescence
intensity of others was normalized to that of S.

High-Speed Atomic Force Microscopy
Imaging

First, 1 pl of sample containing single-stranded miR-484
(100 wM), double-stranded SQ, and double-stranded FP (50 M)
was diluted with 1 pl of 100 mM NiCl, and 8 pl of Milli-Q
water (final SQ/FP: 5puM, 10 mM NiCly). Two microliters of
diluted DNA was dropped on cleaved mica. After 10 min, a high-
speed atomic force microscopy instrument (Research Institute
of Biomolecule Metrology Co., Ltd, Japan) (Kodera et al., 2010;
Katan and Dekker, 2011; Miyagi et al., 2016; Shibata et al.,
2017) was used to image DNA in Milli-Q water. The conditions
were set as follows: cantilever, BL-AC10DS-A2 (Olympus, Japan);
resolution, 200 x 200 pixels; mode, ac mode in liquid. All images
were analyzed using Image] (NIH) SPIP (Image Metrology A/S).

Detection of miR-484 and miR-100 at the

Subcellular Level

The LO2-miR-484/MSC-miR-100 cells were seeded at ~1 x
10* cells per well into uncoated and glass-bottomed confocal
plates, and the seeded cells were incubated with the AISA
system (100 nM) for 4h in Dulbecco’s modified Eagle medium
(HyClone, Thermo Fisher Scientific, USA) and growth medium
[10% FBS (Gibco), 37°C, 5% CO;]. Fluorescein isothiocyanate-
phalloidin was diluted 200 times with phosphate-buftered saline

(PBS), added to the cells, and incubated for 40 min. For
dynamic fluorescence confocal observation, 4',6-diamidino-2-
phenylindole was diluted 400 times with PBS and added to the
cells for the subsequent image acquisition.

In vivo Detection of Injected miR-484

Based on miR-484-Injected Animal Models
Three types of animal models were prepared for evaluation of
the AISA*3* system. First of all, 25 pl of miR-484-Lipo solution
(5 pl of reagent and 5 pl of Lipo3000 per 300 pl solution)
at 20 LM was injected into C57 mouse livers with a 2.5-mm
injection depth. Then, the mice were injected with AISA system
solution (100 pl per 20g) via the tail vein, and fluorescence
images were acquired at 22 min using the fluorescence system
that we developed (Figure 3).

To evaluate the ability of the AISA system to distinguish
miR-484 from tumors, miR-484-injected and diethyl nitrosamine
(DEN)-induced tumor-bearing mouse models were generated.
First, 4 mg/ml DEN was injected into the abdomen of a 15-
day-old mouse at a dose of 25 mg/kg. Seven months later, after
opening the abdominal cavity, 25 pl of miR-484 solution was
injected into mouse liver at an injection depth of 4 mm, where
no tumor formation had occurred. Fluorescence images were
also acquired using our system under the following conditions:
binning = 2, exposure time = 0.2 s, excitation wavelength = 649,
emission wavelength = 680 (Figure S4). A multiple target model
was established by injecting miR-484 into the rat liver at 3- and
2-mm intervals (Figure S5).

To evaluate the universality of this design strategy for the
AISA system, we redesigned the AISA system to detect miR-100
and generated a miR-100 mouse model to evaluate the detection
ability. A total of 25 pl of miR-100 solution of 60, 40, and
10 uM was injected into the femoral head of the BALB/c mice
with a lateral approach. The mice were injected with 100 pl
of AISA!% system solution via the tail vein, and fluorescence
images were then acquired at 5, 12, 22, 32, and 60 min using
our system (Figure $9). Since miR-100 is an important indicator
of the progression of gastric cancer, we also established a high-
expression miR-100 model of gastric cancer to evaluate the
detection capability of the AISA system. SGC-7901-miR-100
tumor-bearing mice were generated by subcutaneous injection of
10 cells into the right upper flanks of BALB/c nude mice. The
mice were imaged to detect miR-100 when the tumor volume
was <10 mm?, after ~10 days. The mice were treated with 100
l of AISA? system solution via the tail vein, and fluorescence
images were acquired at 15, 40, and 60 min and 2, 6, and 12h
using the fluorescence imaging system under the same conditions
as above (Figure 3D).

In vivo Detection of miR-484 With

DEN-Induced Mice and Human Samples

In addition, to evaluate the practicability of the AISA system, 4
mg/ml DEN was injected into the abdomen of the 15-day-old
mice at a dose of 25 mg/kg to generate a tumorigenic model with
high expression of miR-484. After ~3 months, the mice were
treated with 100 uM AISA*%* (included SQ and FP) system at a
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dose of 100 pl/kg via the tail vein, and fluorescence images were
acquired using our system (Figure 4A). Three-dimensional (3D)
information of miRNA were reconstructed using fluorescence
molecular tomography based on sparsity adaptive correntropy
matching pursuit method (Zhang et al., 2018b). Then, to evaluate
the expression of miR-484, reverse transcription PCR (RT-PCR)
was performed on the samples dissected from the mouse liver
according to the location of fluorescence spots on the surface and
the depth information derived from the 3D reconstructed results.

For detection of miR-484 in human samples, the samples were
washed three times with PBS. Then, the samples were immersed
in the 100 WM AISA*%* solution for ~15 min. Then, the samples
were removed, and the floating liquid was wiped oft and placed in
the fluorescent imaging instrument developed by ourselves. The
imaging parameters were set as: exposure time = 1s, binning =
4, excitation wavelength = 649, and emission wavelength = 680.

In vivo Reconstruction of Injected and
Transfected miR-484

The surface fluorescence signal detected by our system is related
to the following two processes: the reaction between miRNA and
double-stranded SQ and FP in the cell leads to fluorescence; the
fluorescence signal passes through a certain depth of tissue to the
body surface and is acquired by our system.

When a fluorescence signal is generated inside the body,
we cannot directly detect the fluorescence intensity; we can
only detect the distribution and intensity of fluorescence that
passes through the tissue and reaches the body surface. The
transmission of fluorescence in vivo obeys a certain rule, which
can be expressed by the following equation describing the
propagation of light (Ma et al., 2013; Xue et al.,, 2013; Qin et al.,
2014; Ye et al., 2014; Zhang et al., 2018b):

V [Dy (r) V®x (1] — ax (1) Px (1) = —O8(r — 1)(r € 2)

V [Dyx (1) VOyu ()] — pam (1) @ (1) = _Cbx(r)nﬂaf(r)(r € Q)

2Dy m (1) VOy ;m (1) +qPxm (1) = 0(red2)

where r denotes the nodes inside the problem domain €; 7
is the position of point excitation sources, which are placed
on one mean free path of photon transport beneath the
surface of € flaxam and s sm denote the absorption and
scattering coeflicients, respectively; © is the excitation intensity;
and ®(r) is the photon flux density at node r. npue(r) is
the fluorophore distribution to be reconstructed, where 7 is
the quantum yield and q denotes the optical reflective index.
In the process of fluorescence tomography reconstruction, we
used Robin boundary conditions to calculate the position of
fluorescence source in vivo (Ma et al., 2013). For nearly 10 years,
our research group has been working on 3D reconstruction of
internal fluorescence and developed series of algorithms. Thus,
according to Equation (1), the 3D distribution of the inner source
can be reconstructed.

Toxicity of the AISA System

To evaluate the toxicity of the AISA system, 2 x 10° LO2
normal human liver cells per well were seeded into 96-well plates
overnight. The cells were treated with seven concentrations of the
AISA system (0, 1, 5, 10, 20, 40, 60, and 100 nM) for 24 h. Then,
10 .l of CCK-8 was added to each well. After incubation for 2 h
at 37°C, the absorbance was measured at 450 nm using a BioTeK
Synergy HT Universal Microplate Reader.

To evaluate the toxicity of the AISA system in vivo, 21 mice
were randomly divided into three groups. Two of the groups
were treated with 100 pl of the AISA system via the tail vein,
and one group was treated with the same amount of PBS. For
the mice in the two groups administered the AISA system, blood
and tissue, including liver, muscle, heart, spleen, kidney, stomach,
lung, brain, and skin tissue, were collected 1 and 2 weeks later,
respectively. For the mice in the control group, serum and tissues
were taken 2 weeks later. With the serum samples, creatine
kinase (CK) and lactate dehydrogenase (LDH) were measured
to evaluate cardiac function (Prakash, 1978; Yong et al., 2002);
aspartate transaminase (AST), alanine aminotransferase (ALT),
and alkaline phosphatase (ALP) were measured to evaluate liver
function (Kory et al., 1959); and blood urea nitrogen (BUN) and
creatinine (CREA) were measured to evaluate kidney function
(Griebling, 2017). The tissue samples were embedded in wax
blocks, sectioned and stained with hematoxylin and eosin (H&E)
to evaluate the toxicity of the AISA system.

RESULTS
Design of the AISA System

Although various molecular beacons based on toehold-mediated
reactions or nanomaterial-mediated quenching have been
created, simple conjugation with one unit of target miRNA to
release one unit of the fluorescent molecule would not solve a key
challenge in the in vivo detection of miRNA: the need to produce
enough fluorescence to be captured by our charge-coupled device
system despite their degradation in tissues. Thus, we urgently
need to focus on finding a way to make the two double-stranded
DNA molecules involving in the reaction and further amplify the
fluorescence signal. We designed two double-stranded DNA that
can react with the target miRNA to achieve this amplification
effect. To achieve the effect of cyclic reaction, the second and
third reaction must maintain a kind of seesaw thermodynamic
equilibrium. The length of dangling end o in double-stranded
SQ determines whether the reaction can occur spontaneously,
while the length of dangling end B determines its ability to
distinguish between targets and their analogs, which is defined
as the discrimination factor Q (Zhang et al., 2012). Here, the
discrimination factor Q can be calculated based on experiments.

_Xm
XS

Q

where x is the signal produced by SQ in response to the target
miRNA, M, and yg is the signal produced by SQ in response to
the spurious analogs, S.
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The literature (Zhang and Winfree, 2009) indicates that the
length of o must be >5 to ensure the occurrence of the first-
step reaction, which is marked as design rule 1. In the second
step, double-stranded MQ reacts with FP via dangling end f to
produce stable double-stranded FQ and MP. Considering the
above two reactions (Figure 1, steps 1 and 2), it is not difficult
to find that dangling ends o and B correspond to each other, that
is, the length of § influences the discrimination factor Q of the
first step, and the length of a influences the discrimination factor
of the second step. To ensure that the value of Q is acceptable, the
length of dangling ends a and B should only be 5 or 6. Here, we
take its length to be 5 (as design rule 2; also conforms to design
rule 1), and later, we find that the length of f = 6 influences
only the length of the strand P, so we will no longer discuss this
value separately.

Different carriers have different delivery efliciency to
minimize the effect of delivery efficiency on fluorescence
intensity. In this study, Lipo3000 is favored as a carrier of
biomaterials due to its high delivery efficiency and the ability
to load DNA through the mutual attraction of positive and
negative charges.

The Reaction Principle and Optimization of
the AISA System

For the first time, we successfully achieved in vivo visualization
of miRNA and introduce a general design framework for the
AISA system and explain the reaction principle (Figures 1A,B).
The key innovation is the use of a second double-stranded
DNA (FP) to initiate the next two-step cascade cyclic reactions
due to the thermodynamics equilibrium based on the first-step
reaction. In the process of the reaction, the target M is constantly
substituted to participate in the cascade reaction. Under the
condition of excessive SQ and FP, a sufficiently large signal
was produced through these three-step reactions. For the first-
step reaction, double-stranded SQ (Cy5 at the 3’ end of the S
strand, BHQ2 at the 5" end of the Q strand) reacts with the
target miRNA (M) via dangling end a to generate single-stranded
S carrying the signal molecule Cy5 and double-stranded MQ
with a new dangling end, p. This reaction can be represented
by the following reversible reaction equation: M + SQ = MQ
+ S. For the second-step reaction, double-stranded MQ reacts
with FP via dangling end p to produce stable double-stranded

A a
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FIGURE 1 | Design and reaction mechanism of artificial intelligent signal amplification (AISA) detection system. (A) Left panel: logical diagram of the three-step
reaction, the second reaction and the third reaction occur in cycles, “+”: positive feedback, the second step reaction can promote the occurrence of the first step, “-":
negative feedback, the third step reaction has a negative feedback effect on the first step; right panel: schematic diagram of the reaction between two
double-stranded DNAs (SQ and FP) in the artificial intelligence molecular amplification (AISA) system with target miRNA (e.g., Hsa-miR-484). The arrowheads point to
the products and the reactants are on the other sides. The three reactions described in (A) correspond to the three reactions in (B). (B) The step reaction diagram and
reaction equation between AISA system and the target M.
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FIGURE 2 | the reactions based on 12 kinds of double-stranded FP (the fluorescence intensity generated by SQ and FP with miR-484 was considered signal, while
fluorescence intensity generated by SQ and FP without miR-484 was considered noise). (C) SNR generated by different ratios of double-stranded SQ/FP and
miR-484 at 15 min after reaction (signal and noise are the same as in A). (D) Fluorescence intensity generated by miR-484 and miR-21 (SQ and FP is designed for
detection of miR-484). (E) Fluorescence intensity generated by reactions between DNase (0.1 U, 0.05U) and SQ, FP, or the AISA system. (A-E) Bars represent mean
+ SD, n = 5. (F-H) From left to right is the atomic force microscopy (AFM) image of double-stranded FP and the AISA system, the transmission electron microscopy
(TEM) image of the AISA system; scale bar, 50 nm. Throughout the paper, ANOVA and the t-test were used to analyze the means, *p < 0.05, **p < 0.01, #p < 0.001.
(1) Core sequence of miR-484; fluorescence intensity generated by the reaction between double-stranded SQ (100 nM), FP (200 nM), and different concentrations of
miR-484. (J) Sequence of double-stranded SQ for detection of miR-484; fluorescence intensity generated by the reaction between miR-484 (100 nM) and different
concentrations of double-stranded SQ and FP (SQ/FP = 1/2). (K) Magnification of the reaction between SQ (100 nM) and different concentrations of miR-484 with
and without double-stranded FP. (L) Bright field microscopic image of LO2 cells transfected with or without miR-484. Fluorescence image of LO2 cells transfected
with or without miR-484 after adding the AISA system. Fluorescence image of LO2 cells transfected with or without miR-484 stained with fluorescein isothiocyanate
(FITC) -phalloidin. Merged image of LO2 cells transfected with or without miR-484. (M) Core sequence of miR-100; fluorescence intensity generated by the reaction
between double-stranded SQ (100 nM), FP (200 nM), and different concentrations of miR-100. (N) Sequence of double-stranded SQ for detection of miR-100;
fluorescence intensity generated by the reaction between miR-100 (100 nM) and different concentrations of double-stranded SQ and FP (SQ/FP = 1/2).

(O) Magnification of the reaction between SQ (100 nM) and different concentrations of miR-100 with and without double-stranded FP. (P) Bright field microscopic
image of mesenchymal stem cells (MSC) transfected with or without miR-100. Fluorescence image of MSC transfected with or without miR-100 after adding the AISA
system. Fluorescence image of MSC transfected with or without miR-100 stained with FITC-phalloidin. Merged image of MSC transfected with or without miR-100.
(I-P) Scale bars, 10 wum (ANOVA and the t-test were used to analyze the means, *p < 0.05, #p < 0.001).

FQ and unstable MP: MQ +FP = FQ + MP. This unstable
MP easily reacts with SQ through its dangling end to generate
MQ and SP, which can emit fluorescence: SQ + MP = MQ
+ SP (the third-step reaction). The reaction between the two
components of the AISA system, SQ and FP, is undesirable,
and the resulting fluorescence is considered noise. The side
reaction is represented in the following equation: SQ + FP =
FQ + SP (Figures S1A,B). The most interesting thing is that
the product of the third step, MQ, is a reactant in the second
step; meanwhile, the second- and third-step reactions maintain
a seesaw equilibrium thermodynamically; thus, these steps can
occur cyclically. The above reaction principle was verified in the
following experiments (Figures S1E-H).

The length of dangling end a determines whether the first-step
reaction can occur spontaneously, while the length of dangling
end B determines its ability to distinguish between targets and
their analogs (Zhang et al,, 2012). We designed 11 variants
of miR-484 (miRNA usually has a high probability of point
mutation at specific positions and insertion and deletion mutants
in human body Table S1) and four different kinds of double-
stranded SQ (Table S2) to verify the discrimination ability of
SQ. Compared with others (SQ50, SQ54, and SQ56), SQ55
performed best and was ultimately selected as the first double-
stranded DNA in our AISA system (Figure 2A). Notably, the
length of the dangling end y determines whether the above side
reaction can occur [the side reaction refers to the reactions that
occur between SQ and FP when there is no target RNA (see
Figure 1B)], so we limited the length of y to 4 or less. To further
demonstrate the optimal structure of double-stranded FP, 12
double-stranded FP chains (listed in Table S3) were designed
to participate in the experiments, and the SNR was tested with
miR-484. SNR was defined as SNR = FLf—}L—ing’ where FL,, is
the fluorescence intensity generated by the reaction among miR-
484 with double-stranded SQ and FP and FLj is the fluorescence
intensity generated by the reaction between double-stranded
SQ and FP. The results in Figure 2B show that the overall
performance of FPOO is optimal in terms of the SNR. However,
the fluorescence intensity derived by FP00 (137 a.u.) is lower
than that of FP12 (152a.u.) at the same conditions. Thus, to

ensure the miRNA detection depth, FP12 was selected as the
following application. We used four different SQ/FP ratios and
measured the resulting SNR. Although higher FP concentrations
increased the signal intensity, the noise cannot be ignored. From
the comparison of the SNR of the four reactions with different
concentrations, the ratio of SQ/FP = 1/2 was selected of our AISA
system (Figure 2C).

Characterization of the AISA System

in vitro

In addition, to assess the specificity of the system, fluorescence
intensity generated by miR-484 and miR-21 were detected. With
the increase in RNA concentration, the fluorescence intensity
generated by miR-484 was much higher than that generated
by miR-21 (Figure 2D). The fluorescence intensity generated
by miR-484 was about five times of that generated by miR-21
especially at high RNA concentrations. For transportation of
the active components (SQ and FP) to the target to guarantee
that the detection reaction will occur, a suitable carrier is also
indispensable. Lipo3000 has been experimentally (Figure 2E)
demonstrated to be able to resist the hydrolysis of DNase to
some extent for 60 min, which may be due to the steric effect of
DNase itself.

To better understand the in vivo detection principle, the
appearance and microscopic behaviors of SQ and FP in
the AISA system were observed using transmission electron
microscopy (TEM) and high-speed atomic force microscopy
(AFM), respectively (Kodera et al., 2010). TEM and AFM images
of SQ/FP (Figures 2F-J; Movies 1,2) demonstrated that the
length of the double-stranded DNA was ~10nm, the width
was ~2 nm, and the area was ~20 nm?. When double-stranded
SQ and FP were loaded onto the surface of the liposome, an
~50nm sphere formed. After adding the target, miR-484, the
reaction between double-stranded SQ, FP, and the target was
observed by AFM (Movie $3). In addition, to obtain high-purity
double-stranded DNA, all synthetic products in this work were
purified by high-performance liquid chromatography. The mass
spectrometry data (Figures S1I-P) showed that the purity of the
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FIGURE 3 | Visualization and 3D reconstruction of microRNA (miRNA) in vivo based on miR-484-injected and miR-100 injection mouse models. (A) Flow chart of the
experiments, including encapsulation of double-stranded SQ and FP in liposomes; administration of the artificial intelligent signal amplification (AISA) system; process
of double-stranded SQ and FP entering the cytoplasm; and image acquisition based on a dual-modality system including a high-sensitivity fluorescence system and a
microcomputed tomography system. (B) Fluorescence images and 3D reconstructed image of mice injected with miR-484 (25 wl, 20 wM) in the liver (depth, 2.5 mm)
at 10 min after i.v. injection of the AISA*84 system. (C) Fluorescence images and 3D reconstructed image of mice injected with miR-100 in the femoral head at 10 min
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FIGURE 3 | after i.v. injection of the AISA'% system. (D) Fluorescence images and 3D reconstructed image of SGC-7901-miR-100 tumor-bearing mice at 15 min after
i.v. injection of the AISA'® system. (E) Signal/noise ratio (SNR) based on fluorescence images of different concentrations of miR-484-injected mice. (F) SNR in
fluorescence images of mice injected with different concentrations of miR-100. (G) SNR in fluorescence images of SGC-7901-miR-100 tumor-bearing mice (ANOVA
and the t-test were used to analyze the means, **p < 0.01; #p < 0.001; NS, no significant difference).

product we synthesized was >99%, which ensured that the noise
caused by product impurity was <1%.

Visualization of miR-484 in vitro and in

Cells

Although in vitro DNA hybridization kinetics based on some
sequences have led to a set of mature theories (Dirks and Pierce,
2003, 2004; Dirks et al., 2004, 2007; SantaLucia and Hicks, 2004;
Zhang and Winfree, 2009; Zadeh et al., 2011; Zhang et al., 2012,
2018a; Wolfe and Pierce, 2015; Wolfe et al., 2017), a basic theory
for quantifying miRNA in vivo is still lacking, which is restricted
by technologies in other related fields, such as fluorescence
reconstruction (Ntziachristos and Weissleder, 2001; Dirks and
Pierce, 2003; Cong and Wang, 2005; Lasser et al., 2008; Zhang
et al.,, 2015; Shibata et al., 2017), pharmacokinetics (Brownbill
et al., 2018; Caro et al., 2018; Sharma et al., 2018), and others.
To quantify miRNA in vivo, the in vitro reaction kinetics of
SQ, FP, and the target miRNA must be accurately modeled
mathematically. The in vitro experimental results demonstrated
that the relationship between the fluorescence intensity generated
by the reactions among SQ, FP, and miR-484 in 20 min, and
the miR-484 concentration was not strictly linear and instead
resembled a parabola (Figures 21,J,M,N). Compared to a single
double-stranded DNA that detects miRNA at the cellular level
(Siuti et al., 2013; You et al., 2015, 2017; Ma et al., 2017), the AISA
system consisting of two double-stranded DNAs (SQ and FP)
can effectively amplify (more than five times within 10 min) the
signals of interest in a synergistic manner and hence provide the
possibility for in vivo visualization of miRNA without an external
energy input (Figure 2K). The in vitro detection sensitivity of
this pair of double-stranded DNAs was ~0.05 nM (reaction time
= 10 min, concentrations of SQ = 10nM, FP = 20nM). The
effect of temperature on the reaction was not significant at either
25 or 37°C (Figures S1C,D). Reducing the concentration of the
reactants SQ and FP did not improve the detection sensitivity,
which suggested that SQ and FP have a low probability of reacting
in a short period of time and that the system formed with SQ and
FP is relatively stable and resistant to internal noise.

To validate the reaction kinetics of the AISA system with
a target miRNA in cells, we designed an experiment in which
the AISA system reacted with miR-484 in LO2 cells (miR-
484 was transfected into the LO2 cells). Dynamic confocal
fluorescence images showed that, along with the AISA system,
double-stranded SQ and FP were rapidly delivered into the
cells in several seconds and reacted with intracellular miR-484
to emit fluorescence (Figure 2L; Figure S2A; Movie S4). After
correction for the fluorescence quenching effect of the laser
(Figure S2B), the fluorescence intensity was found to reach the
maximum within 5min, suggesting that the relatively limited
space of the cytoplasm may accelerate the reaction and that

the quenching effect must be considered when quantifying the
fluorescence signal (Figure S2C).

In vivo Visualization of Transfected and
Induced miRNA Based on AISA System

MiR-484 is an important biomarker expressed in the liver cells
during the stage of transformation from liver cirrhosis to cancer
(Yang et al.,, 2016b). To locate miRNA in the liver, we needed
to reconstruct the 3D position of the light source based on the
system (Figures 3A-D). Herein, we also experimentally validated
the universality of the strategy using the AISA system to detect
miR-484 in different animal models (miR-484-injected BALB/c
mice in Figure $6, miR-484-injected C57 mice in Figure §7, and
miR-484-injected rats in Figure S8). In vivo fluorescence images
of the C57 mouse model demonstrated that miR-484 could be
detected in the liver, and the 3D location of miRNA could be
reconstructed based on our previous algorithms (Figure 3B).
The above results indicated that fluorescence was generated by
the reaction between miR-484 and the probe by comparing to
the control group (Figures 3B,C). No fluorescence was produced
without miR-484 within 30 min. Inevitably, with the extension of
time, some fluorescence will be generated by the decomposition
of probes such as the bodys own enzymes (Figure S6E).
Figure 3A shows the detection process and a schematic diagram
of the dual-modality imaging system with microcomputed
tomography. We can use this system to acquire enough data to
reconstruct the 3D location of the internal miRNA.

To verify the ability of the AISA system to detect miRNA in
a deep target, we established mouse models by injecting miR-
484 at a depth of 4mm in the liver on BALB/c mice (10 weeks,
weight >25g). The fluorescence images and 3D reconstruction
results showed (Figure S3) that the AISA system also had good
detection depth for targets at a depth of 4 mm. Two-photon
fluorescence and microscopic images of a 60-pm slice also
verified the detection capability of the AISA system.

In addition, to evaluate the ability of the AISA system
to distinguish between a tumor and regions with high miR-
484 expression, we established miR-484-injected and tumor-
bearing mouse models by injecting 10 1 of miR-484 (100 wM;
depth, 3mm) into the liver of DEN-induced tumorigenic
mice (Figure S4). The fluorescence images obtained with our
system and microscope showed that the AISA system has the
ability to distinguish the areas of high miR-484 expression
from single or multiple tumors. The corresponding statistical
data indicated that the SNR of the high miR-484 expression
region to background (liver and other location) was >2.
Similarly, we constructed rat models with five miR-484-injection
foci to verify the horizontal spatial resolution of the AISA
system. The fluorescence images demonstrated that when
the distance between two of the miR-484-injected centers
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FIGURE 4 | fluorescence images of DEN-induced tumorigenic mice (for 4 months) and phosphate-buffered saline (PBS)-injected mice 15 min after i.v. injection of the
AISA** system (included SQ and FP). Lower panel: fluorescence images of livers from the above DEN-induced mice and PBS-injected mice. (C) Microscopic image
of liver slices with H&E staining of the liver of mouse 3. The liver lobes are marked a—d, and the precancerous lesions are marked 2, 3, 2’, and 3'. Scale bars are 120
and 30 um, respectively. (D) 3D reconstruction results of miR-484 location in mouse 3. (E) Two planes of the reconstructed miRNA location. (F-I) Relative miR-484
levels assessed by surface fluorescence intensity and real-time RT-PCR analysis of samples with a size <40 um in 4-month-old PBS- or DEN-injected mice (mice
1-3). (J-L) Relative miR-484 levels assessed by reconstructed fluorescence intensity and real-time RT-PCR analysis of samples with a size <40 um in DEN-injected
mice (mice 1-3) (ANOVA and the t-test were used to analyze the means, *p < 0.05; **p < 0.01; NS, no significant difference).

was more than 2mm, the AISA system could distinguish
them well (Figure S5).

Scalability of the Framework for AISA

System

Strikingly, to verify the scalability of the framework for AISA
system, we successfully designed and synthesized AISA'® with
minimal adjustment to detect miR-100 in vitro (Figures 2M-P)
[an important molecular marker of the osteogenic differentiation
of mesenchymal stem cells and also a biomarker associated
with the progression of gastric cancer (Ueda et al., 2010; Frith
et al, 2018)] and in the femoral head and in the tumor-
bearing mice (Figures 3C,D,FE,G). However, different miRNAs
have different base sequences, and changing the base sequences
of the components in the AISA detection system would influence
the reaction kinetics, and a series of experiments must be
performed to validate the design of the AISA system. From
Figures 2I-M, we found that the fluorescence intensity increased
depending on the concentration of miRNA. However, it can be
also found from the curves at different reaction times that the two
systems have different velocities at the initial stage of reaction.
The response speed of the AISA' system is much faster than
that of the AISA*4 system in 10 min (Figures 2G,N). Therefore,
the magnification reached more than 10 times in the first 10 min,
and the subsequent growth slowed down (Figures 2K,0).

The in vivo fluorescence images and their SNR demonstrated
that miR-100 can be distinguished from surrounding tissues
with a high SNR ratio and even at locations close to the
bladder (Figure S6E). Statistical data of continuous observation
experiments (Figure S6H) showed that the fluorescence intensity
on the surface of the femoral head was the strongest at
60 min, which may be caused by the difference in the metabolic
dynamics of the AISA!? system between the femoral head and
the liver. Fluorescence images of SGC-7901-miR-100 tumor-
bearing mice (miR-100 transfected into SGC-7901 gastric cancer
cells) demonstrated that, until 12h, SGC-7901-miR-100 can be
visualized clearly because the formation of dense tumor tissue
delays the metabolism of signal-stranded S and SP to some
extent (Figure 3D).

In some in vivo experiments performed to visualize
transfected miRNA, we found that the fluorescence in the
intestinal tract of mice produced a relatively large amount
of noise, so we designed a suppression experiment to verify
the possible influencing factors. In general, fasting inhibited
the secretion of relevant digestive enzymes, and the secretion
of gastrointestinal hormones may lead to the degradation
of double-stranded SQ in the AISA system (FigureS7).
Analysis of abdominal fluorescence intensity showed that both

fasting and somatostatin (gastrointestinal hormone secretion
inhibitors) had significant inhibitory effects on fluorescence
at the time points of 10 and 30min, and the significant
difference in the inhibition effect decreased with the time
of administration.

Practicability of the AISA System

To evaluate the practicability of the AISA system, we detected the
expression of miR-484 with DEN-induced tumorigenic mouse
models and human samples using our fluorescence imaging
system, and the detection results were also validated with RT-
PCR for all three mice and pathological H&E staining for mouse
3 (in vivo Detection of MiR-484 with DEN-induced Mice and
Human Samples). Figure 4B proved again that no fluorescence
was emitted from the liver without the presence of miR-484.
Fluorescence images, 3D-reconstructed images, and their related
statistical data (Figures 4B-L) showed that the amount of miR-
484 in precancerous lesions was approximately twice that in
a normal liver, and the conclusions obtained from in vivo
fluorescence images and ex vivo liver images were basically
consistent. In addition, the SNR of miR-484 detected by RT-
PCR was also consistent with the results obtained by ex vivo
fluorescence intensity statistics (Figures 4J-L); here, all the
samples used in RT-PCR were dissected according to the depth
information derived from 3D-reconstructed locations. Without
reconstruction guiding sample selection, the deviations among
three kinds of relative miR-484 levels were >18% (Figures 4G-I),
and with reconstruction guidance, the deviations were <5%
(Figures 4G-L). The deviation is calculated according to the
following formula:

. SNRPCR — SNRFI
B SNRpcr

x 100% (1)
To demonstrate the accuracy of the location detected by the AISA
system in vivo, the 3D location information was reconstructed,
and the liver sections of mouse 3 were stained with H&E to
observe the precancerous lesions (Figures 4C,D). We observed
the formation of a precancerous lesion (Figure 4C), and the
location of the precancerous lesion was highly consistent with
the fluorescence location in in vivo and the ex vivo liver
fluorescence images.

In addition, our AISA system was used to detect the
precancerous lesions in five human liver samples from the
Eastern Hepatobiliary Surgery Institute (Shanghai, China). The
fluorescence images showed that our system was able to detect
the region of high miR-484 expression in a short time (Figure 5)
(~5min after spraying the AISA system on the surface of the
samples). The results were also verified by microscopic images
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of the liver sections with H&E staining, in which the boundaries
of precancerous lesions (high-grade dysplastic nodule) were
drawn by professional pathologists (Yang et al., 2016b). To
assess the similarity of precancerous lesion locations obtained
by the two methods, the boundaries were outlined, and the Dice
coeficients were calculated. The results (Table S4) demonstrated
that Dice coefficient for all five samples were more than 0.94,
which indicated that our AISA system can accurately detect
the boundaries of precancerous lesions. This excellent quality
indicates that it has great application potential. For example, for
liver transplantation patients, the subsequent treatment strategy
can be determined according to whether the dissected liver has
precancerous foci.

It is worth mentioning that low toxicity is needed to make
the AISA system suitable for use, so we also measured the in
vivo clearance speed of the AISA system and its effect on various
organs, including liver, muscle, heart, spleen, kidney, stomach,
lung, brain, and skin (Figures S8, §9). The fluorescence images
and statistical data based on BALB/c mice showed that the AISA
system could be almost completely cleared from the body within
12h (Figure S8). A cell viability assay Figure S9A), serum test
results (Figure S9B), and histopathological microscopic images
(Figure S9C) all showed that the AISA system had no significant
toxicity in animals (Toxicity of the AISA System).

DISCUSSION

The important role of miRNA in the physiological and disease
development process is well known, but the in vivo visualization
study of RNA is still almost blank. Although many strategies
have been designed for the amplification of signal derived from
miRNA (Yurke et al., 2000; Seelig et al., 2006; You et al., 2015,
2017; Ma et al., 2017; Fu et al., 2018), most of them amplified
the miRNA signal in vitro. The in vivo visualization of miRNA
will be a milestone event in the history of RNA detection, which
will herald a new era of preventive medicine. However, the
prerequisite is that signal derived from miRNA can be amplified
in vivo first. The ability to design an artificial intelligent signal
amplification system suitable for in vivo visualization of miRNA
is not only interesting and significant on a fundamental basis
but also offers key conceptual advantages in scalability over the
current paradigm for early tumor diagnosis. In contrast to the
situation for previous molecular beacon design efforts, the key
design challenge in the current study was to obtain as many
useful signals as possible while minimizing the introduction
of noise. This seemingly contradictory demand imposes strict
conditions on the dangling end of the two double-stranded
DNAs to use chemical thermodynamics to promote the reaction
and maintain the seesaw-type equilibrium (for the second and
third reactions). Meanwhile, it also makes the reaction dynamics
more regular, enabling it possible to simulate the process using
mathematical models.

In addition, the experiments on human liver samples also
demonstrate the practicability of the strategy, which cannot only
be used for in vitro and in vivo detection of miRNA but also
can be used for the evaluation of tumor prognosis and rapid
intraoperative identification of tumor margins based on tissue
samples. The importance of miRNA in life science applications,

as well as the practicability and universality of the principles
underlying this system, will support further applications in many
fields, including disease progression assessment, stem cell tracing,
and disease prognosis evaluation.

Still, there are many problems with AISA system that need
to be addressed. According to the restriction of dangle end o
in design rule 1 (@ = 5), a total of 4° different AISA system
can be used to detect a target RNA. In addition, considering
the limitation of dangle end B on design rule 2, more different
AISA system can also be used for the visualization of miRNA.
How to select the most suitable system for subsequent in vivo
visualization and quantitative research is an urgent problem to
be solved in the future studies. For the mechanism research
about miRNA-related diseases, the in vivo quantification is also
imminent. This is limited by advances in a variety of technologies
including fluorescence position reconstruction, fluorescence
photon quantification, reaction dynamics modeling of miRNA,
and so on. All in all, based on these advances, we will be able to
calculate the concentration of RNA in the body in real time in
the future.
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Cardiovascular diseases (CVD) affect a large number of the population across the globe
and are the leading cause of death worldwide. Nanotechnology-based drug delivery has
currently offered novel therapeutic options to treat these diseases, yet combination of
both diagnostic and therapeutic abilities is further needed to understand factors and/or
mechanisms that affect the treatment in order to design better therapies to challenge
CVD. Biodegradable photoluminescent polylactones (BPLPLs) enable to bridge this
gap as these materials exhibit a stable, long-term intrinsic fluorescence as well as
offers excellent cytocompatibility and biodegradability properties. Herein, we formulated
three different BPLPL based nanoparticles (NPs), including BPLP-co-poly (L-lactic acid)
(BPLPL-PLLA), BPLP-co-poly (lactic-co-glycolic acid) copolymers with lactic acid and
glycolic acid ratios of 75:25 (BPLPL-PLGA75:25) and 50:50 (BPLPL-PLGA50:50), and
extensively evaluated their suitability as theranostic nanocarriers for CVD applications.
All BPLPL based NPs were <160 nm in size and had photoluminescence characteristics
and tunable release kinetics of encapsulated protein model depending on polylactones
copolymerized with BPLP materials. Compared to BPLPL-PLLA NPs, BPLPL-PLGA NPs
demonstrated excellent stability in various formulations including deionized water, serum,
saline, and simulated body fluid over 2 days. In vitro cell studies with human umbilical
vein derived endothelial cells showed dose-dependent accumulation of BPLPL-based
NPs, and BPLPL-PLGA NPs presented superior compatibility with endothelial cells in
terms of viability with minimal effects on cellular functions such as nitric oxide production.
Furthermore, all BPLPL NPs displayed hemocompatibility with no effect on whole blood
kinetic profiles, were non-hemolytic, and consisted of comparable platelet responses
such as platelet adhesion and activation to those of PLGA, an FDA approved material.
Overall, our results demonstrated that BPLPL-PLGA based NPs have better physical
and biological properties than BPLPL-PLLA; hence they have potential to be utilized as
functional nanocarriers for therapy and diagnosis of CVD.

Keywords: BPLP, bioimaging, toxicity, vascular drug carriers, endothelial cells, cardiovascular disease,
theranostics
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INTRODUCTION

Stenting and balloon angioplasty are common endovascular
strategies used to open the occluded blood vessel. However,
such interventions often damage the arterial wall, allowing
activation and binding of circulating platelets to the exposed
subendothelium that initiate inflammatory responses, ultimately
leading to the development of restenosis. Although emerging
drug eluting technologies have reduced the rates of endovascular
complications, their long-term efficacy is hindered by late
thrombosis and the catch-up phenomenon of restenosis
(Sun et al, 2015). It is now well-known that ineffective
reconstitution of the endothelial layer often results in these
late stage complications. To overcome these limitations, several
strategies involve with stem cell therapies and drug carriers
have been developed. This includes the administration of
endothelial progenitor cells (EPCs) (Povsic and Goldschmidt-
Clermont, 2008; Chen et al, 2016, 2017), biodegradable
superparamagnetic nanoparticles loaded endothelial cells (ECs)
(Polyak et al., 2016; Vosen et al., 2016), induced pluripotent
stem cells-derived ECs (Adams et al., 2013; Giordano et al,
2016) and post angioplasty strategies to restore vascular
integrity. Vascular targeted nanocarriers were also employed
to deliver anti-inflammatory or anti-mitogenic agents such as
paclitaxel, docetaxel, simvastatin, or everolimus to inhibit intimal
hyperplasia and provide a suitable environment for endothelial
regeneration (Chan et al., 2010). Previously, we have developed
~400nm sized polymeric nanoscaffolds that interface with the
injured arterial endothelium via glycoprotein 1ba ligand and
capture circulating EPCs via anti-CD34 antibodies (Su et al.,
2014). These multifunctional nanosystems cloaked the denuded
endothelium, prevented platelet-mediated reactions, and reduced
subsequent neointimal formation. Furthermore, they promoted
rapid endothelial reconstruction by locally capturing EPCs
and supporting their adhesion. Despite these achievements,
the therapeutic potential of the nanoscaffolds was not fully
achieved as indicated by a decreased the binding of EPCs
to the injured artery after 7 and 21 days of transplantation,
delayed intimal hyperplasia formation, as well as incomplete
endothelial regeneration process. This might be associated with
ineffective margination and retention of EPCs or nanoscaffolds
on the damaged vascular wall either due to hydrodynamic
dislodging forces exerted on them by circulation or their poor
tissue interactions.

The real time, non-invasive monitoring of transplanted cells
and nanocarriers after delivery would help us to determine their
pharmacokinetics and tissue distribution in vivo. In addition, we
can estimate the required dosing of the therapeutic candidates
to be administered at the injured site, assess the outcome
of the therapy and develop more efficient treatment/ delivery
strategies. A common strategy employed in labeling cells or drug
carriers for imaging applications is by directly incorporating
fluorophores, radioisotopes, quantum dots, and paramagnetic
nanoparticles within them. However, major concerns involved
with these imaging agents are often associated with their poor
photobleaching-resistance and substantial cytotoxicity, which
limit their applications for long-term in vivo tracking of cells

and/or drug carriers. Another technique to image living cells
involves genetic modification by introducing reporter genes into
the cells’ genome to express specific fluorescent/bioluminescent
proteins or enzymes required for signal generation. This
approach is less favorable as it produces gene alteration, and
often requires viral vectors for gene transduction, which may
cause immunogenicity and mutagenesis. Therefore, this strategy
of imaging is only approved in terminally ill patients (Wang
and Jokerst, 2016). Considering the issues associated with the
tracking of cells and/or drug carriers using the aforementioned
strategies, the development of biodegradable and biocompatible
materials that allows non-invasive, stable and long-term imaging
capabilities has become increasingly desirable.

Earlier, we have developed citrate-based biomaterials, known
as biodegradable photoluminescent polymers (BPLPs) that
possessed a strong and tunable photoluminescence phenomenon;
and demonstrated their potential use in bioimaging, drug
delivery and tissue engineering (Yang et al., 2009). Unlike
other imaging agents that are not degradable, BPLPs are
created from biocompatible monomers via a convenient thermal
polycondensation reaction and shown to have controlled
degradability properties. However, the main challenge of using
BPLPs for nanoparticle fabrication was associated with their low
molecular weight, which resulted in nanoparticle aggregation
in physiological conditions, hence limiting their use as an
imaging probe. To overcome this, we synthesized new polymers
by incorporating BPLPs into the widely used biodegradable
polylactones, referred to as biodegradable photoluminescent
polylactones (BPLPLs) that showed higher molecular weight,
improved mechanical strength, and favorable processability over
BPLPs (Xie et al., 2014; Hu et al,, 2016). The intrinsic and
stable fluorescent property of BPLPs is well-preserved in BPLPLs.
Furthermore, the BPLPLs fluorescence emission ranging from
blue to red can be adjusted by varying different amino acids in
the syntheses of BPLPs (Yang et al., 2009; Xie et al., 2017).

In this research, we developed three different nanoparticles
based on BPLPLs including BPLP-co-poly (L-lactic acid)
(BPLPL-PLLA) and BPLP-co-poly (lactic-co-glycolic acid)
copolymers with lactic acid and glycolic acid ratios of 75:25
(BPLPL-PLGA75:25) as well as 50:50 (BPLPL-PLGA50:50).
Furthermore, we have characterized for their physical properties
and biocompatibility with the blood cells and endothelial
cells and investigated for their bioimaging applications. Our
preliminary characterization studies would help us to identify
a suitable BPLPL-based material to synthesize theranostic NPs
that can be utilized both as an imaging agent to track the
EC delivery and as a vascular drug carrier to promote in situ
reendothelialization post arterial injury.

EXPERIMENTAL PROCEDURES

Materials

Synthesis of BPLPLs such as BPLPL-PLLA (1:100), BPLPL-
PLGA50:50 (1:100), BPLPL-PLGA75:25 (1:100) was described
previously (Xie et al, 2014; Hu et al., 2016). The ratio of
1:100 represents the feeding molar ratio of BPLP either with
lactic acid or a combination of lactic acid and glycolic acid.
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PLGA50:50 of molecular weight 55-65 kDa was purchased from
Akina, Inc. (West Lafayette, IN). Other reagents including bovine
serum albumin (BSA) and polyvinyl alcohol (PVA) of molecular
weight 31-50 kDa were brought from Sigma-Aldrich (St. Louis,
MO). MTS reagent (CellTiter 96® AQueous One Solution Cell
Proliferation Assay) and Pierce BCA protein assay were obtained
from Promega (Madison, WI) and ThermoFisher Scientific

(Grand Island, NY), respectively. OxiSelect”™"  Intracellular
Nitric Oxide (NO) Fluorometric Assay Kits were purchased
from CellBioLabs, Inc. (San Diego, CA). Furthermore, human
umbilical vein endothelial cells (HUVECs) was purchased from
American Type Culture Collection (ATCC, Manassas, VA), while
the culture media (Vasculife Basal Medium) and supplemental
kits (Vasculife VEGF Lifefactors) were purchased from Lifeline
Cell Technology (Frederick, MD). Other chemicals, if not
specified were purchased from Sigma Aldrich.

Synthesis of BPLPL-Based Nanoparticles

BSA was selected as the model protein to be encapsulated into
BPLPL nanoparticles, which were synthesized by a standard
double emulsion technique. For this procedure, BSA solution
(20 mg of BSA dissolved in 0.2 ml of DI water) was emulsified
into 2% (w/v) BPLP-polylactones solution prepared in 5mL of
chloroform and sonicated. This primary emulsion was added
drop wise into 12mL of 5% (w/v) PVA and sonicated again at
30 W for 5min. Following the overnight stirring to evaporate
organic solvents, the nanoparticles were washed and isolated by
centrifugation at 15,000 rpm for 30 min, and protein (BSA)-
loaded BPLPL based NPs were collected via freeze-drying. Blank
BPLPL NPs as well as PLGA50:50 NPs were also fabricated using
similar procedures without adding BSA to be utilized for in vitro
cells- and blood-based studies.

Physical Characterization of BPLPL-Based

Nanoparticles

The nanoparticles were characterized for their particle size,
polydispersity and zeta potential via a dynamic light scattering
(DLS) method using Zeta PALS zeta potential analyzer
(Brookhaven Instruments, Holtsville, NY). The size and
morphology of the nanoparticles were also observed using
transmission electron microscopy (TEM). The stability of
particles was determined by observing the variation in their size
while suspended in various formulations such as DI water, saline
(0.9% sodium chloride solution), 10% Fetal Bovine Serum (FBS,
Atlanta Biological, Lawrenceville, GA), or simulated body fluid
with similar composition of blood plasma, prepared as described
previously Marques et al., 2011). The particles were incubated
at 37°C and their sizes were measured using DLS every 12h up
to 3 days. Furthermore, the amount of BSA encapsulated into
BPLPL-based particles was estimated based on unentrapped BSA
in PVA solution after centrifugation. The percentage of loading
efficiency was calculated as actual amount of BSA loaded with
respect to the initial amount of BSA used to prepare NPs. For the
in vitro release study of BSA, 1 mg/ml of particle solution in PBS
suspended in a 100 kDa dialysis bag (Spectrum Laboratories Inc.,
Rancho Dominguez, CA) was dialyzed against phosphate buffer
saline (PBS) solution. At each predetermined time points, 1 ml

of dialysate solution was collected and replaced with fresh PBS
solution. BSA content in the collected solution was quantified
using BCA protein assays following manufacturer’s instructions,
and cumulative BSA release over the time was analyzed based
on BSA standards. In vitro degradation of nanoparticles in DI
water was analyzed over a period of 4 weeks. Briefly, NPs was
suspended in DI water and incubated at 37°C for predetermined
times. At each time point, particles were collected and freeze
dried. The degradation was determined based on the remaining
mass of NPs.

In vitro Cell Studies of BPLPL-Based

Nanoparticles

Cytocompatibility

To evaluate the cytotoxicity of BPLPL-based nanoparticles with
human umbilical vein endothelial cells (HUVEC), cells were
seeded in 96 well plates at a seeding density of 30,000 cells/cm?
and incubated in 37°C for 24h. Following incubation, cell
culture media was replaced with increasing concentrations of
nanoparticle suspension (in media) for 24h. The cells were
then washed and incubated with MTS assay reagents for 3 h.
Absorbance readings was measured at 490 nm using UV-Vis
spectrophotometer (Infinite M200 plate reader, Tecan, Durham,
NC), and the percent of cell viability was determined with respect
to untreated cells.

Cellular Uptake

The efficiency of HUVECs to internalize BPLPL-based
nanoparticles was determined. Briefly, HUVECs of density
30,000 cells/cm? were initially seeded in to 96 well plates
and allowed to attach for 24h. The cell culture media was
then replaced with nanoparticle suspensions of various
concentrations, and the plates were incubated for 4h. After
treatment, cells were washed with PBS and lysed with 1%
Triton X-100 for 30 min at 37°C, and lysate was utilized to
measure the nanoparticles’ fluorescence intensities at excitation
and emission wavelength of 377 and 431nm, respectively.
These measurements were analyzed against a nanoparticle
standard. These fluorescence intensity values were then
normalized with the total protein content per sample using
BCA assays following manufacturer’s instructions. In parallel,
the nanoparticle interactions with endothelial cells were imaged
using a fluorescence microscope under FITC channel.

Cellular Functionality

HUVEC functionality in the presence of BPLPL-based
nanoparticles was determined based on nitric oxide (NO)
production. Nanoparticles (1 mg/ml) were incubated with cells
for 24 h, following which nitric oxide production of exposed cells
was quantified using Intracellular Nitric Oxide Fluorometric
Assay kits (Cell Biolabs, Inc., San Diego, CA) following the
manufacturer’s instructions. In brief, a NO fluorometric probe
(provided with the kit) enters the cells and deacetylates by
intracellular esterase to a non-fluorescent intermediate, which
is rapidly oxidized by nitric oxide into a fluorescent triazolo-
fluorescein analog. The fluorescence intensity is proportional
to NO levels within the cell cytosol, which can be quantified at
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a wavelength of 480 nm (excitation)/530 nm (emission) using  TABLE 1| Size, charge, polydispersity of BPLPL based NPs.
UV/vis spectrophotometer (Infinite M200 plate reader, Tecan,

. . Polymeric Nanoparticles Size (hm PD Zeta potential (m'

Durham, NC). Cells grown on tissue culture plates without any v P (nm) P (mV)
treatment served as control. BPLPL-PLLA NPs 145+£26 012940035  —21.85+2.16
. . BPLPL PLGA75:25 NPs 149437 011640032  —23.85+1.32
In vitro BI_OOd Studies of BPLPL-Based BPLPL-PLGASO:SONPs 157 +44 0164 £0.010  —24.72 + 082
Nanoparticles PLGA 50:50 NPs 176 £36 018040082  —15.46 + 1.52

Blood Collection

Whole blood was drawn from healthy adult volunteers into
acid citrate dextrose anticoagulant tubes (ACD, Solution A; BD
Franklin Lakes, NJ). Consent from the volunteers was obtained ~ With 2.5% glutaraldehyde (Electron Microscopy Science, 16536-
prior to the blood collection, and all the procedures strictly ~ 15) for overnight, post fixed with 1% Osmium tetroxide in 0.1 M
adhered to the IRB standards approved at the University of Texas ~ Cacodylate buffer (Electron Microscopy Sciences, 19150) for 1h,

at Arlington. dehydrated with graded series of ethanol (50, 75, 95, 100%) for
15min at each step, and further dried using varying ratios of
Whole Blood Clotting Kinetics and Hemolysis hexamethyldisilane (HMDS) in ethanol (1:2, 1:1, 2:1) for 15 min

Briefly, in hemolysis, 10 WL of various concentrations of  at each step. Finally, the films were dried using 100% HMDS
nanoparticles ranging from 0 to 1,000 jug/ml were incubated  for 30 min and then sputter-coated with the silver for SEM. In
with 200 pl of blood for 2h at 37°C. The nanoparticles were  addition, after incubating PRP with polymer films for 1h, 5
centrifuged at 1,000 rpm for 5min and absorbance of the  |LL of suspension was collected and incubated with saturating
supernatant was obtained using UV-Vis Spectrophotometer at a  concentrations of CD42b-PE (platelet marker) and PAC1- FITC
wavelength of 545nm. Blood diluted in DI water served as the  (activated glycoprotein GP ITb/IIla receptor marker) for 20 min.
positive control, whereas saline diluted blood as the negative  The antibodies were obtained from BD Biosciences. The platelets
control for hemolysis studies. Percentage of hemolysis due  were fixed with 1% paraformaldehyde for 2h in 4°C and were
to each sample was quantified based on Equation (1). In the  analyzed on BD LSRII flow cytometer. At least 10,000 events per
whole blood clotting study, we studied the effects of particles on  sample were analyzed and identified based on their forward and
normal blood clotting kinetics, which was measured as blood  side scattering characteristics and by positive staining with anti-
clotting index (BCI). Here, whole blood initially activated by = CD42b-PE antibodies. The percentage of GplIb/IIla expressing
adding 0.01 M of calcium chloride, and 50 WL of activated blood  platelets was calculated relative to the total number of platelets
was then treated with 10 L of 0.5 mg/ml of nanoparticles for ~ (CD42b positive cells).

predetermined time points. At each time point, 1.5ml of DI Lo .

water was added to lyse the un-clotted blood, and absorbance of Statistical Analysis

supernatant was measured at 540 nm. Untreated blood served  All the experiments were performed with #n = 3-6 if not specified.
as a control. The absorbance of whole blood (without any  Data were expressed as mean =+ SEM. The statistical analysis was
addition of calcium chloride) in water at 540 nm was applied  assessed using ANOVA followed by post-hoc Pairwise Multiple
as a reference value. The BCI can be quantified from Equation (2). ~ Comparisons using Holm-Sidak method on GraphPad Prism

Absorbance of sample — Absorbance of negative control

Hemolysis (%) = X 100% (1)

Absorbance of positive control — Absorbance of negative control

BCI = Absorbance of blood in contact with samples at set time points at 545nm

Absorbance of whole blood in water at 545nm at time 0 @
Platelet Adhesion and Aggregation (GraphPad Software Inc., CA). A significant difference was
We further investigated the hemocompatibility of BPLPL  considered where P-values appeared <0.05.
materials based on the platelet adhesion and activation. For this
study, platelet rich plasma (PRP) was collected by centrifuging RESULTS
whole blood at 190 g for 12 min. PRP was incubated with BPLPL . . .
films for 1h at 37°C under static conditions. After 1h, films Physical Characterization of BPLPL-Based
were rinsed carefully with PBS and attached platelets were lysed ~ NPS
using cell lysis solution for 1 h. The LDH release corresponding ~ DLS results show that the BPLPL-PLGA50:50, BPLPL-
to platelet adhesion was quantified by detecting the amount of =~ PLGA75:25 and BPLPL-PLLA based nanoparticles suspended
lactate dehydrogenase (LDH) present in the lysate solution using ~ in DI water have hydrodynamic sizes of 157, 149, and 145 nm,
CytoTox 96® Non-Radioactive Cytotoxicity Assays according  respectively (Table 1).
to the manufacturer’s instructions. Glass served as the positive The polydispersity values ranging from 0.10 to 0.17 suggest
control for comparison. The morphology of platelet adhesion on ~ the particles were well-dispersed. TEM images of BPLPL
the polymer films were also visualized using scanning electron  nanoparticle also confirms the uniform distribution of NPs
microscopy (SEM) imaging. Briefly, platelets on films were fixed ~ with smooth and spherical morphology (Figures 1A-C). Zeta
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potential for BPLPL-PLGA 50:50, BPLPL-PLGA 75:25 and
BPLPL-PLLA based nanoparticles were —24.7, —23.9, and
—21.9mV, respectively, suggesting that the particles might be
stable in physiological solutions (Honary and Zahir, 2013).
In addition, the stability of BPLPL based nanoparticles was
evaluated at various formulations including DI water, 10%
FBS, 0.9% saline and simulated body fluid by recording the
nanoparticles diameter at fixed time intervals. We have observed
that BPLPL-PLGA NPs were stable in all formulations for 48 h
with no significant aggregation or change in size. Although
BPLPL-PLLA NPs remained relatively stable in DI water, saline
and serum, they tended to have some aggregation in simulated
body fluid at 48 h (Figure 2).

To determine if these nanoparticles could be utilized for
drug delivery applications, their drug release kinetics and
degradation studies were conducted. BSA was chosen as the
model growth factor. BPLPL-PLGA 50:50, BPLPL-PLGA 75:25
and BPLPL-PLLA showed a loading efficiency of 70, 69, and
77%, respectively. Figure 3A showed that both BPLPL-PLGA
nanoparticles could release ~50% content within 24 h, and the
complete release was achieved in 7 days. On the other hand,
BPLPL-PLLA nanoparticles demonstrated comparatively lower
release kinetics, and only 50% BSA release was achieved in
2 weeks. The in vitro degradation study also emphasizes the
role of polymer composition on particle behavior (Figure 3B),
where BPLPL-PLGA particles showed a similar degradation
rate and almost ~80% degraded in 4 weeks. However, BPLPL-
PLLA degraded slowly with only ~30% lost in weight when
observed after 4 weeks. Furthermore, all BPLP-cys-polylactone
based nanoparticles showed maximum excitation and emission
wavelength at 374 and 441 nm, respectively (Figure 3C).

In vitro Cell Studies With BPLPL-Based

Nanoparticles

Cytocompatibility evaluation of BPLPL-based NPs at various
concentrations after 24h incubation with HUVECs was
conducted. Accordingly, BPLPL NPs at all concentrations
ranging from 50 to 1,000 pg/ml was shown to be compatible with
HUVECs with >80% viable cells after NP exposure (Figure 4A).
In addition, the functional status of endothelial cells in the
presence of BPLPL-based NPs was studied by assessing the
nitric oxide (NO) production. Accordingly, we noted that NO
production by HUVECs treated with BPLPL-PLLA NPs at
1,000 pg/ml for 24h was significantly lower than that of cells
treated with BPLPL-PLGA NPs and untreated cells (Figure 4B).
On the other hand, NOS activity quantified for HUVECs in the
presence of both BPLPL-PLGA50:50 and BPLPL-PLGA75:25
demonstrated no negative effects on cellular function.

Lastly, the uptake of BPLPL-based NPs by vascular endothelial
cells (HUVECs) was studied by incubating cells with various
concentrations of NPs over 4h. All NP formulations showed
dose-dependent cellular uptake up to a concentration of
1,000 pg/ml (Figure 5A). Fluorescence images also showed the
internalization of BPLPL-based nanoparticles by endothelial cells
and their subsequent localization in cytoplasmic region of cells
after 4-h incubation with particles (Figure 5B).

Hemocompatibility of BPLPL-Based

Nanoparticles

Hemocompatibility of nanoparticles was determined based on
whole blood clotting kinetics, hemolysis study, and platelet
responses. Blood clotting time reflects the thromboresistance
property of nanoparticles, and high thromboresistance (Blood
clot index, BCI value) means high blood compatibility. All
BPLPL-based nanoparticles showed similar BCI values with
each other and when compared to untreated blood samples
(Figure 6A). This suggests that particles have no significant effect
on the normal blood clotting kinetics. Furthermore, BPLPL-
based NPs at all tested concentrations proved to be non-
hemolytic with a maximum of 0.4% which was well within the
standardized ISO values for non-hemolytic materials, which is
0-2% (Cerda-Cristerna et al., 2011) (Figure 6B). To assess the
compatibility of BPLPL-based materials with platelets, BPLPL
films were incubated with PRP at 37°C for 1h. Based on the
analysis, BPLPL-PLLA showed a significantly higher number
of platelets adhered onto its surface than those of BPLPL-
PLGA counterparts (Figure 7A). As platelets get activated, P-
selectin translocate from intracellular granules to the external
membrane, whereas fibrinogen aggregates platelets by bridging
glycoprotein GPIIb/IIIa between adjacent platelets (Merten and
Thiagarajan, 2000). Based on flow cytometric analysis, significant
amount of platelet activation was seen on the glass surface
as a positive control (Figure 7B). The amount of activation
seen on BPLPL-PLGA surface was similar to those on PLGA
surfaces. In concordance to these observations, SEM images
also showed significantly higher platelet attachment on glass
and BPLPL-PLLA surfaces than others. Closer observation of
these images (Figure 7C) shows that platelets are spreading and
aggregating on glass and BPLPL-PLLA surfaces. Other surfaces
such as PLGA 50:50, BPLPL-PLGA 75:25, and BPLPL-PLGA
50:50 also presented a platelet shape change representing the
early stage of platelet activation, which was characterized by
transformation from discoid to spheroid form with small bulbous
protrusions distributed over the platelet surface (Zilla et al.,
1987).

DISCUSSION

Bioimaging holds huge potential in the field of drug delivery,
tissue engineering and regenerative medicine. During the last
decade, several functional polymers with imaging capabilities
were investigated to understand the biological processes and
their potential applications for image-guided surgery and
therapy (Bracken et al, 2017; Zhang and Yao, 2018). The
BPLP is one such novel biomaterial with intrinsic and
excellent photoluminescent properties that can be used as
a label-free in vivo imaging tool for disease detection and
treatment. The components that are utilized to develop
BPLPs including citric acid, amino acids, and aliphatic diols,
which are all commonly used in many FDA-regulated devices
(Yang et al, 2009; Li et al., 2017). Recently, a family of
BPLPLs based on BPLP have been reported (Xie et al,
2014). This new class of materials can be utilized to fabricate
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FIGURE 1 | Morphological characterization of BPLPL-based NPs. TEM images of (A) BPLPL-PLGA50:50 (1:100), (B) BPLPL-PLGA75:25(1:100), (C) BPLPL-PLLA
(1:100) shows uniform sized and spherical morphology of nanoparticles. The scale bar represents 200 nm.
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theranostic nanoparticles which can be tracked with a variety
of microscopy techniques, including fluorescent microscopy,
confocal laser scanning microscopy and two-photon microscopy
(Lietal., 2017).

In our present work, we screened three different BPLPL-
based nanoparticles (BPLPL-NPs) including BPLPL-PLLA,
BPLPL-PLGA50:50, and BPLPL-PLGA75:25 to determine
the most promising formulation that can be utilized for
theranostic applications in treating cardiovascular diseases.
Our characterization showed that most BPLPL-NPs maintained
uniform, spherical morphology with 150 nm in diameter and
higher negative zeta potential values compared to PLGA
50:50 nanoparticles due to inclusion of citric acid component

in BPLP. This increased surface charged groups on BPLPL-
based NPs not only provide additional functional motifs
required for the conjugation of targeting ligands but also
improve NPs stability in physiological fluids. To evaluate
this, the diameter of BPLPL-NPs in various formulations
including DI water, serum, saline, and simulated body fluid
was monitored for 48h. Accordingly, we found that most of
BPLPL-NPs, except BPLPL-PLLA at 48h in simulated body
fluids were relatively stable with no signs of aggregations.
It is plausible that with long-term incubation of BPLPL-
PLLA in simulated body fluids alters the colloidal stability
of particles due to enhanced interactions of these NPs with
various salts and enzymes that constitute the solvent. Lazzari
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FIGURE 3 | Physical characterization of BPLPL-based NPs. (A) BSA release kinetics from BPLPL-based nanoparticles in PBS solution at 37°C for 2 weeks,
(B) Degradation of NPs in water at 37°C for 4 weeks, and (C) Fluorescence spectrum of cysteine derived BPLPL-based NPs (1 mg/ml) has an excitation and emission
at 377 and 441 nm, respectively. Graph plot as average + SD of n = 3 samples.
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FIGURE 4 | Cytocompatibility of BPLPL-based nanoparticles. (A) HUVEC viability in presence of various concentrations of nanoparticles as quantified using MTS
assays; (B) Intracellular NOS activity within HUVECs was quantified after incubation with 1,000 pg/ml of BPLPL-based NPs for 24 h. Fluorescence intensity correlates
with NOS activity or NO production within cells. *Represents significance with respect to cells treated to BPLPL-PLLA. Graph plotted in terms of average + standard
error mean (SEM).

et al. (2012) have observed similar aggregation behavior for  improving their colloidal stability in physiological conditions
PLLA NPs in simulated body fluids after prolonged incubation.  (Singh et al., 2017).

In such instances, simple modifications of BPLPL-PLLA The presence of PLLA in BPLPs also seem to affect the protein
NPs surface with PEG chains might be able to prevent the loading efficiency, protein release kinetics and degradation
docking of enzymes or ions on nanoparticle surfaces, thereby  profile of BPLPL-PLLA NPs. It was noted that BPLPL-PLGA
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FIGURE 6 | Hemocompatibility of BPLPL-based NPs. NP compatibility in whole blood was assessed based on (A) clotting kinetic profile in presence of 1 mg/ml of
NPs and (B) hemolysis after incubating with nanoparticles of various concentrations for predetermined timepoints. Graph plot as average + SEM.

NPs released ~50% of BSA within 24 h, whereas BPLPL-PLLA  rate with ~30% lost weight compared to BPLPL-PLGA NPs
achieved a similar amount of BSA release within 2 weeks. In  which showed ~80% degradation within 4 weeks. Hu et al.
addition, BPLPL-PLLA NPs demonstrated a slower degradation ~ (2016) explained that BPLP incorporation into polylactones
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FIGURE 7 | Platelet responses to BPLPL-based materials. (A) Platelet adhesion to BPLPL-based materials after 1-h incubation at 37°C quantified using LDH assays,
(B) Platelet activation quantified based on expression of GPlIb/llla surface markers using flow cytometry, and (C) SEM images to demonstrate platelet morphological
changes and interactions with BPLPL-based materials. *and # represents significance value of p < 0.05 with respect to glass and BPLPL-PLLA, respectively. Graph

[o:]

GplIb/Illa expressing
platelets (%)

BPLPL-
PLGA 75:25

*

BPLPL-
PLGAS0:50

could enhance water permeability, which in turn, accelerate
the drug release rate and degradation of copolymers. Also, the
percentage of hydrophilic glycolic acid in BPLPL would also
attribute to faster degradation and thereby drug release from
the particles. We speculate that the hydrophobic nature of
PLLA, may have improved their protein encapsulation compared
to its PLGA counterparts by forming a hydrophobic wall to
retard BSA leakage into the outer water phase during the NP
synthesis (Liu et al., 2006). Furthermore, the photoluminescent
property of BPLP was retained in BPLPL-based NPs, with
maximum excitation and emission wavelength at 344 and
441 nm, respectively. Previously, we have shown that depending
on the amino acids used in BPLP syntheses, the fluorescence
emission could been broadened up to 725nm, highlighting
the versatility of these polymers for biomedical imaging
(Tran et al., 2009).

Following the physical and chemical characterization of
BPLPL NPs, their cytotoxicity with endothelial cells was
investigated. BPLPL NPs exhibited excellent cytocompatibility
with >80% of HUVECs viability post treatment with NPs at
all concentrations. Xie et al. (2014) also reported similar values
for cell viability using 3T3 fibroblasts exposed to BPLPL-PLLA
nanoparticles at concentrations ranging from 1 to 500 pg/ml.
Due to the presence of high number of carboxylic groups on

the BPLP backbone, it was noted earlier about the reduced
cell survival in presence of BPLP NPs (Zhang et al, 2013;
Xie et al, 2014). In our study, BPLPL-based NPs showed
similar cytocompatibility profile as seen for PLGA NPs with
minimal cytotoxicity on HUVECs. Similar to our observation,
Hu et al. (2016) also reported comparable in vitro cytotoxicity by
mesenchymal stem cells as well as in vivo foreign body response
toward BPLPL and PLGA materials. This suggests that inclusion
of BPLP into commonly used polymers such as PLGA did not
significantly affect the cell survival while the newly synthesized
polymers can still inherit the florescent properties from BPLP,
which could be possibly utilized for theranostic applications in
CVD treatment.

Next, the proper functioning of endothelial cells in presence
of BPLPL-based NPs in terms of nitric oxide production was
evaluated. Nitric oxide (NO) is an important signaling molecule
released by endothelial cells to regulate vascular inflammation,
platelet function, angiogenesis and protection from ischemia
reperfusion injury. Any dysregulation of NO production due
to NOS uncoupling is known to cause cardiovascular diseases
(e.g., atherosclerosis, diabetes, and hypertension) (Le et al.,
2017). Inorganic nanoparticles including fluorescent silica NPs,
superparamagnetic iron oxide NPs, titanium dioxide NPs
generally investigated to be utilized for bioimaging applications
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demonstrated to induce EC toxicity and dysfunction with
impaired NO production (Montiel-Dévalos et al., 2012; Astanina
et al,, 2014; Cao, 2018). When compared to these NP types,
BPLPL-PLGA NPs could be a better alternative since it
demonstrated to be inert with no effect on normal cell activities.
However, this is not the case with BPLPL-PLLA NPs, nitric
oxide production by endothelial cells was significantly reduced
when compared to cells exposed to PLGA NPs. The mechanism
that influenced the cellular behavior in presence of BPLPL-
PLLA NPs is not clear. However, it is plausible that the BPLPL-
PLLA nanoparticles may have upregulated oxidative stress within
the cells that can activate autophagy and eventually lead to
endothelial dysfunction via the PI3K/Akt/mTOR pathway as seen
for silica NPs (Duan et al., 2014). Similar to our observation,
Wang et al. (2014) also noted that exposure of PLLA particles
to human coronary artery endothelial cells decreased their
NO production, and induce inflammatory adhesion molecule
expression such as ICAM-1 and VCAM-1, which might facilitate
immune cell adhesion and recruitment. Furthermore, several
studies reported that stents coated with PLLA impairs endothelial
cell functions and impaired their recovery on the luminal side of
stents that promoted in stent late thrombosis (Liu and Ma, 2010;
Xuetal., 2011).

To investigate the utilization of BPLPL-based NPs as an
imaging probe to track HUVECs, we incubated BPLPL-based
NPs with vascular endothelial cells (HUVECs) over time. Dose-
dependent uptake of NPs was observed for all NP formulations.
Fluorescence images demonstrated the internalization of BPLPL-
based nanoparticles by endothelial cells and their subsequent
localization in the cytoplasmic region of cells after a 4-h
incubation. Our results agreed with previous reports from
other groups that tested various nanoparticle formulations
on a different cell line. For instance, Menon et al. (2014)
demonstrated increasing uptake of PLGA nanoparticles by
Type 1 alveolar epithelial cells up to 1,000 wg/ml. Kona
et al. (2012) also observed dose-dependent uptake of Gplba
conjugated PLGA nanoparticles and unconjugated nanoparticles
by human aortic endothelial cells, which were saturated at
300 g/ml. Even BPLP particles were shown to have dose-
dependent uptake characteristics (Wadajkar et al, 2012).
In this study, they observed BPLP particles being uptake
by the human dermal fibroblast without any saturation
up to 500pg/ml It was also noted that hydrophilic and
hydrophobic versions of BPLP polymers impacted the amount
of nanoparticles being internalized by the different cell lines,
thereby exhibiting variation in NP cellular uptake. Similarly,
we have observed a significant difference in BPLPL-PLLA
and BPLPL-PLGA50:50 based NPs uptake by endothelial cells,
especially at concentrations of 250 and 500 pg/ml. We speculate
that such difference is due to differential composition of
PLLA and PLGA50:50 in BPLPLs materials, where PLLA more
hydrophobic in nature than PLGA50:50 and thereby affected the
NP uptake by the endothelial cells. Cells continued to exhibit
significant uptake of these nanoparticles at 1,000 g/ml, and as
aresult, almost similar amounts of NPs in the cells were observed
at high concentrations despite of polymer types. On other hand,
we did not observe cells demonstrate any dose-dependent NP

uptake for BPLPL-PLLA NPs at concentrations <250 pug/ml. In
line with our results, It is plausible that the serum proteins in the
media interact with the nanoparticles and modulate their uptake
kinetics by the endothelial cells at low concentrations (Lesniak
etal.,, 2010; Pelaz et al., 2015). Also, at these small concentrations,
the measured levels of fluorescence intensity produced by NPs in
the cells may be more difficult to discriminate.

In addition to the intrinsic fluorescence property of BPLPLs,
we investigated whether the citric acid composition endows
them with hemocompatibility suitable for blood contacting
applications as previously seen for poly(diol-citrate) (POC)
prepared from citric acid and 1,8-octanediol (Yang et al,
2004; Motlagh et al.,, 2007; Tran et al., 2009, 2015). First, in
vitro hemostatic properties of BPLPL-based NPs were evaluated
by whole blood clotting experiment. At various time points,
absorbance of RBCs that were not trapped in clots were
determined at 540 nm. Higher BCI values represent reduced
blood clotting kinetics, and we have observed blood treated with
BPLPL-based NPs did not exhibit a different rate of clotting
when compared either with untreated blood or blood incubated
with PLGA NPs. Second, hemolytic results of BPLPL-based NPs
demonstrate them to be non-hemolytic material that is safe
to be utilized for drug delivery applications without causing
any adverse effects. Lastly, platelet behaviors toward BPLPL-
based materials indicates that BPLPL-PLGA consisted of better
or comparable platelet attachment and activation as seen in
those of PLGA surfaces; whereas, higher number of platelets
adhered and expressed GPIIb/IIla markers on BPLPL-PLLA
surfaces. Many studies previously observed that PLLA in its
unmodified form or without incorporation of therapeutic agents
induce increased inflammatory responses mainly due to its
hydrophobic nature (Nguyen et al., 2003; Meng et al., 2004;
Okamura et al., 2011; Rudolph et al., 2015). Our speculation is
that since incorporating BPLPs into PLLA shown to increase
the wettability of the polymer (Hu et al, 2016); the effect
we have observed for platelets to BPLPL-PLLA could be
minimal than its unmodified form of PLLA, which must be
investigated further.

CONCLUSION

We have formulated three different photoluminescent
polylactones based NPs, and characterized their physical
and chemical properties, protein encapsulation, in vitro
hemocompatibility, cytocompatibility and particle uptake.
Among these formulations, BPLPL-PLGA NPs exhibited
stability in physiological conditions, bi-phasic release kinetics,
excellent cytocompatibility with no negative influence on cellular
functions, optimal uptake characteristics, and hemocompatibility
similar to PLGA nanoparticles. Most importantly, BPLPL-based
NPs showed intrinsic fluorescence capability inherited from the
precursor BPLP. In short, herein we have demonstrated that
BPLPL-based NPs are safe, biocompatible material with imaging
capability that can be potentially used to fabricate targeted,
therapeutic loaded nanocarriers for theranostic applications or
utilized as an imaging agent to tag transplanted cells.
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Reactive oxygen species (ROS) effects on living cells and tissues is multifaceted and
their level or dose can considerably affect cell proliferation and viability. It is therefore
necessary understand their role also designing ways able to regulate their amount
inside cells, i.e., using engineered nanomaterials with either antioxidant properties or, for
cancer therapy applications, capable to induce oxidative stress and cell death, through
tunable ROS production. In this paper, we report on the use of single-crystalline zinc
oxide (ZnO) round-shaped nanoparticles, yet ZnO nanocrystals (NCs) functionalized
with amino-propyl groups (ZnO-NH» NCs), combined with pulsed ultrasound (US). We
show the synergistic effects produced by NC-assisted US which are able to produce
different amount of ROS, as a result of inertial cavitation under the pulsed US exposure.
Using Passive Cavitation Detection (PCD) and Electron Paramagnetic Resonance (EPR)
spectroscopy, we systematically study which are the key parameters, monitoring, and
influencing the amount of generated ROS measuring their concentration in water media
and comparing all the results with pure water batches. We thus propose a ROS
generation mechanism based on the selective application of US to the ZnO nanocrystals
in water solutions. Ultrasound B-mode imaging is also applied, proving in respect
to pure water, the enhanced ecographic signal generation of the aqueous solution
containing ZnO-NH» NCs when exposed to pulsed ultrasound. Furthermore, to evaluate
the applicability of ZnO-NH»o NCs in the biomedical field, the ROS generation is studied
by interposing different tissue mimicking materials, like phantoms and ex vivo tissues,
between the US transducer and the sample well. As a whole, we clearly proof the
enhanced capability to produce ROS and to control their amount when using ZnO-NHo
NCs in combination with pulsed ultrasound anticipating their applicability in the fields of
biology and health care.

Keywords: zinc oxide, nanocrystals, ultrasound, cavitation, reactive oxygen species, contrast agent
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INTRODUCTION

Reactive Oxygen Species (ROS) are the result of partial reduction
of molecular oxygen (O) (Dabrowski, 2017). The hydroxyl
radical (HO-) is one of the strongest radicals ever described
(Dabrowski, 2017) and it possesses the highest reduction
potential of all the ROS that are physiologically relevant: due to
its nature it can react with a large variety of different type of
biological molecule (Fu et al., 2014).

Nevertheless, oxygen is the fundamental element needed for
the normal metabolic activity of every aerobic organism, and so
ROS are inevitably produced inside living organisms, as cells.
ROS are normally involved in different cell functions as signaling
system, induction of mitogenic response, and mitochondria
activity (Fu et al, 2014). Nonetheless, the survival of cells is
related to the ability of maintaining the redox homeostasis
(Dabrowski, 2017) during all this processes. An instability in
this equilibrium results in a variety of possible different diseases.
When chronic low levels of ROS occurs in a biological living
system indeed, it has been demonstrated that gene mutation and
malignant cell transformation can appear, or a large variety of
vascular diseases can be promoted (Lau et al., 2008). In addition,
Shafique et al. (2013) established that the increase in ROS levels
can have a protective role in endothelial homeostasis, improving
the vascular function in patients affected by cardio vascular
disease (CDV). It is also been proven that the ROS generation
achieved by the external activation of membrane-bound NADPH
oxidase can induce angiogenesis and other essential functions of
endothelial cells, such as hemostasis (Kim et al., 2017; Aldosari
etal., 2018). The activation of angiogenesis caused by an increase
in ROS production to restore ROS physiological levels, can be
beneficial not only for CVD, as occurs after ischemia (Urao
et al., 2008), but can also contribute to wound healing (Osumi
et al, 2017). On the other hand, an excessive production of
ROS leads to a disequilibrium redox state, where the antioxidant
defenses of the cell has been overcome, being responsible for
damaging cellular components, as lipids, proteins and DNA.
Acute high levels of ROS cause the activation of different
signal pathways, involving cytokines, transcription factors, and
mediators, responsible for cell death, causing ROS-mediated
apoptosis or necrosis (Dabrowski, 2017). These effects generated
by cellular oxidative stress can be exploited for cancer therapeutic
applications (Pelicano et al., 2004; Nogueira and Hay, 2013; Tong
etal, 2015).

Therefore, it is clear that the ability to regulate the amount
of ROS generated inside cells plays a fundamental role in the
survival or death of cells. During last years thus different ways
to produce ROS in a controlled manner were investigated.
Nanomaterials (NM) are largely studied with the aim to apply
them in biomedical field, and one of the principal mechanisms
of nanotoxicity is the production of oxidative stress due to
ROS generation. It has also been demonstrated that the level
of generated ROS is dependent on the physical and chemical
properties of the considered engineered nanomaterial, as size,
surface to volume ratio, and surface reactivity (Gonzalez et al.,
2008; Abdal Dayem et al., 2017). Carlson et al. (2008) measured
the amount of ROS produced in cells when Ag nanoparticles

with different dimensions were present: 10-fold increase of ROS
levels was measured in cells exposed to the smallest dimension
nanoparticles. In the same work, it has been assessed that not
all nanomaterials with equal dimensions can produce the same
amount of ROS, supporting the idea that the ROS generation
from NM depends also on their chemical nature.

Oxidative stress can also be achieved by an external
activation of NMs to generate ROS, leading to tumor cell
death under specific conditions. An example of this mechanism
is photodynamic therapy (PDT) (Dabrowski, 2017). We have
previously (Ancona et al, 2018) proposed the use of hybrid
nanoparticles, able to produce intracellular ROS only when
remotely activated by UV light irradiation. The photogeneration
of electrons (e”) and holes (h™) have the ability to react with
the environment forming superoxide radical anions (027) when
e~ reduce oxygen molecules while hydroxyl radicals (HO-) and
hydrogen peroxide (H,0O,) molecules are produced when h*
oxidize water molecules. In the last two decades, the use of
photosensitizer materials in PDT was largely applied to cancer
therapy (Dougherty et al., 1998; Dolmans et al., 2003; Dos Santos
et al., 2019), but there are some limitations, as the limited tissue
penetration depth of UV light used to excite the photosensitizer,
that confine the application of PDT to treat superficial tumors
(Dabrowski, 2017).

Ultrasound (US) is another external stimulus investigated
to activate the production of ROS and sonodynamic therapy
(SDT) is recently emerged as an alternative to PDT due to the
higher penetration depth of ultrasound with respect to UV light
(McHale et al., 2016). Additionally, under ultrasound excitation,
cavitation bubbles are generated and their violent oscillation
and collapse let them act as nano-chemical reactors, leading to
the formation of ROS in water media. The compounds that
promote ROS formation, chemically reacting or introducing a
larger amount of bubbles, are named sonosensitizers (Yasuda
et al., 2015). Most of the sonosensitizers, such as porphyrins,
are characterized by an easy aggregation in physiological
environment due to their hydrophobic nature, decreasing
the therapy effectiveness, by an intrinsic toxicity and by
minor selectivity to cancer tissue (Canavese et al.,, 2018). The
effectiveness of SDT 1is related to the ability of efficiently
generating ROS, without major drawbacks related to the nature
of the implied sonosensitizer material.

A similar and most conventional technique, using
photosensitizers to produce ROS is the PDT. In this treatment
UV light at a specific wavelength excites the photosensitizer
molecules to obtain different species of ROS and subsequent
cancer cell death. PDT has been employed with promising
results for the treatment of bladder, esophagus, skin, and others
cancers, and is at the stage of clinical evaluation (van Straten
et al., 2017). A possibility, is to combine the use of ZnO with
UV in a novel PDT approach: ZnO nanoparticles have been
actually employed as carrier of a photosensitizer and other
chemotherapeutics (Zhang et al., 2011; Firdous, 2018) or directly
as photosensitizer, as we reported recently (Ancona et al., 2018),
generating superoxide, hydrogen peroxide, and hydroxyl radicals
and decreasing HeLa cells viability upon irradiation. However,
the main limitation of PDT is the poor tissue penetration of
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light, in particular the UV, that limits PDT for the treatment
of superficial tumors, as melanomas. In order to overcome this
drawback, a possible solution could be “tune” ZnO absorption
near visible light (with increased tissue penetration rate),
enveloping ZnO nanoparticles into other metals or doping them
in various manners (Hu et al., 2013).

In this study, Zinc Oxide nanocrystals with a functionalized
surface of aminopropyl groups (ZnO-NH,; NCs) have been
proved able to produce ROS in a controlled manner, when
stimulated by US generated by an already approved medical
device (LipoZero G39).

Nanosized ZnO is a metal oxide well-known for its safety
in biomedical fields (Racca et al, 2018). In this work, we
demonstrated that our customized ZnO-NH, NCs specific
monocrystalline structure, size, shape, and functionalization,
are able to generate a tunable quantity of ROS according
to the intensity od administered US. More in details, the
ultrasound is generated through the use of a safe medical
device able to generate cavitation phenomena in human tissues.
Several parameters like US output power, frequency, duty cycle,
sonication time, as well as ZnO-NH, NCs concentration in water
media, were systematically examined. To push our study forward
up to a possible in vivo application, it has also been verified that
a larger amount of controllably cavitation and ROS generation
occur also when tissue mimicking materials have been employed.

All the presented results are thus preliminary data which can
potentially bring to the safe and reproducible use of nanocrystals-
assisted ultrasounds for in vivo application, going from either
tissue engineering proliferative effects to anticancer therapies
application, thanks to the high control achieved on the amount
of generated ROS.

MATERIALS AND METHODS

Zn0O-NH> NCs Synthesis and

Functionalization
ZnO nanoparticles were synthesized through a microwave-
assisted synthesis, as previously reported (Garino et al., 2019a).
The reaction path is based on the hydrolysis of the zinc precursors
(zinc acetate dihydrate) due to the presence of sodium hydroxide
as the base in methanol. The as-synthesized ZnO were then
functionalized with amino-propyl groups with a post-grafting
approach using 3-(AminoPropyl)-TriEthoxySilane (APTES) at
10 mol% with respect to the molar amount of ZnO, as in
Dumontel et al. (2017) and Garino et al. (2019a).

The obtained nanostructures are amine-functionalized zinc
oxide nanocrystals (ZnO-NH; NCs) stable colloidal suspensions
in ethanol.

Zn0O-NH> NCs Characterization

The morphological characterization of ZnO-NH,; NCs was
performed by both Field Emission Scanning Electron
Microscopy (FESEM, Carl Zeiss Merlin) and Transmission
Electron Microscopy (TEM, FEI Tecnai operating at 200 kV) by
spotting a diluted ethanolic solution of the samples (100 jLg/ml)
on a silicon wafer for FESEM or on copper grid with 300 carbon
mesh for TEM, respectively. The particles size and Z-potential

value of ZnO-NH; NCs in water suspension was determined by
the Dynamic Light Scattering (DLS) technique (Zetasizer Nano
7590, Malvern).

The crystalline structure of ZnO-NH, NCs was analyzed by X-
Ray Diffraction (XRD) with a Panalytical X’'Pert diffractometer in
Bragg Brentano configuration (Cu-Ka radiation, % = 1.54 A, 40
kV, and 30 mA).

Evaluation of ROS Production
Ultrasound excitation was carried out with LipoZero G39
(GLOBUS) and the evaluation of ROS production was provided
by Electron Paramagnetic Resonance (EPR) Spectroscopy
(EMXNano X-Band spectrometer from Bruker) assisted by
a spin-trapping technique. The formation of hydroxyl and
superoxide anion radicals was actually detected in double
distilled water using as a spin trap the 5,5-dimethyl-L-pyrroline-
N-oxide (DMPO, Sigma) and each tested sample contained
DMPO 10mM. This compound is suitable for the study of
ROS generation due to its capability to trap both hydroxy and
superoxide anion radicals. After the ultrasound irradiation, the
sample was promptly transferred into a quartz microcapillary
tube and inserted in the EPR cavity. The spectra were recorded
with the following measurement conditions: center field 3428 G,
sweep time 160.0 s, sample g-factor 2.00000, number of scans 15.
After acquisition, the spectrum was processed using the Bruker
Xenon software (Bruker) for baseline correction. Analysis of
recorded spectra was executed using the Bruker SpinFit software.
To perform sonication, 1 ml of sample was placed in a 24
well plate (Thermo Scientific) which was positioned in contact
with LipoZero transducer through a thin layer of coupling gel
(Stosswellen Gel Bestelle, ELvation Medical GmbH). Formation
of hydroxyl and superoxide anion radicals was evaluated under
a large range of different conditions. Samples were tested for
three different sonication times (2, 5, and 10 min), five Duty
Cycle conditions (10, 20, 30, 40, and 50%), three distinct working
frequencies (150 KHz, 526 KHz, 1 MHz) and different output
powers of the LipoZero device (0.3, 0.6, 0.9, 1.2, and 1.5 W/cm?
corresponding to 10, 20, 30, 40, and 50% of the maximum output
power). In addition to these conditions, different concentrations
of amino-functionalized ZnO-NH, NCs were also tested (50, 100,
and 200 pg/ml) for oxygen radicals production. Temperature
inside the sample well was monitored by a temperature
Multilogger Thermometer 502A1 (TERSID S.r.l.).

Needle Cavitometer Measurements

The acoustic pressure reached inside the well with LipoZero G39
at different output powers (0.6, 0.9, 1.2, and 1.5 W/cm?) and the
acoustic cavitation activity in presence or absence of nanocrystals
was monitored by recording the broad band acoustic emissions
generated by collapsing bubbles by using a needle hydrophone
Dapco NP 10-3 coupled to a spectrum analyzer (Agilent N9320B)
and integrating the FFT area for a frequency range of 0.8-5.0
MHz. Analyses were performed at least on three spectra for
each experiment.
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B-Mode Ecographic Imaging

Ultrasound imaging was performed with a research ultrasonic
scanner (Ultrasonix Sonic Touch) equipped with linear probe
(L14-5/38) operating at 10 MHz in high resolution mode. It
was coupled with the sample holder using ultrasound coupling
gel and positioned along the axis of a single plastic well-filled
with 1 ml of solution. The imaging transducer was focalized to
the excitation transducer focus. Real-time videos of the system
response to ultrasound irradiation were recorded and videos
were analyzed using MATLAB script which calculated the relative
average intensity of the bright spots in the region of interest
(ROI) of each frame of the videos. Three videos were recorded
for each sample.

Tissue-Mimicking and Ultrasound

Irradiation

In order to evaluate the attenuation of ultrasound effects in
the presence of tissue mimicking media, different materials,
as phantom and ex vivo chicken-breast tissue, were interposed
between the transducer and the sample.

To conduct these tests, the ultrasound source was immersed in
a plexiglass tank filled up with demineralized water and a single
well, previously cut and polished from a 24 well plate (Thermo
Scientific), was placed at a distance of 1 cm from the transducer
surface and exposed to ultrasound, as shown in Figure 1.

Therefore, the measurements were performed using a tissue-
mimicking homogeneous phantom (based on 3% in weight
of agarose and 0.4M zinc acetate, Zn(CH3COOH);, with an
ultrasound attenuation of 0.5 dB/cm-MHz, which matches the
attenuation of muscle tissue as reported in Troia et al. (2017)
with a diameter of 40 mm and an ex vivo tissue (chicken breast);
both materials were characterized by a thickness of 1cm. As a
reference, the effects of ultrasound irradiation on the sample were
also evaluated considering only the water bath, where the system
is immersed, as medium between the piezoelectric transducer and
the sample well.

Ultrasound excitation was provided by LipoZero and
measurements were conducted with a frequency of 1 MHz,
50% of Duty Cycle, and a power of 3 W/cm? for 20 min.
During each experiment the acoustic signal generated inside
the well was recorded using a focused piezo-detector (Precision
Acoustic) as a cavitometer, coupled to the Booster Amplifier
(Precision Acoustic) and connected to a digital oscilloscope
(TDS 2012B, Tektronix). To store the data, LabVIEW software
was used and 100 ps were recorded every 2s if the signal
measured by the oscilloscope was higher than 0.001V. Data
were successively analyzed with MATLAB software. The time-
domain signal was transformed in the frequency-domain by
Fourier Transform and the cavitation dose was quantified with
MATLAB by calculating the area subtended by the curve. The
area measurements considered only values from a frequency
of 2.5-12 MHz, in order to eliminate the initial 1 MHz
driving signal.

At the end of sonication, EPR spectroscopy assisted by a spin-
trapping technique was performed as previously described. In
this set of tests, EPR measurement conditions were as follows:

center field 3428 G, sweep time 60.0 s, sample g-factor 2.00000,
number of scans 15.

To evaluate the increase of ROS production in presence of
ZnO-NHy, two conditions were tested for each tissue-mimicking
material and, as a reference, for water: milliQ water with 20 mM
content of DMPO and milliQ water with 20 mM content of
DMPO and a concentration of NCs equal to 200 pg/ml.

SigmaPlot 14.0 software was used for all statistical analyses.
Data are expressed as the mean =+ standard error mean (S.E.M.).
Asterisks denoting P-values (*p < 0.05 and **p < 0.001) and
sample sizes are indicated in each figure legend.

DISCUSSION

As evidenced by FESEM and TEM analysis (Figures 2A,B),
the ZnO-NH, nanomaterials can be ascribed to single
nanocrystalline structures, with an average diameter of 20
4 5nm, see also Garino et al. (2019a) for comparison. Amine-
functionalized ZnO nanocrystals have an average hydrodynamic
diameter of 122nm in their original ethanolic suspension and
also in water (Figure 2C) and a Z-Potential value of +22mV
in double distilled water. The XRD pattern in Figure 2D shows
the typical hexagonal wurtzitic crystalline structure of zinc
oxide materials, confirming also what previously reported so far
(Garino et al., 2019a,b).

The EPR spectroscopy was used to evaluate the enhancement
of ROS production when ZnO-NH, NCs are present in water
(with a concentration of 200 pg/ml) and according to different
US power. The results are shown in Figure 3. Samples were
irradiated with US for 10 min, at a frequency of 1 MHz and the
ultrasound stimulation was pulsed, with a Duty Cycle of 10%,
Pulse Repetition Frequency 1 Hz. The concentration of DMPO-
OH was then evaluated since it is directly correlated to the
ROS production, in particular to the hydroxyl and superoxide
anions production.

The measured acoustic pressures reached inside the well at
the various output powers (0.6, 0.9, 1.2, and 1.5 W/cm?) were
between 1 and 1.5 MPa, justifying the occurrence of the inertial
cavitation inside the sample well, justifying the occurrence of the
inertial cavitation inside the sample well. Actually, when a lower
output power was used, i.e., 0.3 W/cm? (corresponding to 10%
of the maximum output US power), also the threshold for ROS
generation was not reached, meaning that inertial cavitation did
not occur in the sample during the US irradiation. Otherwise,
with 0.6 W/cm? (corresponding to the 20% of the maximum
output power), a small amount of hydroxyl and superoxide
anions were detected, and even if the amount of DMPO-OH was
greater in presence of ZnO-NH; NCs (red bar) with respect to
pure water (black bar), it can be noted that the 20% of power
was not enough to obtain a statistical difference between samples.
A different scenario is depicted when 0.9 and 1.2 W/cm? were
utilized. In both cases a significant difference (both with p <
0.001) between the amount of ROS produced in pure water and
the one obtained in the presence of ZnO-NH; NCs is clearly
observed. The results achieved with these conditions indicate the
efficacy of our ZnO-NH; NCs to act as an ultrasound responding
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FIGURE 2 | (A) FESEM and (B) TEM images of the ZnO-NH, NCs used in this study; (C) average hydrodynamic diameter in ethanolic solution by DLS and (D) XRD

nano-agent. It is interesting to observe that the power doses
of 0.9 and 1.2 W/cm?, corresponding to the 30 and 40% of
the maximum power output of the Lipozero Transducer, were
too low to generate high amount of ROS when the sonicated
sample in the well was the pure water. Strikingly, both these
low intensities ultrasound conditions are enough to elicit an
activation of the ZnO-NH; NCs, widely increasing the amount
of ROS produced.

The last US power tested for the sonication was 1.5 W/cm?
(corresponding to the 50% of the maximum output power): the

delivered intensity of US was sufficiently high to activate the
inertial cavitation in the water alone, leading to a large amount
of ROS produced, comparable with the one obtained in presence
of ZnO-NH; NCs.

From the results in Figure 3, it is assessed that 0.9 W/cm?
(30% of US power) is the optimal condition to have ZnO-
NH, NCs working as ultrasound responsive nano-agent: the
significant difference (p < 0.001) in ROS production suggests
that, at that power, the US irradiation was not enough intense to
cause a large production of hydroxyl and superoxide anions in the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

97

November 2019 | Volume 7 | Article 374


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Vighetto et al.

Nanocrystal-Assisted Ultrasound Generates ROS

1x10°
s " @ o
.5 sx10{ [Jll ZnO-NH, . =
& “m
= -6
g 6x10 o
g o
=
S 4x10-6

%106
=n)
<
é 2x10-6-
Q 0 \- T T T
0.6 0.9 12 1.5
US power (W/cm?)

FIGURE 3 | DMPO-OH concentration (M) to evaluate ROS production after
10min of US irradiation according to different US powers, in presence of
ZnO-NHz NCs (200 pg/ml). All measurements were conducted in triplicate with
10% DC, 1 MHz frequency, using the LipoZero transducer. 1-way ANOVA was
performed to determine statistical significance (o < 0.05 and **p < 0.001).

water, but it was sufficiently high to initiate the acoustic cavitation
in the sample containing ZnO-NH, NCs due to the presence
of nanobubbles the NCs surface, which act as nuclei for inertial
cavitation and consequently leads to a larger ROS production.

To support these results, other parameters such as ZnO-NH,
NCs concentration in water, time of US treatment, frequency of
the US were tested to ensure the efficacy of the ZnO-NH, NCs, as
reported in Figure 4.

To assess the optimal concentration of ZnO-NH; NCs,
50, 100, and 200 ug/ml of NCs were examined (Figure 4A),
suggesting that the highest concentration tested, as used in
all the other experiments, is the optimal one. Three different
treatment times were thus evaluated, 2, 5, and 10 min, keeping
fixed all the other parameters (0.9 W/cm? of power, 10% of
DC, and 1 MHz of excitation frequency and 200 pug/ml of
ZnO-NH, NCs in water). The insonation time of 10 min was
confirmed to be the best treatment time condition to enhance
the ultrasound responsive nano-agent capabilities of ZnO-NH,
NCs with respect to pure water. In Figure 4C, three excitation
frequency were also screened: 150 KHz, 526 KHz, and 1 MHz
at different US output powers, with 10% DC and 200 jg/ml as
NCs concentration. With the lowest frequency, a large amount
of power (50% with respect to the maximum output) was needed
to obtain a detectable signal with EPR instrument and DMPO
spin adducts. The frequency of 1 MHz, which is the most
used frequency for biomedical applications, is here confirmed to
enhance the production of ROS in the presence of the ZnO-NH,
NC under ultrasound excitation.

An hypothesis for the explanation of ROS generation
capabilities of ZnO-NH; NCs is related to the NC surface:
the high surface-to-volume ratio of ZnO-NH, NCs, showing
a large surface area of 60 m?/g [as measured by Nitrogen
Sorption isotherm elsewhere (Lops et al., 2019)] and the surface
functionalization of amino-propyl groups are both capable to
immobilize and promote the inertial cavitation of tiny gas

nanobubbles under such US power conditions. As inertial
cavitation is produced, ROS are generated: the EPR technique
detected OH- radicals, which are one of the most reactive and
potentially dangerous species of ROS.

To evaluate the role of acoustic cavitation on the generation
of ROS by the ultrasound exposure of ZnO-NH; NCs passive
cavitation detection (PCD) technique was used. Figure 5 shows
the frequency spectra of the acoustic signals obtained at different
ultrasound intensities with and without ZnO-NH, NCs in
solution. At low ultrasound intensities, only harmonics and sub-
harmonics signals are present: since these signals are recorded
for both water and NCs samples, they are probably due to
oscillation of large gas bubbles trapped in the plastic wells
of the sample holder. At increasing ultrasound intensities
(above 1.2 W/cm?), acoustic broadband noise typical of inertial
cavitation was recorded for the water solution. When ZnO-
NH;, NCs were added to the solution, broadband noise signal
was recorded at lower ultrasound intensities, suggesting that our
NCs acted as nucleation site inducing inertial cavitation, thus
decreasing the cavitation threshold. Since it has been shown
both theoretically and experimentally that collapsing cavitating
bubbles can generate sufficiently high temperatures and pressures
able to induce generation of ROS in aqueous solution (The
Acoustic Bubble, Leighton), PCD and EPR experiments together
suggest that ZnO-NH, NCs generate ROS by inducing inertial
cavitation upon ultrasound exposure.

In order to further study the generation of inertial cavitation
by ZnO-NH, NCs, ultrasound B-mode imaging was used.
Figure 6A shows the ecographic images obtained for water and
ZnO-NH; NCs containing solutions exposed to 40% intensity
ultrasound. Cavitating bubble generated by ZnO-NH; NCs led
to bright spots in the solution, while in the absence of NCs
the ecographic signal did not increase. Figure 6B shows the
quantification of ecographic contrast obtained during the pulsed
ultrasound exposure (170s), as previously described in the
Material and Methods section. ZnO-NH; NCs generated higher
ecographic contrast over all the sonication period compared with
the water containing solution. Together these results further
confirm the ability of ZnO-NH, NCs in inducing inertial
cavitation under pulsed ultrasound exposure.

ROS exert a multitude of biological effects (Lau et al,
2008; Racca et al., 2018), which also comprehend the creation
of molecular damages inside cells, leading to antitumoral
application (de Sa Junior et al., 2017).

In order to evaluate the future applicability of ZnO-NH, NCs
in the biomedical field, in particular to subcutaneous in vivo
applications, the generation of ROS, and the effects of our NCs
as ultrasound responsive nano-agent was tested in Phosphate
Buffered Saline (PBS) solution, cell culture medium [Minimum
Essential Medium Eagle (SIGMA) completed with 10% of Fetal
Bovine Serum (FBS, SIGMA) and 1% of Penicillin-Streptomycin]
and finally when different tissue mimicking materials were
interposed during the insonation between the LipoZero US
transducer and the sample well.

The ROS evaluation in PBS and cell culture media are
reported in the Supporting Information and confirm the ability
of our ZnO-NH, nanocrystals to enhance inertial cavitation
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FIGURE 5 | Frequency spectra recorded by needle cavitometer in order to evaluate cavitation of water and ZnO-NH, NCs water suspensions. The comparison
between the two solutions was carried out at 1 MHz, 100% of DC, 10 min of insonation with 0.3, 0.6, 0.9, 1.2, and 1.5 W/cm?, which correspond to 10, 20, 30, 40,
and 50% of maximum available US power.

and consequently ROS production also in biological media, thus =~ were performed for 20min, with a frequency of 1 MHz,

leading to applications in vitro. 50% of Duty Cycle, and 100% of US power available from
The evaluation of the cavitation and ROS generation related ~ LipoZero transducer.
to the interposition of tissue-mimicking materials between the Figure 7A exhibits the results of cavitometer measurements

ultrasound source and the samples are shown in Figure?7.  during 20 min of insonation, which are the average area under
Different materials were tested, and for all of them the amount of  the Fourier Transform (FT) of each measured signal over time.
cavitation of water and water with the synergistic effect of ZnO-  These data correlate with the amount of occurred cavitation,
NH; NCs (200 pg/ml) were evaluated. All the measurements and the S.E.M. is reported. It can be appreciated that, when

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 99 November 2019 | Volume 7 | Article 374


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Vighetto et al.

Nanocrystal-Assisted Ultrasound Generates ROS

A B
Water
5
<
ZnO-NH,
(200pg/ml)

US power was applied at 10% of DC, 1 MHz, and 170s.

FIGURE 6 | (A) B-mode ecographic imaging of the corresponding (B) scattering signal related to bubble cavitation events obtained when 50% of maximum available

—— Water
—— ZnO-NH,

45

401

35 I

30

254

T T 1
100 150 200

Time (s)

A

Ly

=

5 1.5x10° =

< 11,0

E 1.0x105- Bl 7rO-NH,
4_|

ﬁ 5.0<104 [

> _ —r

5 2.0x10%

g

5 1.5x10%

[

s 1.0x10%

e i

I

g 00 ; ——

E water phantom chicken breast

software.

FIGURE 7 | (A) Average area under Fourier Transform, calculated with MATLAB, of signals recorded in time by cavitometer during ultrasound irradiation. One-way
ANOVA was performed to determine statistical significance ("p < 0.05 and **p < 0.001). (B) Area under the EPR spectrum curve measured with Bruker SpinFit

B
0.25+ |:| H,0
— Il 7nO-NH,
~ 020+
] ’_‘
s’
= L
D
2 004r
E 0.03
0.02
0.01+
0.00 T —
water phantom chicken breast

the ultrasound propagation medium was water, the amount of
cavitation detected by the cavitometer was higher than the one
measured when tissue mimicking materials were interposed. This
effect can be explained considering the attenuation of power
perceived inside the sample well. When the phantom and the ex
vivo tissue are used, the real amount of US energy inside the well
is lower, and the measured broadband noise, which correlates
to cavitation, reflects this reduction. Nevertheless, a significant
increase of cavitation is noticeable when ZnO-NH, NCs are
present, not only when water is the transmission medium, but
also when ex vivo tissue is interposed as the propagation medium.
Even if there is not a significant difference in the presence of
phantom, an increase of 4% in the generated cavitation can still
be noticed when ZnO-NH, NCs are used.

At the end of 20 min of insonation, the amount of hydroxyl
and superoxide anion radicals produced were evaluated for

all the different conditions using a spin-trapping technique
involving DMPO.

Figure 7B shows areas under the EPR spectrum curve,
corresponding to the integrated intensity of the radical species
and reflecting the concentration of DMPO-OH, index of ROS
generation. As similarly reported in Figure 7A, the results in
Figure 7B demonstrate that a larger amount ROS were produced
when the irradiation medium is distilled water, with respect to
phantom and ex vivo tissue, The results obtained lead to the
conclusion that we successfully generated ROS in a controlled
manner even in presence of two different tissue-mimicking
materials. The data open the possibility to apply this technology
in vivo for subcutaneous ROS generation using an already
approved medical device.

Despite the general difference between the attenuating media,
in all the cases a largest amount of ROS was detected in presence
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of ZnO-NH, NCs, suggesting that our nanocrystals enhance
the production of free radicals under ultrasound stimulation.
This phenomenon is proved here also when tissue mimicking
materials were interposed between the stimulation source and the
sample, suggesting the possibility of in vivo applications.

CONCLUSION

We report in this paper the ability of ZnO-NH; nanocrystals in
inducing inertial cavitation under pulsed ultrasound exposure.
In details, it is assessed that 0.9 W/cm? (30% of US power)
is the optimal condition to have ZnO-NH; NCs working as
ultrasound responsive nano-agent and showing the significant
large production of ROS, specifically of hydroxyl and superoxide
anions in the water. We proposed, as mechanism of ROS
generation, that this US conditions are sufficient to initiate
the acoustic cavitation of tiny gas nanobubbles trapped at the
ZnO-NH, NCs surface. This inertial cavitation consequently
leads to a large ROS production. Strikingly in the same
insonating condition, lower cavitation and consequently largely
lower amount of ROS are generated from the pure water
control sample.

Ultrasound B-mode imaging was also used to confirm the
generation of inertial cavitation by ZnO-NH; NCs. An enhanced
ecographic signal generation was detected when ZnO-NH; NCs
solutions were exposed to 40% intensity ultrasound with respect
to pure water.

To evaluate the future applicability of ZnO-NH; NCs in
the biomedical field, the generation of ROS and the effects
of NCs as ultrasound responsive nano-agent agent were tested
when different tissue mimicking materials were interposed
during the insonation between the US transducer and the
sample well. A significant increase of cavitation is noticeable
when ZnO-NH, NCs are present, with respect to pure water,
when phantoms and, in a larger amount, ex vivo tissue are
interposed as the propagation medium. These measurements,
together with the increased and controlled ROS production also
in biological media as PBS and cell culture media (EMEM),
suggest the future applicability of this technology to the in
vivo setting.

All together these results proof the enhanced effects and
controllability of ROS generation by ZnO-NH, NPs assisted
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Background: Radiation therapy (RT) of hepatocellular carcinoma (HCC) is limited by
low tolerance of the liver to radiation, whereas radiosensitizers are effective in reducing
the required radiation dose. Multimodality gadolinium-based nanoparticles (AGulX) are
small and have enhanced permeability and retention effects; thus, they are very suitable
for radiation sensitizer HCC RT. Here, we evaluated the potential value of AGulX for
theranostic MRI-radiosensitization in HCC.

Methods: The radiosensitization effects of AGulX were evaluated via in vitro and
in vivo experiments. Tumor growth, apoptosis imaging, and immunohistochemistry were
performed to verify the antitumor effects of RT with AGulX.

Results: /n vitro evaluation of the efficacy of radiosensitivity of the AGulX demonstrated
that the presence of AGulX significantly decreased HepG2 cell survival when combined
with an X-ray beam. In vivo MRI imaging showed the ratio of tumor/liver concentration
of the AGuIX was the highest 1 h after intravenous injection. For antitumor effects, we
found that the tumor size decreased by RT-only and RT with AGulX. The antitumor
effects were more effective with high-dose AGulX-mediated RT. Apoptosis imaging and
immunohistochemistry both demonstrated that the degree of the cell apoptosis was
highest with a high dose of AGulX-mediated RT.

Conclusions: This study provides compelling data that AGulX can facilitate theranostic
MRI-radiosensitization in HCC.

Keywords: nanoparticles, AGulX, hepatocellular carcinoma, MRI, theranostic, radiosensitization

INTRODUCTION

Hepatocellular carcinoma (HCC), the most common liver cancer in the world, only 20-25%
can be cured by surgery alone (Torre et al., 2015). Most HCC patients require comprehensive
multidisciplinary treatment because they are in advanced or first diagnosed as terminal stage (Lope
et al., 2012; Waller et al., 2015). Radiotherapy (RT) based on highly penetrating MeV photons
(X-rays and y-rays) is non-invasive and useful for inoperable tumors. HCC itself is a radiotherapy-
sensitive tumor, and thus, radiotherapy plays an important role in comprehensive HCC treatment
(Poon, 2011). However, radiotherapy suffers from poor tumor specificity. Photons can damage all
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tissues, leading to serious side effects on the normal liver
tissue surrounding the tumor. These patients often have a
background of cirrhosis, making them susceptible to lower doses
of radiation than normal liver. The incidence of radiotherapy
complications rises with increasing radiation dose in which
radiation-induced liver disease (RILD) is a serious threat to
patients’ lives (Kalogeridi et al., 2015). Therefore, simultaneous
enhancing the selectivity of tumor tissues and the bioavailability
of radiation are the focus of future cancer radiotherapy.

Radiosensitizers can accumulate in the tumor tissue to
increase the sensitivity of tumor cell to radiation, making tumor
cells more likely to be killed by lower doses of radiation
(Kwatra et al., 2013). Many drugs have been developed as HCC
radiosensitizers, and the development of nanoparticles (NPs)
is one important step (Kunz-Schughart et al, 2017). The use
of NPs with the characteristic of preferential aggregation in
tumors (even passively absorbed due to enhanced permeability
and retention effects, EPR) can lead to local treatment of
solid tumors (Rancoule et al., 2016). Furthermore, it has
been proposed that NPs with high Z atoms are promising
radiosensitizers because they may exert strong radiosensitizing
effects on tumors when they are used in combination with
several types of radiation of different energies (Liu et al., 2018).
Gold NPs have a radiosensitizing effect on HCC (Zheng et al.,
2013; Maniglio et al., 2018). However, radiotherapy in the liver
region also damages normal tissues because normal liver tissue
also has a high uptake of gold NPs (Balasubramanian et al.,
2010). Therefore, to increase the target ratio, PEG-coated gold
NPs were designed for HCC treatment. PEG-coated gold NPs
increase the histocompatibility of gold NPs and prolong the
circulation time in vivo. When galactose is coupled to gold
NPs, it can recognize the asialoglycoprotein receptor (ASGPR)
on the HCC, which improves its ability to bind to HCC and
increase radiosensitization (Zhu et al., 2015). However, normal
hepatocytes can also express ASGPR, and there is still a risk
of RILD. Therefore, new nano-radiosensitizers are needed for
HCCRT.

In 2013, Mignot et al. constructed a new type of
multifunctional gadolinium nanoparticle, AGuIX, which is
small (about 5nm in diameter) and can be quickly excreted
by the kidneys (Mignot et al,, 2013). Due to the EPR effect,
the liver background of AGuIX is much lower than that of
AGuIX in most tumor tissues (Kamaly et al., 2012). With
a high number of gadolinium atoms (atomic number 64),
these nanoparticles can be used for enhanced magnetic
resonance imaging (MRI), as well as a radiosensitization
(Sancey et al., 2014).

In addition to the Compton effects and the photoelectric
effect, the interaction between gadolinium atoms and X-rays
also produces an Auger effect. The excited low-energy Auger
electrons locally aggregate. There are more aggregation effects
with more gadolinium atoms (Butterworth et al., 2012; Coulter
et al., 2013). In addition, these materials have good biosafety
and biocompatibility at conventional therapeutic concentrations
(Morlieras et al., 2013; Bianchi et al., 2014; Bouziotis et al., 2017).
Thus, AGulX are NP radiosensitizers for integrated diagnosis and
treatment of HCC.

Our previous research confirmed AGulIX uptake in the HepG2
cells and defined their biodistribution and pharmacokinetics
in HepG2 tumor-bearing nude mice. This also indicated that
the AGuIX accumulates in the HepG2 xenografts (Hu et al,
2017). Here, we evaluated the radiosensitization effect of AGuIX
on HepG2 cells in vitro and performed MRI-guided RT using
AGulX radiosensitizer. We also conducted apoptosis Micro-
SPECT/CT imaging to explore the radiosensitizing effect of
AGuIX on HepG2 xenograft in vivo.

MATERIALS AND METHODS
AGulX Nanoparticles

Gadolinium nanoparticles (AGuIX) were purchased from Nano-
H (Lyon, France). The nanoparticles were spherical, dehydrated
and sub-5nm in diameter. Via built-in DOTA chelators the
gadolinium atoms were attached to a polysiloxane shell in AGuIX
nanoparticles. Rehydrated in sterile, Diethyl pyrocarbonate
(DEPC)-treated water (Invitrogen, USA), AGulX nanoparticles
were stored at 4°C according to the manufacturer’s instructions.

Cell Culture

The human HCC cell line, HepG2, was obtained from the
Chinese Type Culture Collection (Chinese Academy of Sciences,
Shanghai, China). HepG2 cells were cultured (37°C, 5% CO3) in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with
100 IU/ml penicillin-streptomycin and 10% fetal bovine serum.

Cell Irradiation With y-Rays

HepG2 cells incubated in medium were first divided into four
groups, and then irradiated at intensity from 1 to 6 Gy. Four
different combinations were studied: A. Irradiation without
AGuIX. B. AGuIX (0.5nM) was added in the media just before
the irradiation. This combination was called +IR/-incubation. C.
Incubated cells with the AGuIX (0.5nM) for 1h and the media
was changed just before the irradiation. This combination was
called +IR/+washing. D. Incubated cells were with the AGuIX
(0.5nM) for 1 h and then irradiated. This combination was called
+IR/- washing. The X-ray source (X-RAD 320, Precision X-
Ray, North Branford, CT, USA) was used for irradiation. It was
operated at 300 kV and 8 mA with a 2-mm Alfilter at a dose rate
of 2.0 Gy/min.

Quantification of AGulX-Mediated Cell
Radiosensitization Effects via a

Clonogenic Assay

The cells were washed with PBS, trypsinized, and counted after
irradiation. The irradiated cells were incubated at 300 cells
per plate and grow for 10 days in 10cm dishes. They were
stained with 10% ethanol dye solution and 1% crystal violet.
The clones in plates were counted, and measurements were
done in triplicate. Linear-quadratic (LQ) model was used for cell
survival curves fitting. The radiation doses reducing cells survival
rate to 37% (D1%) on radiation survival curve divided by that
on corresponding curves of radiation with AGulX was called
sensitizing enhancement ratio (SER).
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Animal Models

The protocol for animal research was approved by the medical
ethics committee of Zhongshan Hospital, Fudan University.
This study followed the relevant guidelines and regulations
of Fudan University. Six-week-old male BALB/c athymic
nude mice weighing between 16 and 18g were obtained
from Slac Biotechnology (Shanghai, China). The mice were
subcutaneously injected with HepG2 cells (5 x 10°/100 ) in the
right flank.

In vivo MRI

To observe the distribution of nanoparticles in vivo and
choose appropriate time for radiotherapy, three groups of
nude mice-bearing HepG2 tumors with AGuIX (10 mg/200
pl nanoparticles injected into the tail vein) were chosen

for MRI imaging. MRI scans were performed at four time
points: before injection of nanoparticles, 1h post injection
(pi), 3h pi, and 6h pi. The MRI was a 7T scanner
(BioSpec 70/20 USR, Bruker Biospin MRI GmbH, Germany).
We estimated the AGulIX’s concentration in the tumor based
on the signal of contrast-enhanced T1-weighted images (TR
= 650ms, TE = 700ms, NA = 1, slice thickness = 0.7 mm,
reconstruction voxel size = 256 x 256 x 700 pum, FOV = 3 x
4.25 cm). According to the formula [Gd3too1/ST (1) —1/ST (tg)]
where ST!(ty) is the signal strength before NPs injection and
STL(t) is the signal strength at a determined time after NPs
injection, the Gd*™’s concentration was estimated based on
the relaxation determined by the signal strength of contrast-
enhanced T1 images (Lux et al, 2011; Detappe et al,
2017).
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FIGURE 1 | Radiation dose enhancement studies. Clonogenic assays of HepG2 tumor cells post-AGuIX incubation (1 h). Ctrl is the control group with no AGuIX
incubation. IN (-) is AGuIX not incubated, W (+) represents AGulX incubation and washed, W (-) is AGulX incubation without washing. Linear quadratic models were

3 4 o 6

TABLE 1 | Clonogenic assays.

Ctrl IN (9 W (+) W (-)
Dose (Gy) Survival SE Survival SE Survival SE Survival SE
0 1 1.00E-03 1 0.02 1 0.003 1 0.005
1 0.80907 0.07355 0.67502 0.055 0.57162 0.04764 0.57011 0.06335
2 0.39495 0.05247 0.32314 0.04475 0.29336 0.03154 0.24099 0.02591
4 0.12829 0.04616 0.06544 0.02993 0.04904 0.01908 0.03238 0.0196
6 0.02995 0.01357 0.00957 0.00353 0.00458 0.00144 0.0034 0.00166

Clonogenic assays of HepG2 tumor cells post-AGulX incubation (1 h) after RT in Ctrl, IN (=), W (+) and W (=) groups.
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Radiotherapy in vivo

To verify radiosensitization effect in vivo, Twenty four mice
bearing subcutaneous right flank tumors were divided into four
groups (n = 6). The diameter of the tumors were 4-6 mm.
The mice in the control group and solely radio therapy group
were injected with 0.5 mL of normal saline through the tail vein
once a day for 2 days. The mice in the other two group were
injected with 1 mg and 10mg of AGuIX in 0.5mL of normal
saline through the tail vein, respectively. The tumor bearing mice
received 6 Gy radiotherapy just 1 h after the intravenous injection
on consecutive 2 days. All the mice were irradiated using an X-
ray source (X-RAD 320, Precision X-Ray, North Branford, CT,
USA) operating at 300 kV and 8 mA with a 2-mm Al filter at a
dose rate of 2.0 Gy/min with a 2 x 2 cm radiation field to cover
the tumor. Other parts of the body were covered with 5 mm lead
shield. Tumor growth was measured over the following days.

Micro-SPECT/CT Apoptosis Imaging

Twelve HepG2 tumor bearing mice were randomly divided
into four groups (n = 3) and injected with **™Tc-duramycin
(37 MBgq/2 pg/mouse) through the tail vein. Two hours
after injection, mice were anesthetized using inhalation of
2% isoflurane. Then they were scanned in a simultaneous
micro-single-photon emission computed tomography/computed
tomography (SPECT/CT) scanner (Bioscan, Washington DC,

TABLE 2 | Dose enhancement effect.

Ctrl IN () W (+) W)
DO 1.44 1.14 0.99 0.95
SER 1.26 1.45 1.52

Dose enhancement effects in terms of SER for HepG2 cells incubated with 0.5 mM AGulX
in three groups. The sensitizing enhancement ratio (SER) was determined as the radliation
dose reducing the survival to 37% (DO) for the radiation-only survival curve divided by that
on corresponding curves of AGulX plus radiation. SER = DO (radiation-only group)/DO
(AGuIX plus radiation groups).

USA). The SPECT/CT imaging parameters were as follow:
SPECT: energy peak, 140 keV; scanning time, 35 s/projection;
window width, 10%; resolution, 1 mm/pixel; and matrix, 256 x
256. CT: tube current, 0.15mA; tube voltage, 45 keV; exposure
time, 500 ms/frame, and frame resolution, 256 x 512. The
HiSPECT algorithm was used for imaging reconstruction.

InVivoScope software (Version 1.43, Bioscan, Washington
DC, USA) was used for imaging post-processing. Two 3D region
of interest (ROI) were drawn in the region of the tumor and
similar region on the contralateral muscle as background ROI.
The concentration of radioactivity of each ROI (WCi/mm?)
was determined using this software. The tumor-to-background
ratio (T/B) was regarded to express tumor signal intensity with
reducing inter-mice variations.

Immunohistochemistry

Mice were sacrificed after apoptosis imaging. Tumors were
harvested from the above four groups. The harvested tumors
were immersed in 4% paraformaldehyde buffered solution for
24 h. Then dehydrated and embedded in paraffin. The tumor was
sectioned serially to 4 mm for TUNEL staining with a TUNEL
Apoptosis Assay kit (Roche Diagnostics, Indianapolis, IN, USA)
following the manufacturer’s protocol. The immunostaining was
evaluated by determining the histochemistry score (H-SCORE).
H-SCORE =  (PI x I) = (percentage of cells of weak intensity
x 1) + (percentage of cells of moderate intensity x 2) +
(percentage of cells of strong intensity x 3) (Azim et al.,, 2015;
Yeo et al., 2015).

Statistics

The cell growth curve was analyzed by OriginPro 8.0. Statistical
analysis of image data and the tumor diameter used the Student’s
t test for comparisons between two groups by SPSS. In all
cases, data were presented as mean £ SD (standard deviation).
Statistical significance (*) was set at P < 0.05.

Th

Baseline

tail vein.

FIGURE 2 | In vivo MRI. In vivo MRI of the HepG2 tumor (white arrow)-bearing mice before AGulX injection (baseline), 1, 3, and 6 h after AGulX injection through the

3h é6h
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RESULTS

Radiosensitizing Effect Exerted by
Irradiated AGulX in vitro

Significant radiosensitization effect was observed in all
clonogenic assays (Figure1). The cell cloning rates of the
1-6 Gy experimental groups were lower than that of the
control group (P < 0.05). This shows that AGuIX has
radiosensitization effects on each experimental group. The
results of the dose enhancement studies are summarized in
Tables 1, 2. The +IR/-washing group showed the strongest
radiosensitization followed by the +IR/+washing group, and
finally the +IR/-incubation group. The SER values were 1.26,
1.45, and 1.52 for the cells treated with the +IR/- incubation
(IN-), the +IR/+washing (W+), and the +IR/- washing
(W-), respectively.

MR signal intensity of Gd°>*

2.5m )
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FIGURE 3 | Ratio of the MR signal intensity of Gd®* in the tumor and liver. The
T1-weighted MR images were acquired before and 1, 3, and 6 h after
intravenous injection of 1 ml of AGuIX NPs ([Gd®*] = 100 mM) over three mice
(1), (2), and (3). The ratios of the MR signal intensity of Gd®* in the regions of

tumor and liver were calculated.
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FIGURE 4 | In vivo evaluation of the efficacy of radiosensitivity of AGulX in
mice-bearing HepG2 tumors. Tumor growth curves following the different
treatment groups including the control group with saline solution (Ctrl), single
RT without AGUIX [AGUIX(-)], RT with AgulX (1 mg), (AgulX (1 mg), and RT with
AgulX (1 mg) AgulX (10 mg). Each group has 6 mice. The asterisk indicates
statistical significance (p < 0.05).

MRI Imaging of Tumors in vivo

AGulIXs were injected into the mice through the tail vein,
and T1-weighted images were scanned at 1, 3, and 6h
(Figure 2). After injection of the AGulX, we found that
the tumor region (white arrow) became brighter than the
background tissue and even the liver as seen by coronal scanning
(Figure 2). With longer time, both the signal intensity of the
tumor and the liver decreased gradually. The concentration
of Gd3t in the regions of interest (tumor, liver, muscle) was
calculated according to the formula [Gd3to01/8TL(1)-1/8T (t9)]
(Figure 3). The Gd*' concentration ratio of tumor/liver
1h after intravenous injection is the highest among 1, 3,
and 6 h.

Radiosensitization Assessment in vivo

The curve of tumor growth showed that the tumors size
increased rapidly in the control group during the whole period of
investigation and enlarging nearly 3.2-fold in 17 days (Figure 4).
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FIGURE 5 | ®°™Tc-duramycin SPECT/CT images of the mice in control group
and therapy groups before (upper row) and after (below row) radiation. (A) First
panel is the control group with no therapy, %°™Tc-duramycin SPECT/CT
images and 3 days after ™ Tc-duramycin SPECT/CT images again. In the rest
of the panel, ®*™Tc-duramycin SPECT/CT images were compared in each
panel 1 day before and 1 day after irradiation, and the three panels showed
the images of mice injected by tail vein injection of normal saline 1 mg of AgulX
(third panel) and 10 mg of AGulX (fourth panel), respectively (n = 3). The same
color scale was applied to each of the images. (B) The tumor-to-background
ratio (T/B) was used to express tumor signal intensity. Independent-sample ¢
test was used for statistics. The asterisk indicates statistical significance

(P < 0.05).
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In the group treated with radiotherapy alone and with AGuIX
(1 mg), the tumor diameter decreased by two with a 6 Gy dose
per fraction; however, it showed no statistical difference in
tumor diameter throughout the period of investigation. During
this process, the tumor diameter in AGuIX (-) group and
AGuIX (1 mg) group decreased by ~40 and 44%, respectively.
In contrast, AGuIX (10mg) combined with the radiation
group showed that the tumors size shranked by 83%. Versus
radiotherapy alone, the introduction of the AGuIX caused a
significant dose enhancement effect that inhibited the growth of
the tumors.

Apoptosis Imaging and

Immunohistochemistry

The radioactivity of the tumor increased progressively in the
group of RT with AGuIX (10 mg) after therapy. The tumor-to-
background ratio (T/B) was 0.83 + 0.39, 1.37 &+ 0.31, 1.10 &+
0.62, and 3.87 £ 0.96 in the Control group, RT group, RT +
AGuIX (1 mg) group, RT 4+ AGuIX (10 mg) groups, respectively
(n = 3, mean £ SD). The T/B of the RT + AGulIX (10 mg) was
the highest among four groups and showed statistical differences
vs. the other three groups (Figure 5). The results of H-SCORE
and TUNEL staining of tumor tissues among the 4 groups were
consistent with apoptosis imaging; the score of RT + AGuIX
(10 mg) was also high. There was a statistical difference between
the RT 4+ AGuIX (10 mg) group and the control group (Figure 6).

DISCUSSIONS

AGulIX nanoparticles have been proven the capability of
increasing the tumor cells’ sensitivity to radiation therapy in a
number of tumor cells (including radiation-resistant cell lines)
in vitro. The SERs were observed from 1.1 to 2.5 (Sancey
et al., 2014). Besides, AGuIX NPs, the first nanoparticles based
on multifunctional silica with a hydrodynamic diameter under
5nm, are sufficiently small to escape hepatic clearance and allow
animal imaging by four complementary techniques (SPECT,
fluorescence imaging, MRI and CT) (Lux et al.,, 2011). Thus,
AGuIX has potential to be developed into theranostic MRI-
radiosensitization for HCC (Kamaly et al., 2012; Lux et al., 2015).

In order to study the radiosensitization effect of AGuIX
on HCC RT, we next irradiated HepG2 cells. Our previous
research showed that AGuIX can be taken up into the HepG2
cytoplasm and has a good dispersion shape in HepG2 cells,
indicating that AGuIX was stable in the cells (Hu et al.,, 2017).
The obtained of radiation dose enhancement studies in HepG2
cells (Figure 1) are similar to that by Porcel et al. in pancreatic
cancer cells (Detappe et al., 2015). Irradiated AGuIX groups
presented a stronger inhibition of cell clonogenic rates than the
control group.

Radiosensitization was also observed in the groups with
AGuIX regardless of whether AGulX is incubated with cells
for 1h in our study. The mechanism of action of radiotherapy,
in addition to the direct killing effect of the incident radiation
beam, there may be other factors contributing as well. McMahon
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FIGURE 6 | Pathology and immunohistochemistry of tumor tissues. (A) Microscopic images of TUNEL (x200) staining of tumor tissues obtained from HepG2-bearing
mice with no therapy were used as control. In TUNEL staining, apoptotic cells are stained brown. (B) Data analysis using the H-SCORE of TUNEL staining of tumor
tissues to compare the four groups. Independent-sample t test was used for statistics. The asterisk indicates statistical significance (P < 0.05).
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et al. demonstrated Auger electrons can create a local effect
and affect nanoparticles clustering, which is the main cause of
the formation of reaction oxygen species (ROS) such as OH®,
H,0;, or HOCI (McMahon et al., 2011). Also, a biological and
chemical effect should be explored to account for the measured
radiosensitization as well. Some of these ROS, with high chemical
stabilities and a long-range action (few mm), may increase the
cell death whether the nanoparticles are in the intercellular space
or in cytoplasm. Therefore, the results of the study in vitro
hinted that AGuIX whether in tumor intercellularly or in tumor
intracellularly can both have the radiosensitization effect in vivo.

To evaluate the radiosensitization effect of AGuIX in vivo,
we intravenously injected AGuIX into the HepG2 xenograft
mice. For HCC, when the radiosensitizer concentration ratio
of tumor/liver was the highest, it is the most suitable time
point for RT to maximize therapeutic effect and minimize side
effects to normal hepatic tissue. According to this hypothesis,
we performed MRI on these mouse models and selected 1h
p-i. mice as the therapeutic time point for RT. The MRI data
suggested that the signal intensity and contrast of the tumor
lesion was significantly enhanced after 1 h AGuIX post injected.
Therefore, MRI could be used for guiding the radiation process
by monitoring and assisting tumor localization in real time.

The tumor growth curve in Figure4 showed that the
introduction of the AGuIX during the radiation process result
in a markedly dose increasing effect compared to radiotherapy
alone, thereby inhibiting the growth of solid tumors. Tumor cell
apoptosis after radiotherapy is the basis of cell death (Garcia-
Barros et al., 2003; Neshastehriz et al., 2018), and apoptosis
imaging in vivo can achieve early detection of tumor post-
radiation response, as well as accurate prediction of radiotherapy
efficacy (Verheij, 2008). The **™Tc-duramycin is a relatively
mature apoptosis imaging agent and has been used in apoptotic
imaging of various tumors (Johnson et al., 2013; Audi et al,
2015; Elvas et al., 2016). Therefore, *™Tc-duramycin Micro-
SPECT/CT imaging was performed to access the antitumor
effects of imaging-guided RT with AGuIX. Combined with
the apoptosis immunohistochemistry, both results demonstrated
that the group of AGuIX-mediated RT showed the highest degree
of cell apoptosis. These concurred with the tumor growth data.
Thus, apoptosis imaging, pathology and tumor growth data
suggest that the EPR-dependent accumulation of AGuIX within
tumors can enhance the efficacy of radiation therapy.
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Blood disorder diseases (BDDs), also known as hematologic, is one of the diseases
owing to hematopoietic system disorder. Chemotherapy, bone marrow transplantation,
and stem cells therapy have been used to treat BDDs. However, the cure rates are
still low due to the availability of the right type of bone marrow and the likelihood of
recurrence and infection. With the rapid development of nanotechnology in the field of
biomedicine, artificial blood or blood substitute has shown promising features for the
emergency treatment of BDDs. Herein, we surveyed recent advances in the development
of artificial blood components: gas carrier components (erythrocyte substitutes),
immune response components (white blood cell substitutes), and hemostasis-responsive
components (platelet substitutes). Platelet-inspired nanomedicines for cancer treatment
were also discussed. The challenges and prospects of these treatment options in future
nanomedicine development are discussed.

Keywords: nanomedicine, blood disorder diseases, artificial blood components, treatment, emergency blood
supply

INTRODUCTION

Blood disorder diseases (BDDs), also known as hematologic, is one of the diseases owing to
hematopoietic system disorder. BDDs can be broadly classified into three categories, red blood
cell disease, white blood cell disease, and platelet disease. Among BDDs, iron deficiency anemia,
leukemia, hemophilia, and malignant lymphoma are most widely known. Taking leukemia as an
example, the early stage is extremely difficult to cure, resulting in high mortality rate. In 1948,
Farber et al. realized a temporary remissions in acute leukemia, providing a promising direction for
leukemia treatment (Farber and Diamond, 1948).

Researchers discovered that chemotherapy may be an effective means of treating BDDs with
the high risk of causality due to immune system damage. The similar challenge exists in the bone
marrow transplant treatment, which transplants normal human hematopoietic stem cells into the
patient and rebuilds the patient’s immune and hematopoietic system. A matching donor is rare to
find, and the treatment cost is not affordable. Hematopoietic stem cells are rich in cord blood (CB),
which could be considered as a bone marrow substitute. CB cells can be used for infusion therapy in
special situations, because it allows a certain degree of leukocyte antigen mismatch. Patient survival
rate could be improved by umbilical cord blood transplantation, such as the injection of two units
of cord blood cells, or ex vitro expansion of cord blood cells (Pelosi et al., 2012). To date, this
technology has been used for BDDs treatment, but some patients died of bacterial infection due to
the insufficient doses (Maeda et al., 2005).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org m

November 2019 | Volume 7 | Article 369


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2019.00369
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2019.00369&domain=pdf&date_stamp=2019-11-28
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:maqiang@caiq.org.cn
https://doi.org/10.3389/fbioe.2019.00369
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00369/full
http://loop.frontiersin.org/people/805408/overview
http://loop.frontiersin.org/people/138166/overview
http://loop.frontiersin.org/people/724397/overview

Zhang et al.

Nanomedicines Treatment for Blood Disorder

A great variety of methods for BDDs treatment have been
developed in recent years. For example, as for severe thalassemia
treatment, deferoxamine, or deferiprone is often used as a
chelating agent to bind unstable iron to eliminate a series of
effects from excessive iron content (Maggio, 2007). It was found
that rituximab, an anti-CD20 monoclonal antibody, specifically
depletes B cells, and reduces their damage to blood proteins or
cells (Barcellini and Zanella, 2011). In addition, the modification
or deletion of the telomere gene was found beneficial for the
treatment of hematological diseases resulting from random or
malignant transformation of hematopoietic function due to
telomere shortening (Allegra et al., 2017). Genetic engineering
has been attracted increasing attention for BDDs treatment.
Townes et al. derived embryonic stem cells and then performed
homologous recombination in vitro to change the pathogenic
gene of sickle-shaped anemia, replacing the normal gene copy
BBPA with the disease-causing gene BPPS (Townes, 2008). The
diseased mice returned to normal and produced high levels of
human hemoglobin. Osborn et al. efficiently induced double-
stranded DNA breaks by the clustered regularly interspaced
short palindromic repeats/associated protein 9 (CRISPR/Cas9)
method, specifically editing clinically relevant T cell receptor
alpha constant (TRAC) gene targets that are highly correlated
with leukemia (Osborn et al., 2016). Compared with patients with
non-hematologic malignancies, hematological malignancies,
such as chronic lymphocytic leukemia, acute lymphoblastic
leukemia, and non-Hodgkin’s lymphoma, chimeric antigen
receptors T cells (CAR T), had shown higher overall response rate
and complete response rate.

Nanomedicine is a new branch of medicine that applies
nanotechnology to  traditional medical development.
Nanomedicine focuses on designing a specific combination
of nanomaterial (e.g., nanoparticle, nanocarrier, and nano-
vesicle) and small molecules to conceive a biocompatible
carrier for delivering drugs to cancer sites effectively (Wicki
et al., 2015). The effective component could be a polypeptide,
a protein, a nucleotide, or a small molecule drug. Compared
with traditional medicines, nanomedicine appears to be able
to avoid the body’s defense mechanisms, reduce the clearance
rate, prevent tissue damage through regulated drug release,
and improve the pharmacokinetics and biodistribution of
the drug. The nanoscale component to build a nanomedicine
include: polymer nanoparticles (NPs), liposomes, metal NPs,
carbon nanotubes, and molecularly targeted NPs. For instance,
polymer nanoparticles are often composed of hydrophobic
core and hydrophilic shell, on which specific targeting moieties
were coated. Quintana et al. attached folic acid, methotrexate
and fluorescein to polyamidoamine dendrimer, and the
targeted delivery improved the cytotoxic response of the cells
to methotrexate 100-fold over free drug (Quintana et al,
2002). In addition to conventional intravenous and oral
medications, lung infection disease was treated by inhalation
of NPs as an adjuvant therapy (Blum et al, 2014; Jurek
et al., 2014). Marrache et al. used a targeted high-density
lipoprotein (HDL)-mimicking NP with contrast agents to
detect vulnerable plaque and initiate preventative therapy for
atherosclerosis (Marrache and Dhar, 2013).

By 2016, 14 nano-drugs for clinical treatment was approved
by U.S. Food and Drug Administration (FDA). In addition, FDA
approves 18 nanomedicines for cancer chemotherapy in clinical
trials, 19 nanopharmaceutical formulations for being developed
and clinically tested, and 15 antibacterial nano-formulations
for being developed (Caster et al., 2017). The development of
common clinical nano-formulations appear to reduce toxicity
rather than improve efficacy (Caster et al., 2017). The cytotoxicity
and the stability in complex biological environments are still
under debate and limit the progresses of nano-drug development
(Lim et al., 2016). On December 21, 2018, FDA approved the first
treatment for rare BDDs by granting Elzonris (tagraxofusp-erzs)
infusion for the treatment of blastic plasmacytoid dendritic cell
neoplasm (BPDCN) in adults and in pediatric patients (2 years
or above) (FDA, 2018). Tagraxofusp-erzs is a cytotoxin that a
protein is comprised of human IL-3 and truncated diphtheria
toxin (DT), and it targets cells that express CD123, the alpha
chain of the IL-3 receptor, which is overexpressed in BPDCN
(Jen et al., 2019). The drug is preferentially accepted by CD123-
overexpressed cells and initiates irreversible protein synthesis to
cause cell death.

Despite of the excitement of the emerging of above-mentioned
nanomedicines, direct blood transfusion of whole blood is
preferred, if available, to efficiently treat BDDs. However, the
storage of whole blood is challenging, due to short shelf life and
the risk of infection by pathogenic bacteria (Hess, 2006; Greening
et al., 2010). Most of the whole blood in the blood bank are
donated by volunteers. At the beginning of the twentieth century,
private blood sales led to the ravage of Human Immunodeficiency
Virus (HIV) and Hepatitis B Virus (HBV) as a result of the
lack of general health knowledge and safety awareness, especially
in some economically backward developing countries. Taking
China as an example, with the development of the country’s
economy, the need of blood donation, according to the National
Health Service of China, has become desperately larger, but the
public awareness of blood donation still falls behind. The blood
banks’ inventory became in shortage. Whole blood transfusion
is often used for the patients after major surgeries or with
BDDs, such as acute anemia. Therefore, the synthesis of blood
substitutes as a supplement to the natural blood bank has become
an urgent need.

Herein, we demonstrate recent advances in artificial blood
components: gas carrier components (erythrocyte substitutes),
immune response components (white blood cell substitutes),
and hemostasis-responsive components (platelet substitutes).
Moreover, the development of platelet-inspired nanomedicines
was discussed. The challenges and prospects of these treatment
options in future development are discussed.

NANOMEDICINES FOR THE
GAS-CARRIER COMPONENT

Hemoglobin-Based Red Blood Cells
Substitutes

The three key components of human blood are red blood
cells (RBCs), white blood cells (WBCs), and platelets. The
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main function of RBCs is to serve as a gas carrier component
for transporting oxygen and carbon dioxide. As discussed,
RBC substitutes may be an alternative solution for emergency
blood transfusion for BDDs treatment. The advantages of RBC
substitutes include: (a) no surface antigens; (b) more convenient
to store than natural blood; and (c) function as effectively
as hemoglobin.

More than three decades ago, researchers extracted RBCs
from expiring human or animal blood samples, broke the
cells and centrifuged, and collected cell-free hemoglobin (Kothe
et al,, 1985), which was considered as an early version of RBC
substitute. This hemoglobin solution showed the capacity of
expanding oxygen delivery (Kaplan and Murthy, 1975), whereas
the short effective time led to hypoxia-induced poisoning of liver,
kidney, brain, and other organs (Friedman et al., 1978, 1979;
White et al., 1986).

Chemical crosslinking of hemoglobin monomers was reported
to eliminate the adverse effects of hemoglobin. For example,
Biro et al. tested the effects of whole blood, unmodified stroma-
free hemoglobin solution (SFHS), and partially cross-linked
hemoglobin solution on coronary vessels in anesthetized open-
chest dogs (Biro et al., 1988). The results showed that unmodified
SFHS significantly caused vasoconstriction compared with whole
blood perfusion. Blood vessels do not shrink when SFHS is
subjected to pyridyloxylation (partial crosslinking). Infusion of
adenosine in the coronary artery did not improve this condition.
The results indicate that unmodified hemoglobin preparations
cause coronary artery contraction in dogs and have an effect
on their normal blood circulation (Biro et al., 1988). When the
RBC lysate is covalently linked by adenosine triphosphate (ATP)
or pyridoxal phosphate and purified by agarose nucleophilic
chromatography, it can cause vasoconstriction of the coronary
artery. This may be caused by the covalent modification, or that
nucleophilic chromatography removes membrane phospholipids
and denatured protein aggregates (Vogel et al., 1987; Lang et al.,
1990).

Diaspirin cross-linked hemoglobin (DCLHDb) is a modified
hemoglobin that the two a helix units were crosslinked while
the molecule maintains a tetramer conformation (the structure is
shown in Table 1). DCLHD had shown a strong oxygen carrying
capacity. DCLHb was in the treatment of severe traumatic
hemorrhagic shock: a randomized controlled efficacy trial. Early
experiments showed that DCLHb was well-tolerated and had
shown no obvious functional disorders or toxicity (Przybelski
et al, 1999). However, Sloan et al. found that the input of
DCLHD resulted in an increase in patient mortality compared
to the control group (Sloan et al, 1999). A more in-depth
study found that it was well-tolerated at low doses (50-200
mg/kg) (Bloomfield et al., 1996; Przybelski et al., 1996), whereas
some side effects, such as yellowing skin, hemoglobinuria, and
jaundice, were observed at high doses (680-1,500 mg/kg). Taken
together, DCLHb could be an alternative blood supply for
patients with rare blood types or for emergency usage during the
shortage of blood bank inventory (Reppucci et al., 1997; Schubert
et al., 2002, 2003).

Polymerized hemoglobin (PolyHeme, the structure is shown
in Table 1) appeared to be a safer oxygen-carrying resuscitation

fluid than DCLHb. It is a hemoglobin polymer complex
formed by crosslinking adjacent o subunit and p subunit. In
1998, PolyHeme was first applied in trauma and emergency
surgery, showing good tolerance and safety (Gould et al,
1998). Subsequent experiments showed that total hemoglobin
level could be maintained by infusion of PolyHeme alone,
thereby increasing the survival rate of patients with RBCs in
critical situations (Gould et al., 2002). In addition to PolyHeme,
researchers found that bovine aggregated hemoglobin (HBOC-
201) was found to be able to keep up the hemoglobin level (Levy
et al., 2002). In their work, a randomized, double-blind trial of
HBOC-201 for patients undergoing heart surgery was conducted.
After blood transfusion with HBOC-201, one third of patients
survived without additional supply of RBCs. This indicates that
HBOC-201 transfusion might be an alternative treatment for
patients with moderate to severe anemia after cardiac surgery.
Studies had shown that HBOC-201 is an effective oxygen carrier
for most patients (Dong et al., 2006; Mackenzie et al., 2010);
however, high vasoactivity-related adverse effects were found in
the seniors with partial orthopedic surgery (Freilich et al., 2009).
Instead of cross-linking modification of hemoglobin, poly
(ethylene glycol) (PEG) modified hemoglobin had attracted
increasing attentions. For example, Nho et al. experimented
with PEG-bovine hemoglobin in a low blood volume-bleeding
shock model in dogs. The results showed that PEG-bHb has a
longer half-life in blood vessels and no significant adverse effects
compared to native hemoglobin (Nho et al., 1992). Bjorkholm
et al. found that in a single-blind clinical trial of 12 volunteers
they did not show any adverse symptoms at a dose of 50 mg/kg.
When the dosage was increased to 100 mg/kg, the levels of
amylase and lipase were slightly higher than normal (Bjorkholm
et al, 2005). Hemospan is a PEG-modified human hemoglobin
product developed by Sangart Inc and is also a widely used
clinical preparation of RBCs substitutes. Eight PEG molecules
were attached to the specific sites on o globulin and 8 globulin
(Vandegriff et al., 2008), as depicted in Table 1. The purpose
of this design is to prolong the retention time in blood vessel
by increasing molecular weight, to increase the oxygen affinity,
and to prevent it from early unloading (Vandegriff and Winslow,
2009). Olofsson et al. conducted a safety study in old patients
undergoing selective hip arthroplasty and found that Hemospan
is well-tolerated. No high frequency of adverse events from
infusion to 24h were observed along with a slight increase in
liver enzymes and lipase (Olofsson et al., 2006). In a more recent
study, Cooper et al. reported an PEGlated Hb engineered with
tyrosine residues (Cooper et al., 2019), and it showed an increased
vascular half time compared to wild type PEGlated Hb. The
tyrosine residues were believed to enhance the reducibility of Hb
and decrease adverse side effects, such as autooxidation.
Hemoglobin molecules were encapsulated in liposome
particles (see Tablel1), and the surface of the particles
was attached with PEG-conjugated phosphatidylethanolamine
(Sakai et al., 1997). Such HbV-PEG were found to be less
prone to flocculation than unmodified hemoglobin vesicles.
Animal experiments demonstrated that in comparison with
the control group greater blood flow and faster gas exchange
rates were observed for the group that had a 90% exchange
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TABLE 1 | Nanomedicines for the gas-carrier component.

Components

Structure information

Applications References

Crosslinking between two a subunits
within a hemoglobin molecule

Hemorrhagic shock Reppucci et al., 1997; Przybelski
et al., 1999; Sloan et al., 1999;
Schubert et al., 2002, 2003

Crosslinking between adjacent Emergency trauma and surgery Gould et al., 1998; Levy et al., 2002;

hemoglobin « and B subunits Postoperative blood transfusion Freilich et al., 2009

modified by PEG molecules Blood transfusion Nho et al., 1992; Bjorkholm et al.,
Hemorrhagic shock 2005; Olofsson et al., 2006;

Vandegriff et al., 2008

Nanostructure of outer PEG-modified
lipid membrane

Blood transfusion Sakai et al., 1997
Hemorrhagic shock

Perfluorocarbonated emulsions Acute shock of animals Yokoyama et al., 1975

based on perfluorodecalin and egg

yolk phospholipids

Fluosol-DA. Consists of Increase patient oxygen delivery Tremper et al., 1980, 1982; Suyama

perfluorodecalin,
perfluorotripropylamine, hydroxyethyl
starch and Krebs-Ringer bicarbonate

et al., 1981; Gould et al., 1986;
Spence et al., 1994

Perfluoro (2-n-butyltetrahydrofuran)

Provide oxygen for measuring nerve Sanders and Schick, 1978
parts

(Continued)
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TABLE 1 | Continued

Components Structure information

Applications References

Perfluorotributylamine

Blood exchange Motta et al., 1981

P P F F F Dodecafluoropentane
et 1 JF SR BT
WMERB
F F F F F

Woods et al., 2013; Borrelli et al.,
2014; Moon-Massat et al., 2014;
Strom et al., 2014; Culp et al., 2015

Hemorrhagic shock
Anemia
Protection of the brain and heart

FFFFFFEFEF
F Br
F FFFF F FF

Perfluorooctane bromide

The modified hemoglobin is
embedded in the liposome bilayer

Aucxiliary exchange gas Pranikoff et al., 1996

Oxygen transport Hasegawa et al., 1982; Tsuchida

etal., 1984, 1988

transfusion with HbV-PEG/albumin (Sakai et al., 1997). Other
Hb encapsulation protocols include polymersomes, hydrogels, or
porous microparticles (Baudin-Creuza et al., 2008; Piras et al.,
2008; Jia et al., 2016).

Devineau et al. reported a new strategy to form Hb-based
oxygen carriers by directly adsorbing Hb onto the surface of
silica NPs (Devineau et al., 2018). The authors claimed that the
tetrameric structure of Hb was retained for carrying oxygen and
the Hb-silica NPs complex has the potential to prevent the release
of free Hb, which may lead to acute renal toxicity.

In summary, the development of nanomedicine for the
application of Hb-based oxygen carriers should meet the
four requirements (Benitez Cardenas et al, 2017): efficient
oxygen delivery, low rates of NO scavenging, resistance to
oxidative degradation, and high production yields. Chemical
modification (such as cross-linking) and nano-carrier assistance
are two main approaches to develop Hb-based nanomedicines
for carrying oxygen. Prior to clinical trials, the latter requires
more characterizations on structure and stability and more
efforts to ensure the Hb-loading rates (Jansman and Hosta-
Rigau, 2018). While site-specific mutations of Hb molecules
had been engineered to enhance oxygen affinity, the intact
Hb molecules that maintain the tetrameric structure were
adopted and integrated into artificial nanostructures, either being
attached onto nanocarrier’s surface or encapsulated inside the
nanocarrier. PEGlation provide a better bio-compatibility and
enhance retention time. On one hand, molecular engineering
would design protective pockets or formations to prevent

oxidative molecules from penetrating the Hb, which leads to
the degradation of Hb. On the other hand, adding antioxidation
residues, such as tyrosine, into the mutated Hb molecule could
lower the chance of autooxidation of Hb.

Non-hemoglobin-Based Red Blood Cells

Substitutes

Perfluorocarbon-Based Blood Substitutes
Perfluorocarbons (PFCs) emulsions are the first hemoglobin-
free RBC substitutes discovered by scientists. PFCs were
found to have oxygen and deoxygenation functions. Perfluoro
compounds are saturated fluorocarbon molecules that have
strong oxygen affinity. In early clinical practice, PFCs emulsions
were administered intravenously directly or via a carrier and then
left in the liver. However, some PFCs molecules hardly remain in
the liver and are rapidly excreted through the breath and skin.
Unlike hemoglobin-dependent RBC substitutes, PFCs solutions
are white and are therefore referred as white blood.

In 1975, Yokoyama et al. first prepared a low-toxicity
perfluorodecalin emulsion (the structure is shown in Table 1),
which eliminated the disadvantage of the previous perfluoro
compound that it accumulates in the body due to poor
metabolism (Yokoyama et al., 1975). Subsequently, Naito et al.
(Naito and Yokoyama, 1978) prepared a mixed emulsion,
namely Fluosol-DA emulsion (the structure is shown in
Table 1), containing perfluorodecalin, perfluorotripropylamine,
hydroxyethyl starch, and Krebs-Ringer bicarbonate solution. It
showed a significantly increase of the amount of oxygen delivered

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2019 | Volume 7 | Article 369


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Nanomedicines Treatment for Blood Disorder

to the patient. Although it was prone to accumulate in the
liver and spleen, it could be cleared by the lungs for a certain
period of time (Tremper et al., 1980, 1982; Suyama et al., 1981;
Spence et al., 1994). Fluosol-DA showed a high oxygen-carrying
capacity, but its effectiveness appeared to be insufficient in certain
critical situations, such as anemia patients with moderate and
severe blood loss (Gould et al., 1986). Because of low durability
and stability in the blood vessel as well as the complexity of
configuration and use, continuing development of Fluosol-DA
was hindered (Riess, 1992). Oxygent, i.e., perfluorooctyl bromide,
is the second generation of PFCs emulsions and had been with
a wide range of applications. Oxygent has more outstanding
advantages than Fluosol-DA. First, it has a stronger oxygen
carrying capacity. Second, it is more convenient to prepare and
use without mixing different components. Third, it has a longer
shelf life, i.e., it can be stored for more than 1 year at 5-8°C
(Riess, 1992).

Keipert et al. investigated the feasibility of applying Oxygent
as a blood substitute during surgery for patients under
consciousness and anesthesia (Keipert, 1995). The results showed
that in the state of continuous blood loss, the low level of Oxygent
was able to ensure oxygen delivery, along with two side effects
at high concentrations: body temperature rises (by 1-1.5°C in
4-6h) and platelet count reducing. The results suggested that
Oxygent could be used as a blood substitute for the patient of
low-blood loss surgery. In addition to being an oxygen carrier,
PECs were found to selectively increase the radiation sensitivity
of tumors, which could be beneficial for an adjuvant treatment
of cancer (Teicher et al., 1992; Keipert, 1995). However, flu-like
side effects were documented (Lane, 1995). In 1978, Sanders
et al. synthesized a new PFCs compound, FC 75 (the structure
is as shown in Table 1). Through potential measurement and
program-induced hypoxia, FC-75 supplied oxygen to the nerves
at the treatment site (Sanders and Schick, 1978). Motta et al.
prepared an emulsion contains 20% perfluorotributylamine (see
Table 1 for chemical structure) in 1981 for blood replacement
in rabbits (Motta et al, 1981). Rabbit vital signs showed
normal within 24h of transfusion, and tissue analysis results
indicated that it could act as a good oxygen carrier, despite of
low toxicity.

Dodecafluoropentane (DDFPe, see Table1l for chemical
structure) is a special oxygen carrier with high oxygen affinity
and transport capacity. It showed obvious protective effects on
oxygen-dependent organs, such as brain and heart (Woods et al.,
2013; Strom et al., 2014). Therefore, it has been developed
for the treatment of brain damage and hemorrhagic shock
(Moon-Massat et al., 2014). Intravascular fluorocarbon-stabilized
microbubbles were reported to protect against fatal anemia in
rats, since the oxygen carried in the microbubble was supplied
for the brain functions for a certain period of time (Culp et al.,
2015). As a carrier, DDFPe carries oxygen but also small molecule
drugs at the same time. For example, thrombolytic drug tPA in
a rabbit model of ischemic stroke or ischemic stroke (Nishioka
et al., 1997; Borrelli et al., 2014). After targeted binding to blood
clots suspended in the flow chamber, ultrasound was used to
release oxygen or drugs. DDFPe mainly accumulates in the brain,
but most of them can be removed within 2h (Arthur et al,

2017). In a more recent study, Bonanno et al. investigated the
efficacy of the DDFPe as an adjunct to prehospital resuscitation
(Bonanno et al., 2018). The authors found that adding DDFPe
into fresh frozen platelet does not improve survival or enhance
tissue oxygenation.

The study of pulmonary mechanics in ventilator-assisted PFCs
treatment in animals were conducted. In 1991, Fuhrman BP et al.
used a conventional ventilator to add a normal residual volume of
PFCs solution (30 ml/kg) to the piglet trachea. It was found that
PFCs were able to directly participate in normal gas exchange in
the lungs and did not cause significant adverse effects on piglets
(Fuhrman et al,, 1991). Experiments in lambs with respiratory
distress syndrome have also demonstrated the feasibility of this
approach. When using conventional ventilators, PFCs promoted
the release of oxygen and carbon dioxide, thereby increasing
blood oxygen levels in lambs (Leach et al., 1993).

In the treatment of respiratory failure in rabbits caused by
saline lung lavage, the incidence and mortality rates were higher
when treated with positive respiratory mechanical ventilation
than that with a series of perfluoroether aeration treatments
(Tutuncu et al, 1993). It had been found that adequate
lung gas exchange could be maintained for hours at lower
airway pressures. In 1996, Gauger et al. first conducted a PFC
preliminary trial of children with acute respiratory distress
syndrome (Gauger et al., 1996). The tested patients were six
children extracorporeal life support (ECLS). After 2-9 days
of ECLS, PFCs were added into the trachea and perform
PFCs-filled lung gas ventilation (partial fluid ventilation). The
cumulative amount of PFCs was 45.2 £ 6.1 mL/kg (range 30—
72.5). The results showed that ECLS patients had a brief, normal
respiratory exchange in the presence of PFCs. This indicates
that PFCs can be safely used in the lungs of children with
severe respiratory failure. Likewise, Pranikoff et al. investigated
the biocompatibility of a perflubron (perfluorobromooctane)
via a safety test in neonates with congenital diaphragmatics
and severe respiratory failure (Pranikoff et al, 1996). PFCs
was reported to enhance partial pressure of oxygen in animals
with abnormal lungs (Hernan et al, 1994; Tutuncu et al,
1996). These studies have shown that PFCs can improve
lung function and reduce the cost of intensive care for
lung diseases.

PFC is a safe and mature oxygen carrier that can be directly
chemically synthesized and has been widely used in medical
treatment. As mentioned earlier, PFC molecules are generally
emulsified to form particles (in micro level) and to be used as
an oxygen carrier, and the emulsifier eventually decomposes in
the body. The oxygen transport of PFC particles was well-known
with a linear relationship between PaO, and oxygen content,
which contrasts with the sigmoidal oxygen dissociation of blood
(Alam et al., 2014). Two main advantages of PFC-based oxygen
transport to improve efficacy are: (a) PFC particles perfuse in
the microcirculation of capillaries where no RBCs may flow; and
(b) the oxygen carried by PFC particles is in dissolved state.
Inspired by the PFC-based oxygen transport, PFC-base NPs were
developed for multi-task nanomedicines, including bioimaging
contrast agents and drug delivery carriers for diagnosis and
treatment of diseases (Winter, 2014).
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Heme-Based Blood Cell Substitute

Heme is a cyclic molecule composed of four pyrrole subunits
surrounding a ferrous ion, which are most commonly recognized
as one of the key components of hemoglobin. In the early studies,
a ferrous porphyrin complex was embedded in a phospholipid
bilayer of liposome to synthesize a liposome-heme complex
(Tsuchida et al., 1988), as shown in Table 1. Tsuchida et al.
converted the synthetic protohemoglobin into an amphiphilic
heme molecule and encapsulated it in liposome. The liposome
composite has a particle size of <0.1 micron. Compared to
blood, the modified liposome heme has a faster oxygen reversible
binding rate, a higher oxygen solubilization volume, and better
stability. It also has smaller molecular weight than RBC. Artificial
lung device test results indicate that the synthesized liposome
heme can successfully deliver oxygen to muscle tissue (Tsuchida
et al., 1988). The liposome heme molecule reversibly binds
molecular oxygen in a neutral aqueous medium at 37°C.
The oxygen adduct has an oxygen binding affinity (p 1/2)
of about 50 mmHg and a half-life of half a day (Tsuchida
et al., 1984). In addition, the iron (II) “picket fence porphyrin”
complex with one hydrophobic imidazole is also incorporated
into phosphatidylcholine molecules (the component of the
phospholipid bilayer). Results have shown that The liposomal
iron(II) porphyrin complex can be reversible with serum in the
blood of rat at 25°C.

NANOMEDICINES FOR THE
IMMUNE-RESPONSIVE COMPONENT

In the blood, white blood cells (WBCs) are directly related to the
immune regulation. WBCs can be deployed to the invasion site of
the pathogenic microorganism, surrounded by phagocytosis, or
the surface antigen being presented, and the signal is transmitted
to the B cell or the T cell to exert the immune regulation function
of the human body. BBDs caused by imbalances in WBCs often
lead to the problems with immune response.

WBCs are a general term for a vast variety of immune
cells, which generally include granulocytes, monocytes and
lymphocytes. Among them, monocytes are precursors of
macrophages. Macrophages have two common phenotypes,
M1 (classically activated macrophage) and M2 (alternative
lyactivated macrophage). M1 releases killing substances or
pro-inflammatory factors from exogenous microorganisms or
tumor cells, which promotes Thl response. M1 has a distinct
feature of high expression of IL-12 and low expression of IL-
10. M2 repairs damaged tissues or releases anti-inflammatory
factors, promoting Th2 response and expressing high IL-10 and
low IL-12.

During the process of tumor growth, macrophages are
mostly converted to the M2 phenotype that promotes tumor
growth, and the nuclear factor-k-gene binding (NF-kB) signal
is down-regulated (Xiang et al., 2018). The patient’s immune
system is unable to effectively recognize antigenic substances
and initialize proinflammatory responses, thereby facilitating
the proliferation and metastasis of tumor cells. Studies have
shown that the differentiation of macrophages into the M2

phenotype may be caused by prostaglandin E2 (PGE 2) and
interleukin 6 (IL-6) produced by tumor cells (Heusinkveld et al.,
2011). However, tumor-induced M2 cells could be retransformed
into activated M1 cells by stimulation (Heusinkveld et al.,
2011). This provides a new idea for the treatment of tumors.
M2 type macrophages (e.g., tumor-associated macrophages,
TAM:s) have been reported to overexpress the mannose receptor
(Bhargava and Lee, 2012). Zhu et al. invented a nanoplatform
targeting TAMs (Zhu et al., 2013). The preparation process
and characterization results of the poly(lactic-co-glycolic acid)
(PLGA)-based NPs are shown in Figure 1. The biodegradable
PLGA NPs were modified with mannose (targeting TAM) and
PEG, as shown in Table 2. The results indicate that the NPs
can be taken up by normal macrophages and the TAMs via
being targeted by mannose and its receptor after exfoliating PEG
molecules under acidic microenvironment conditions (favorable
for tumor). The platform has the potential to carry and deliver
cancer drugs Doxorubicin (DOX) to treat triple-negative breast
cancer (TNBC) (Niu et al., 2016). The results showed that a
single intravenous injection of the NPs significantly reduced
the M2 macrophage population in the tumor within 2 days,
and the density of macrophages slowly recovered. It could be
more effective if multiple injection of NPs or pre-treatment with
zoledronic acid was carried out.

Besides mannose, the targeting moiety could be cholesterol
(Chen et al., 2013) or epidermal growth factor (EGF) (Zhang
etal., 2016). Chen et al. used poly (amidoamine) to graft different
percentages of cholesterol (rPAA-Ch) for siRNA delivery (Chen
et al, 2013). The structure of NPs is shown in Figure2
and Table 2. The results showed that the Poly(amidoamine)-
cholesterol polymer forms a stable nanocomposite that was taken
up by cells and had a strong in vivo inhibitory effect for tumor
growth. Zhang et al. simultaneously delivered DOX and B-
cell lymphoma-2-small interfering RNA(Bcl-2-siRNA) with an
EGF-modified NPs (as shown in Table 2) to investigate their
therapeutic effects on lung cancer (Zhang et al., 2016).

NANOMEDICINES FOR
HEMOSTASIS-RESPONSIVE COMPONENT

Platelets are the smallest cells in the blood and have no
nucleus, generated from megakaryocytes in the bone marrow.
Molecular mechanisms of platelet-mediated hemostasis include
primary and secondary hemostasis (Sen Gupta, 2017). During
the primary hemostasis, platelets bind rapidly to specific proteins
(e.g., von Willebrand Factor) and collagen at the bleeding site,
followed by inter-platelet crosslinking via fibrinogen, which is
recognized by the active GPIIb-IIIa on the surface of platelet
molecules; on the phosphoserine-rich surface of active platelets,
fibrin is formed and deposited in the process of coagulation
cascade. Taken together, such coagulation process includes
activation, adhesion and aggregation of platelets, as well as
deposition and maturation of fibrin. Poor coagulation can
cause thrombocytopenia, and hypercoagulability can lead to
thrombosis. In a bleeding complication case, natural platelets
or platelet-derived products are offered for transfusion. Such
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FIGURE 1 | Preparation (A) and characterization (B,C) of PLGA-based nanoparticles (NPs). Reproduced with permission from (Zhu et al., 2013).
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TABLE 2 | Nanomedicines for the immune-responsive component.

Structure Configuration Application References
= The composite NPs consisted of PIGA and the Targeting tumor-associated macrophages Zhu et al., 2013; Niu et al., 2016
? fluorescent group FITC, which was then Targeted drug delivery (DOX) to tumor sites for
modified with M-C+g and PEGylated under the the treatment of triple-negative breast cancer
\/ action of PHC
) Black spheres: nanoparticles; fold line: the
\\ ) modification; and yellow sphere: the

fluorescent group FITC

Polyamide-bonded NPs with a certain
proportion of cholesterol molecules for siRNA
delivery

Black spheres represent nanoparticles. The
black curve represents the cholesterol
modification on the nanoparticles. The green
helix is the siRNA carried by the nanoparticles

Targeting human breast cancer MCF-7 cell line
and inhibiting tumor growth

Chen et al., 2013

Carrying Dox and siRNA with synthetic PEAL
polymer, and finally modifying with EGF

Black spheres represent nanoparticles carrying
siRNA and DOX. The blue curve represents the
modification of the polyethylene glycol on

the nanoparticles

Targeting mouse lung cancer cells, allowing
cells to simultaneously take up siRNA and Dox,
inhibiting the proliferation of cancer cells and
the expression of Bcl-2 in tumor tissues

Zhang et al., 2016

products suffer from short shelf-life, contamination, risks of
infection/immunoreaction (unless prior serological testing was
conducted). Artificial platelet-like biomaterials attract increasing
attention to overcome such issues.

Platelet is of a micrometer size, loaded with thousands
of biocomponents. Herein, scientists focus on the “platelet-
inspired” nanomaterials that could function well as platelets
during the hemostasis process and simplify the configuration
of the nanomaterials. For instance, Jung et al. removed the
content inside the platelet and obtained a natural aggregated
platelet nanovesicles by using hypotonic ultrasound technology,
which were then mixed with calcium chloride, thrombin, and
membrane proteins to create a nano-aggregate (Jung et al., 2019)
(as shown in Table 3). The nano-aggregate exert a hemostatic
effect of platelets without causing an inflammatory reaction.

Recent developing trend would be from enhancing platelet
adhesion and hemostatic plug formation to harness more
platelet’s functions, such as clot contraction, and to build a

minimal system, i.e., artificial platelet (Majumder and Liu, 2017),
which will be able to perform some essential functions of natural
platelet, including vesicle encapsulation, attachment, fusion, and
protein production. Platelet-like particles (PLPs) that are coupled
to fibrin-binding antibodies had shown the capability to mimic
natural platelet functions to bind the wound site, stabilize clot
structure, and enhance clot formation (Brown et al., 2014).
Further improvements enabled a core-shell PLP to facilitate
temporal control over clot retraction (Sproul et al., 2018) and
mimic the antimicrobial action of platelets by integrating with
gold nanoparticles (Sproul et al., 2019), which may improve
healing outcomes after hemostasis. A synthetic liposomal platelet
surrogate, Syntho Plate, has shown bifunctional features, i.e.,
adhesion and aggregation, thanks to the integration of three
peptides: von Willebrand Factor-binding peptide, collagen-
binding peptide, and GPIIb-IIIa-binding fibrinogen-mimetic
peptide (Shukla et al., 2017). The Syntho Plate was applied to
animal testing after femoral artery injury, and the result showed
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FIGURE 2 | Nanostructured siRNA-coated and mediated gene silencing. The Poly(amidoamine)-cholesterol polymer forms a stable nanocomposite that was taken up
by cells and had a strong in vivo inhibitory effect for tumor growth. Reproduced with permission from Chen et al. (2013).

that blood loss was reduced, blood pressure was stabilized, and
survival rate was improved (Hickman et al., 2018).

On the other hand, thrombosis, an abnormal aggregation
of platelets, is highly likely to occur after surgery, such as
coronary arteries. Ward et al. perforated platelets with high-
pressure discharge, added ilocprost (drug) into the extra-
platelet membrane, and then closed the membrane pores in
a 37-degree warm bath for 40 min. Experiments in rabbits of
atherosclerosis have shown that modified platelets can reduce
platelet deposition by 64% in comparison with native platelets
(Ward et al, 1995). Recently, platelet-targeting peptides- or
small molecules-modified micelles/liposomes, shown in Table 3,
were reported to deliver thrombolytic drugs to prevent platelet
aggregation (Gupta et al., 2005; Yan et al, 2005; Modery

et al., 2011). Pan et al. developed a Amnexin V-conjugated
micelle that was synthesized with biodegradable polymer and
loaded with lumbrokinase for phosphatidylserine thrombolysis
(Pan et al., 2017). In vitro experiments have shown that such
micelles are much more efficient in thrombolysis than the
control group. In vivo experiments show that the micelles have
good capability of targeting and thrombolysis. A PEGylated
liposome, modified with a peptide of fibrinogen gamma chain
(CQQHHLGGAKQAGDYV) and loaded with thrombus-specific
tissue plasminogen activator (tPA), was developed by Absar
et al. (2013). In vitro and in vivo rat thrombolysis experiments
demonstrated that the nano-liposomal vector targets activated
platelets and rapidly releases tPA. Compared with natural tPA,
such tPA-liposome complex increased the thrombus solubility
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TABLE 3 | Nanomedicines for hemostatic-responsive component.

Main structure or

composition

Configuration

Application

References

Platelet-simulated NPs containing various ligands, small
molecules, proteins and liposomes

Radiation star when activated

Various colored particles indicate that the simulated
platelets contain multiple proteins and liposome small
molecules (e.g., Cell mitogens, Hemostatic components,
Adhesion molecules and antigens). A variety of ligands
and modifications are modified on the surface of the
nanoparticles (e.g., TP receptor and P-selectin)

Target cancer cells with certain
adhesion

Modery-Pawlowski et al.,
2013; Jung et al., 2019

TRAL-Dox-PM-NV

Dox-coated and TRAL modified on natural platelet
vesicle membrane surface-modified platelet NPs
Hollow round with blue double layer as platelet
membrane. Green diamonds for DOX in hollow round
interior. Yellow stars are modified by the platelet
membrane to indicate TRAIL

Target tumor cells and induce
apoptosis

Hu et al., 2015

RGD peptide modified encapsulated melanin NPs and
Dox nanoscale platelet vesicles

Arrows represent RGD peptides modified on the surface
of platelet nanoparticles. Black spheres represent
melanin molecules

Green stars represent DOX

Targeting tumor cells, supplemented
by subsequent treatment, can alter
multidrug resistance of tumor cells

Jing et al., 2018

Protein or small molecule is modified on the surface of
liposome NPs

Yellow spheres as liposome nanoparticles. Red and
green spheres represent different protein molecules
modified on the nanoparticles, such as surface
conjugated linear Arg-Gly-Asp (RGD) peptide moieties,
fibrinogen gamma-chain. The blue sphere is represented
as a small molecule modified on the nanoparticle. Such

Delivery of thrombolytic drugs to
prevent platelet aggregation

Gupta et al., 2005; Yan

et al., 2005; Modery et al.,
2011; Absar et al., 2013;
Pan et al., 2017; Huang
et al., 2019

as 3'-O-Sulfated Le (a) [SO3Le (a)], integrin a (Ilb) B

(), P-selectin

electroporation or other methods

Inject small molecules directly into platelets by

Delivery of drugs Ward et al., 1995; Xu et al.,
Reduce platelet aggregation 2017

Natural platelet molecules are represented by a red
ellipsoid. The blue sphere is represented by a small

molecule such as DOX that is coated in platelets

by 35% and reduced the consumption of circulating protein
fibrinogen by 4.3 times, which greatly improves the thrombolysis
efficiency. Huang et al. synthesized a tPA-loaded PEGylated
liposome, approximately 164.6 £ 53 nm in diameter (Huang
et al, 2019). As shown in Figure 3, the surface was coated
with cyclic arginine-glycine-aspartate (c(RGD). The presence of
activated platelets allows synthetic nanoliposomes to induce
efficient fibrin clot lysis in the fibrin-agar plate model, and the
concentration of activated platelets determines the extent of
tPA release. The liposome membrane protected well the activity
of tPA (retaining 97.4 £ 1.7% fibrinolytic activity) to achieve
efficient thrombolysis.

On February 6, 2019, FDA approved Cablivi (caplacizumab-
yhdp) injection (FDA, 2019a) in combination with plasma
exchange and immunosuppressive therapy for the treatment

of adult patients with acquired thrombotic thrombocytopenic
purpura (aTTP), a rare and life-threatening BDD. Patients
with aTTP develop extensive blood clots in the small blood
vessels throughout the body. Caplacizumab is a humanized,
bivalent, variabledomain-only immunoglobulin fragment,
named “Nanobody” by Ablynx. It targets the Al domain of
von Willebrand factor, preventing interaction with the platelet
glycoprotein Ib-IX-V receptor and the ensuing microvascular
thrombosis (Callewaert et al., 2012; Scully et al., 2019).

PLATELET-INSPIRED NANOMEDICINES

The development of new nanomedicines, inspired by platelet,
is beyond the two above-mentioned chapters. Some studies
have shown that there is an interaction between platelets and
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tumor cells. The formation of platelet-tumor cell aggregates
and their sequestration in various end-organs may result in
thrombocytopenia (Karpatkin and Pearlstein, 1981; Mehta,
1984). In addition, platelet-derived factors secreted by platelets
stimulate the proliferation of tumor cells, while secreting certain
substances to increase vascular permeability is beneficial to
the metastasis of tumor cells (Gasic et al., 1973; Karpatkin
and Pearlstein, 1981; Karpatkin et al., 1988; Schumacher et al.,
2013). Therefore, the unique interaction between platelet and
tumor cells could be utilized by scientists for developing anti-
cancer nanomedicines.

Modery-Pawlowski et al. designed a platelet mimetic (as
shown in Table 3), loaded with ligands and other components,
in order to investigate the interaction between such complex
and metastatic cancer cells (Modery-Pawlowski et al., 2013). The
results indicated that platelet mimics bind to cancer cells and
exhibited greater cell targeting ability and adhesion for metastatic
human breast cancer cell line MDA-MB-231 than cell line MCF-
7. Hu et al. encapsulated the tumor-killing small molecule
drug, Dox-NV, in a tumor necrosis factor-related apoptosis
inducing ligand (TRAIL)-coated nanocarrier (TRAIL-Dox-PM-
NV, as shown in Table 3) (Hu et al., 2015) that is formed with a
platelet nanofilm, which was obtained by removing the internal
contents. The results showed that the functionalized nanocarrier
targeted tumor cells and induced apoptosis, as shown in Figure 4.

Jing et al. designed a nanoparticle, RGD-NPVs@MNPs/DOX
(as shown in Table 3), for multidrug resistance (MDR) cancer

and performed in vitro experiments using different cell lines (Jing
et al.,, 2018). The mixture of melanin NPs (MNPs) and RGD-
modified platelet membrane was extruded by ultrasound to form
a MNPs-loaded RGD-coated nano-platelet vesicle, followed by
loading with DOX. The results showed that such vesicle can target
and kill tumor cells.

Synthetic NPs may cause cytotoxicity to endothelial cells
(Ilinskaya and Dobrovolskaia, 2013). Natural platelets therefore
became an ideal drug delivery vehicle. Xu et al. encapsulated
DOX in platelets through an open tubule system to make a DOX-
platelet complex (as shown in Table 3) and conducted a series
of experiments on Raji cells in the tumor-bearing mouse model
(Xu et al., 2017). Compared to free DOX, DOX-platelets were
able to target tumor cells and release more DOX at an acidic
pH; the DOX-platelet stayed longer in the blood (half-life t1/2
= 29.12 &+ 1.13 h). Tissue distribution results showed that DOX
released by DOX-platelet mostly exists in tumor cells, along with
low residuals in the organs, such as heart, liver, spleen, kidney,
and lungs. This indicates a strong anti-tumor effect.

CONCLUSIONS AND OUTLOOK

Nanomedicines is a hybrid term of nanotechnology and
medicine, converting traditional small molecule medicine
into a nano-sized carrier loaded with drug molecules or other
therapeutic (bio)moieties and delivery system for disease
treatment. As for BDDs treatment, a potential application
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FIGURE 4 | Schematic design (A) of drug-loaded PM-NV for targeting and sequential drug delivery (B). The functionalized nanocarrier targeted tumor cells and

of nanomedicines is to offer artificial blood components,
which may possess some advantages over blood: long
shelf-life, good stability, and large-scale availability. On
one hand, engineered or modified hemoglobin molecules,
as well as hemoglobin-loaded liposome, were reported to
serve as RBC substitute to carry oxygen. On the other
hand, PFCs- or heme-based non-hemoglobin substitutes
show different oxygen disassociation factors. The findings
in the development of PFCs-base substitutes provide a
mechanism guideline for future design of multifunctional
PFCs nanomedicines (carrying oxygen, drug delivery, and
bioimaging), as the PFCs nanoparticles had been approved
by FDA for contrast agent in clinical applications. It has
been realized that nanomedicines cannot replace the exact
same role as the RBCs because the complicated components
of the latter and the size difference. Nanomedicines may
mimic the main features of the RBCs by integrating the
functioning components into the nanocarrier. Likewise,
artificial nanomedicines were designed to mimic the specific
affinity (or binding) of WBCs or platelet in order to act as an
immune- or hemostasis-responsive component. Inspired by
the biocompatible platelet membrane, platelet-like functional

nanomedicines were developed and showed better drug
delivery efficacy.

While scientists are dedicated to make “blood” ex vitro
through stem cell research, it is also important to design
nanomedicines for BDDs treatment. Researchers are trying to
close the gap between artificial nanomedicine and natural blood
components. Not only the potential toxicity of nanomedicines
(e.g., activating immunoreaction), but also the complications
of scale-down (from micro-size cell to nano-size system)
and simplification of functioning components that may result
in the lack of some comprehensive functions, shall be
under consideration.

Some new drugs for BDDs treatment had been approved by
FDA, including Elzonris (tagraxofusp-erzs) for BPDCN, Cablivi
(caplacizumab-yhdp) for aTTP, and Jakafi (ruxolitinib) and
Inrebic (fedratinib) for myelofibrosis (FDA, 2019b). These had
set good examples for researchers, academic and industrial, to get
a better understanding how to move forward the development
and (pre)clinical trial of nanomedicine for BDDs treatment.
It was 1995 that FDA approved the first nanomedicine (NPs
drug), namely Doxil, yet no nanomedicines were approved for
BDD treatment. A straightforward path will be to integrate the
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approved drugs for BDDs treatment into a nanocarrier, forming
a promising candidate of nanomedicine.

A critical step to move forward is from preclinical
testing to clinical trial. Preclinical testing focuses mainly
the characterization of nanomedicine. Prior to clinical trial,
another challenging step for nanomedicine development for
BDD treatment, as well as for other tumor/cancer treatment,
is the scale-up manufacturing. It was estimated that an ~8%
passing rate for nanomedicines, but only one fourth for small
molecules drugs (Torrice, 2016). When used “blood disease” and
“liposome” or “nanoparticles” to search on Clinicaltrials.gov, we
obtained more than 150 open or active clinical trials. This is an
exciting news for researchers working in this field.

A debating issue of nanomedicine development is the drug
delivery efficiency of nanomedicines provoked by Chan’s group
(Wilhelm et al.,, 2016) in 2016, which documented that the
number of nanomedicines reaching the tumor site was <1%.
Some researchers or drug-makers argued that the retention
time and maximum concentration at the tumor site are more
important than the efficiency, and they, especially from a more
practical perspective, were more intrigued to find ways to
minimize the impact of nanomedicines on non-target organ
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Whole body vibration (WBV) is a non-invasive physical therapy that has recently
been included in the hospital's patient rehabilitation training catalog, but its health
effects have not been sufficiently studied. In the present study, to examine the
possible effects of WBV on immune cell differentiation, the IFN, IL-4,—17, F4/80 and
CD3,—4,—-8,—11b,—11¢,—19 markers were used to characterizing the cells in mouse
spleen. The results showed that the CD4 and CD25 positive lymphocytes in the spleen
were significantly increased in the WBV group, and the population of Treg cells was
enhanced significantly in response to WBV. Since the differentiation in immune cells is
usually associated with microbiota, therefore the intestinal flora was characterized in
mice and human individuals. The results indicated that WBV significantly reduced the
a-diversity of mouse intestinal microbiota. Moreover, the principal coordinate analysis
(PCoA) results indicated that the B-diversities of both mice and human fecal microbiota
increased after WBV. Analysis of the bacterial composition indicated that the contents
of a variety of bacteria changed in mice upon the stimulation of vibration, such as
Lactobacillus animalis in mice, and Lactobacillus paraplantarum and Lactobacillus
sanfranciscensis in human. The succeeding correlation analysis revealed that some
bacteria with significant content variations were correlated to the regulatory T cell
differentiation in mice and physical characteristics in human. Our research will provide
the basis for future non-invasive treatment of microbial and immune related diseases.

Keywords: whole body vibration, immune cell differentiation, Treg, mouse microbiota, human microbiota,
correlation, physical characteristics, Lactobacillus

INTRODUCTION

Non-invasive therapy (NIT) refers to a therapeutic strategy that the body is not invaded or cut
open during medical treatment. The risks associated with surgery, financial costs and lengthy body
recovery time have led to the development of many non-invasive technologies (Kennedy et al.,
2015). Whole body vibration (WBV) is a NIT method, which acts like a mild exercise on the body
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(Godinez et al., 2014). WBV is a common training method
for improving athletic performance and maintaining astronauts’
skeletal muscle mass and strength, it has recently been
included in the hospital’s patient rehabilitation training catalog.
WBYV machines usually provide rotational or vertical vibration
stimulation, where vertical vibration is more commonly used for
rehabilitation. Vertical vibration produces an upward thrust on
the human body (Abercromby et al., 2007), which alternates with
gravity to produce a fast, up and down shock that acts on the
body’s bones, muscles and nerves. Thereby WBV is a stimulus to
the entire body, not to a specific local muscle group (Merriman
and Jackson, 2009).

A number of literatures have been published on the effects
of WBV on muscle strength and performance (Osawa et al,
2013; Rogan et al.,, 2015). The most basic function of vertical
vibration is to stimulate the contraction of a large number of
muscle fibers in a short period of time, which helps increase
muscle strength, balance and muscle power (Machado et al,
2010; Sitja-Rabert et al,, 2012), enhance mobility (Torvinen
et al., 2002), reduce chronic pain (Rittweger et al., 2002), and
stimulate limb blood circulation (Cochrane, 2011). Moreover,
WBYV may also affect other physiological systems of the body.
Maddalozzo et al. reported that mice of the vibration group had
significantly lower body fat than the control group (Maddalozzo
et al., 2008). At the same time, bone mineral contents and
bone density had been proved to increase significantly after a
certain period of vertical vibration; the internal mechanism was
the acceleration of bone formation and metabolism after using
vertical vibration (Blecker et al., 2005). Additionally, Boyle et al.
reported that WBV combined with exercise reduced the possible
danger of thrombosis or infarct greater than simple exercise,
implying its possible role in the prevention and treatment of
cardiovascular disease (Boyle and Nagelkirk, 2010). Regarding
the effect on diabetes, Liu et al. reported that WBV reduced
oxidative stress to ameliorate liver steatosis and improved insulin
resistance in db/db mice (Liu et al., 2016). The research work
of Reijne et al. supported this conclusion, and their results
from mice demonstrated that WBV training tended to increase
blood glucose turnover rates and stimulated hepatic glycogen
utilization during fasting irrespective of age (Reijne et al.,
2016). Also, Park et al. and Sa-Caputo et al. showed us the
effects of WBV on pulmonary rehabilitation in patients with
chronic obstructive pulmonary disease and improvement of
local vasodilation in the microcirculation by the stimulation of
endothelium (Park et al., 2015; Sa-Caputo et al., 2016).

However, other effects of the vibration stimulus need to
be examined, and the mechanism responsible for the effect of
this new intervention has not been clearly identified. Microbes
that live on and in the human body, such as the oral cavity,
gastrointestinal tract, and urinary tract, have been recognized as
the key to understand our various abnormalities (Sekirov et al.,
2010; Qin et al,, 2012). Chronic inflammation is the driver of
many diseases, and studies have shown that intestinal microbiota
is closely related to the body’s immune response and the
occurrence of disease (Noverr and Huffnagle, 2004). The crucial
characteristics of microbiota that affect immune response include
biogeographical distribution, composition, and metabolites, etc.

(Blander et al., 2017). Unfortunately, no one has yet studied
the effects of WBV on the body’s intestinal flora and immunity.
In the present study, the effects of WBV on the immune cell
differentiation and the composition of intestinal microbiota were
investigated. The vibration used in the experiment was sonic
vibrations. This vibration mode is adopted by most hospitals,
and the vibration toward the patient is softer and less dangerous
than mechanical vibration. Our results suggested that WBV may
affect the immune cell differentiation by stimulating changes in
intestinal bacterial composition. Our research will provide the
basis for future non-invasive treatment of microbial and immune
related diseases.

MATERIALS AND METHODS

Treatments Related to Mouse and Human

Volunteers

The 6-week old C57BL/6 mice in the same cage were divided
into two groups: Treatment and Control. The mice in the
treatment group were subjected to vertical vibration for 30 min
per day for 30 days (frequency at 13 and intensity at 10
for 10 min; and then frequency at 17 and intensity at 20 for
20 min) on a vibrating instrument (Weibutexun, Jinan, China);
the mice in the Treatment group were in a state of visible
body vibration, but they were quiet and did not panic. After
a period of vibration, the intestinal microbiota of the control
and treatment groups were analyzed by sequencing. All animal
studies were reviewed and approved by the ethic committee of
School of Basic Medical Science, Shandong University (Jinan,
Shandong Province, China). The human volunteers enrolled
in the experiment were all from Binzhou Medical College,
China. The volunteers were all healthy people, and their basic
information is illustrated in Supplementary Table 1. Volunteers
did not receive antibiotics, chemotherapy or radiotherapy for
the first 3 months before the start of the experiment, nor
did they consume probiotics. Throughout the experiment,
volunteers every day performed a standing body vibration
for 10min (frequency 21 HZ, intensity 40) and then sat for
vibration 10 min at the same frequency and intensity. All human
studies were reviewed and approved by the ethic committee
of Binzhou Medical University Hospital (Binzhou, Shandong
Province, China).

16S Sequencing
Total fecal genome DNA was extracted with CTAB/SDS method,
concentration and purity of the extracted genome DNA was
checked by agarose gels electrophoresis. DNA was diluted with
sterile water to the concentration of 1 ng/pl. Using about 10 ng
of this template DNA and 0.2 wM of primers that had adapters
and barcodes, the variable V3-V4 region of the 16S rRNA gene
was amplified by PCR (25 PCR cycles) with Phusion® High-
Fidelity PCR Master Mix (New England Biolabs). Subsequently,
amplicons were sequenced on a 454 GS-FLX system (Roche,
Mannheim, Germany).

According to the unique barcodes, the Paired-end reads were
assigned to each sample, and FLASH was used to merge the
Paired-end reads. R software package (Quantitative Insights Into
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Microbial Ecology) was employed for analysis of the sequences,
and alpha- (within samples) and beta- (among samples) diversity
were produced by in-house Perl scripts. In detail, reads were
quality filtered by QIIME, and pick_de_novo_otus.py was used
to make operational taxonomic units (OTUs) table. Sequences
with >97% similarity were classified to an OTU. Then the
representative sequence of an OTU was picked and taxonomic
information was annotated using the RDP classifier. To obtain
Alpha Diversity, the OTU table was rarified into three metrics:
Chaol represents the species abundance; the number of unique
OTUs in each sample was represented by Observed Species
and Shannon index. Based on these three metrics, Rarefaction
curves were generated. The beta-diversity indexes, weighted and
unweighted unifrac, were generated with QIIME.

Flow Cytometry Analysis of Immune Cells
The spleens of the mice were collected, washed with phosphate
Buffered Saline (PBS), and placed on ice in a 50 ml centrifuge
tube containing PBS. Then the spleens were thoroughly ground
with a copper mesh, and placed in a 50 ml centrifuge tubes, the
volume was adjusted to 20-30 ml. After centrifuged at 1,200 rpm
for 8 min, the supernatants were discarded, and 10ml of red
blood cell lysate was added to each tube, vortex, and place on
ice for 7-8 min. Then centrifuged at 1,200 rpm for 8 min and
the supernatant discarded once again, 2.88 ml percol, 0.32 ml of
8.5% NaCl solution, and 4.8 ml of PBS were added. The solution
was transferred to a 10 ml centrifuge tube, and centrifuged at
2,000 rpm for 20 min; after the supernatant was discarded, 5 ml
of PBS was added and the cells in the solution were counted. The
number of cells required per well was estimated and pipette into a
centrifuge tube. The cells were subsequently centrifuged at 1,200
rpm for 8 min, re-suspending in 1,640 and 10% FBS medium, and
the stimulant PMA 30-50 jug/ml, ionomycin 1 pg/ml was added
to the medium; after incubation in a 24-well plate at 1 ml/well for
1h, 1 xBFA blocker was added to reduce the extracellular release
of cytokines. The cells were harvested within 4h and placed in
a flow tube, then washed with PBS and centrifuged at 1,200
rpm for 8 min; after the supernatant was discarded, the tube was
blotted dry with absorbent paper, and 100 .l of PBS was added to
each tube.

Surface Antigen Labeling

Add 10 pl of antibody + PBS mix to each tube, repeatedly pipette
and vortex to mix. The mix was wrapped with foil paper and
placed in the dark at 4°C. Half an hour later, 2ml of PBS was
added and centrifuged at 1,200 rpm for 8 min. The supernatant
was discarded, re-suspended in 300 1 of 1% poly-formaldehyde,
and stored at 4°C.

Intracellular Antigen Labeling

Vortex the cell solution and place at 4°C for 30min,
1 xpermeability buffer 1ml was added to each tube; after
centrifugation at 1,200 rpm for 8 min, the supernatant was
discarded, and 100 pl of membrane solution was added; vortex,
placed at 4°C for 10min and 10 pl labeled antibody +
permeability buffer mix were added. After repeated pipette, the
solution was placed at 4°C for 1h in the dark, 2 ml PBS was

then add and centrifuged at 1,200 rpm for 8 min. After discarding
the supernatant, the cells were re-suspended with 300 1 PBS or
poly-formaldehyde, and store at 4°C for flow cytometry.

Statistical Data Analysis

The data were represented as mean =+ standard deviation (SD),
and each experiment had triplicate data. The Student’s ¢-tests was
used to calculate the p-value between the groups, and p < 0.05 (*)
was considered as statistically significant.

RESULT

WBYV Did Not Cause Any Movement
Disorder or Other Changes in Behavior

The vibration instrument used in the experiment was shown in
Supplementary Figure 1; it can provide whole body vibration,
forcing the body muscles to be in a state of passive exercise.
To explore the possible effect of WBV on physiological
function of the body, the mice were placed on the vibration
instrument for 30 min vibration every day for 35 days, and their
dietary consumption and body weight changes were recorded
during this process, as well as behavioral characteristics were
assessed at the end. The exhaustive swimming result showed
that the longest swimming time of the vibration group was
significantly increased, almost twice the time of the control
group (Figure 1A); proving that WBV can increase muscle
strength and endurance. Moreover, the pole test result also
showed no significant difference in the time of climbing pole
between the two groups (Figure 1B, p = 0.36), illustrating that
WBV treatment did not cause any movement disorder. The
food intake of the WBV group mice increased on days 15,
and peaked on the 20th day, but returned to similar to the
control group level at the 25th day (Figure 1C). However, the
average daily food intake of the WBV group mice during the
entire period was not significantly different from the control
group (Supplementary Figure 2). In contrast to food intake,
there was a significant difference in water intake between the
WBV group and the control group (Figure 1D), and the two
groups both exhibited a certain degree of fluctuations in the
amount of water consumed per day (Supplementary Figure 3).
Additionally, the body weight results showed that the mice
did not undergo significant changes in body weight after WBV
(Supplementary Figure 4). The above results demonstrated that
no changes in behavior of the mice were observed during the
entire vibration experimental process.

WBYV Alters Regulatory T Cell

Differentiation

To examine the effects of WBV on immunological development,
we examined CD3,—4,—8,—11b,—11¢,—19, and IEN, IL-4,—17,
F4/80 markers of cells in the mouse spleen. The results showed
that the CD4 (Figure2A) and CD25 (Figure2B) positive
lymphocytes in the WBV group were significantly increased.
As a result, the population of CD4TCD25TFOXP3t Treg
cells in the spleen was enhanced significantly (Figure 2C, p
< 0.01). The above results indicate WBV alters regulatory T
cell differentiation.
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WBYV Altered the Composition of the

Mouse Intestinal Microbiota
Since the differentiation in immune cells in the body are usually
associated with changes in the human microbiota, therefore
the possible change of microbiota after WBV treatment was
characterized in mice. Fecal samples of the treatment group
(ST) and control group (SC) were collected and their 16S
rDNA amplicons were sequenced. After quality filtering, more
than 0.56 million effective tags were harvested corresponding
to a mean of 56,378 effective tags and 379 OTUs per
sample (Supplementary Table 2 and Supplementary Figure 5).
On average, the fecal samples from treatment group had similar
number of effective reads (57,384) as the control group samples
(55,372, P = 0.56). Similarly, there was no significant difference
in the OTUs identified between the two groups of samples (p
= 0.45), although the average of the fecal microbiota in the
treatment group (398) was greater than that of the control group
(361, Supplementary Figure 5). Furthermore, the Rarefaction
curve tended to be saturated among all samples, suggesting that
the OTUs have covered most of the bacterial species that exist
whether vertical vibration or not (Supplementary Figure 6).
The a-diversity of mouse intestinal microbiota indicated
that WBV significantly reduced the a-diversity of the sample
(Figure 3A). In contrast, the principal coordinate analysis
(PCoA) showed that the distribution of the treatment group
samples was more scattered relative to that of the control
group (Figures 3B,C), indicating that the B-diversity of the
fecal microbiota increased after WBV (Figure 3C). A clustering
analysis was then performed to quantify the degree of similarity

of all the samples, and the result demonstrated that the control
group samples were clustered together with a smaller Euclidean
distance, while the WBV group samples were grouped in a larger
Euclindean distance (Supplementary Figure 7). The results
suggest that WBV affects the murine intestinal microbiome and
makes the difference between individuals greater.

Then the intestinal microbial composition of the treatment
and control mice were analyzed at the phylum, genus, and
species levels, respectively. At the phylum level, the total
amount of Firmicutes, Bacteroidetes, and Actinobacteria account
for more than 90% of all fecal bacteria; meanwhile, the
proportion of the most abundant phylum Firmicutes exceeded
45% of the total bacteria (Supplementary Figure8). The
observed effect of the vibration was the increased contents
and variation between individuals in phylum Actinobacteria
(Supplementary Figure 8). At the generic level, the genus
Lactobacillus belonging to phylum Firmicutes, was the most
abundant genus in the WBV group, covering approximately
30% of the entire bacterial mass (Supplementary Figure9).
However, its content in the control group was lower than
Turicibacter and Lachnospiraceae_UCG_014, accounting for
only about 5% of the total bacteria, and its content was
significantly different between the two groups (Figures 3D,E).
As a result, the vibration increases the content of Lactobacillus
animalis in the intestine by more than 5 times at the species
level (Figure 3F). In addition, WBV also triggered some other
genera with high abundance, such as Lachnospiraceae_ UCG_014
and Bifidobacterium, to change their contents in intestinal
microbiota (Figure 3E).
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WBYV Also Affects the Composition of the
Human Intestinal Microbiota and Changes

the Content of Lactobacillus spp.

To study the effects of WBV on the human intestinal microbiota,
we conducted 30-day vibration training on 11 volunteers, and the
fecal samples of the volunteer were collected at 0 (control), 10
(T10), 20 (T20), and 30 (T30) days after WBV and sequenced.
The Rarefaction curve tended to be saturated among all samples,

suggesting that the OTUs have covered most of the bacterial
species that exist in the feces (Supplementary Figure 10).
Different from the results of mouse experiments, the a-
diversities of the fecal microbiota of the WBV groups were
not significantly different from that of the control group
(Supplementary Figure 11). Unlikely, the principal components
analysis (PCA) results showed that the microbial distribution
of the T10 group was more scattered relative to those of the
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control and the other vibration groups (Figure 4A), suggesting
that the B diversity of the fecal microbiota increases after short-
term of WBYV, but returns to the original state as the vibration
time increases (Figure 4B), which is consistent with the results of
the mouse experiment.

Then the intestinal microbial structures of the treatment and
control groups were analyzed at the phylum, genus and species
levels, respectively. At the phylum level, Firmicutes was the
only phylum that had a difference in its content caused by
WBV (Figure 4C). At the generic level, the content of genus
Fusobacterium was significantly increased solely with longer
time of vibration (Figure 4D and Supplementary Figure 12). At
the species level, Intestinibacter bartlettii, Desulfovibrio simplex,
and Eubacterium coprostanoligenes varied their contents in the
feces with 10 days’ vibration in comparison to the control;
and the differentiated bacteria changed to be Lactobacillus
paraplantarum, Lactobacillus sanfranciscensis, and Pediococcus
acidilactici at the 20 days time-point; finally only Lactobacillus
paraplantarum maintain significant difference in content after
30 days (Figure 4E). The results from the mice and human
samples indicate that the WBV can change the composition
of the intestinal microbiota of mice and humans, with a
significant change in the proportion of certain bacteria such as
Lactobacillus spp.

WBYV Induced Changes in Intestinal
Microbiota Composition Were Correlated
to the Regulatory T Cell Differentiation in
Mice and Physical Characteristics in

Human

The correlations between the bacterial genus with significant
differences in contents before and after WBV and the amount
of CD4 and CD25 positive lymphocytes as well as Tregs were
investigated by Spearman correlation analysis (“Hmisc” in R
package). The results showed that CD4 positive lymphocytes
were correlated with 21 genera, such as Lactobacillus,
Bifidobacterium, and genera of Lachnospiraceae
(Figure 5A). CD25 positive lymphocytes were associated with
7 genera, including Bilophila, Lachnospiraceae_UCG_001,
and Rumimiclostridium. Therefore, the Treg-associated
bacteria involved the intersection of CD4 and CD25
positive lymphocytes-associated bacteria, such as Bilophila,
Lachnospiraceae_UCG_001, and Rumimiclostridium, as well as
Lactobacillus and Candidatus. Then the relationship between
the human intestinal bacteria that showed significant changes in
contents after WBV and body characteristics was also explored
by Spearman correlation analysis. The results demonstrated
that Eubacterium coprostanoligenes was related to weight and
height, while Pediococcus acidilactici was associated with BMI
and weight; and Lactobacillus paraplantarum was related to age
(Figure 5B).

Next, Spearman correlation analysis was performed toward
the interrelationship between the genera with high abundance
within the mice and human microbiota, the cut-off value > 0.8
and p < 0.05 were applied to filter the data, respectively. The
constructed correlation network of mice fecal microbiota showed
that the interactions between the bacteria significantly changed

several

in response to WBV (Figure5C). The same phenomenon
also occurred in human fecal microbiota, and the interaction
between bacteria changed on the 10th and 30th day of the
vibration (Figure 5D and Supplementary Figure 13). The above
results suggest that WBV induced variation in regulatory T
cell differentiation was correlated to changes in intestinal
microbiota composition.

DISCUSSION

WBV has recently been included in the hospital’s patient
rehabilitation training catalog, which may play a significant role
in preventing osteoporosis and losing weight (Reijne et al., 2016;
Swe et al., 2016; McMillan et al., 2017), stimulating the secretion
of growth hormone (GH) and testosterone in male students
(Cardinale et al., 2010). Recently, some researchers reported
that appropriate vibration training was a benefit to metabolic
disorders such as obesity and diabetes (Yin et al., 2015; Zhang
et al,, 2016). In this study, the mice and human volunteers were
placed on the vibration instrument for 30 min vibration every
day for more than 30 days, and the immunological results in
mice showed that WBV alters regulatory T cell differentiation.
Since the differentiation in immune cells in the body are usually
associated with changes in the human microbiota, therefore
the possible changes of microbiota after WBV treatment were
characterized in mice and human body. The microbiome results
revealed that WBV affected the intestinal microbiome and
makes the difference between individuals greater. Interestingly,
it appeared that Lactobacillus spp. were sensitive to WBV
stimulation, the content of Lactobacillus animalis in the intestine
of mice was significantly increased in response to vibration, while
the contents of Lactobacillus paraplantarum, and Lactobacillus
sanfranciscensis in the human body were significantly changed
concomitant with WBV. The difference of Lactobacillus variation
occurred in the mouse and the human intestines in response to
WBYV may be due to the distinction in the composition of the two
microbiotas, and their intestinal microenvironment is completely
divergent. Finally, the correlation analysis results revealed that
WBYV induced changes in intestinal microbiota composition,
such as Lactobacillus spp., were correlated to the regulatory T
cell differentiation in mice and physical characteristics in human.
This study implies that WBV has potential interventional effects
on microbiota and immune-related diseases, so WBV-induced
changes in microbiota, immune state and inflammation of the
body deserve further validation and investigation in the future.
The intestinal microbiota has a profound influence on
metabolism, tissue development, and homeostasis of the
intestinal immune system. Components of microbiota have been
shown to initiate inflammation and also regulate immune cells
(Nicholson et al., 2012). A variety of mechanisms have been
proposed between the gut microbes and immune response. For
example, the alteration of the gut microbiome may promote the
intestinal permeability, change butyrate, and lipopolysaccharide
(LPS) productions, while butyrate and LPS level could modulate
the immune response and inflammation (Noverr and Huffnagle,
2004). Besides, the changes of the gut microbiota could alter the
energy homeostasis, modulate intestinal barrier integrity, change
the gastrointestinal peptide hormone secretion, promote fat
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accumulation, and modulate host inflammatory status (Amyot
etal., 2012).

Previous studies reported that Lactobacilli down-modulated
the maturation of DCs and induced the in vitro expansion of
CD4 positive T cells, which resemble regulatory T cells (von
der Weid et al., 2001; Christensen et al., 2002). Lactobacillus
is a Gram-positive, facultative anaerobic or microaerobic, rod-
shaped, non-spore forming bacteria. They are the main part
of the lactic acid bacteria family (i.e., they convert sugar to
lactic acid). Members of the genus Lactobacillus have long been
considered to be one of the most abundant microorganisms in
the human gastrointestinal (GI) tract and are associated with
good intestinal health (Heeney et al, 2018). Animal studies
have shown that Lactobacilli have a wide range of roles in the
prevention and treatment of infectious diseases, the reduced
Interleukin-1B-mediated inflammation and improved barrier
function demonstrated the potential of lactobacilli to prevent
or reverse intestinal damage during infection (Hirao et al,
2014). A report investigating the fecal microbiome of IBS
patients and healthy subjects concluded that lactobacillus was
depleted in patients with IBS who were predominantly diarrhea
(Liu et al, 2017). The changes in microbiota and immunity
triggered by WBV are in constant process of mutual shaping.
Previous studies have found that certain components of the
microbiota specifically affect the accumulation and activity of
Treg cells, among which Lactobacilli and Bifidobacteria are
involved in the induction of Treg cells (Tanoue and Honda,
2012). In the intestine, one of the most important effectors
produced by Treg cells is IL-10, which is indispensable for
the maintenance of intestinal immune homeostasis and micro-
ecological balance. Given that autochthonous Lactobacillus
plays a crucial role in the resolution of infectious disease
and recovery of immune homeostasis, the correlation between
WBV-induced content change in Lactobacillus spp. and T
cell differentiation and clinical parameters might be related
to disease occurrence and deserves in-depth study. A report
demonstrated that vertical vibration could alleviate the severity
of symptoms in patients with chronic functional constipation
(Wu et al, 2012), verified the therapeutic effect of WBV.
In addition, inflammation-related diseases in the body may
be alleviated, although sometimes the symptoms may be
less pronounced. Our research will provide the basis for
future non-invasive treatment of microbial and immune
related diseases.
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In recent years, tremendous efforts have been devoted into the fields of valuable
diagnosis and anticancer treatment, such as real-time imaging, photothermal, and
photodynamic therapy, and drug delivery. As promising nanocarriers, gold nanomaterials
have attracted widespread attention during the last two decades for cancer diagnosis
and therapy due to their prominent properties. With the development of nanoscience and
nanotechnology, the fascinating bio-applications of functionalized gold nanomaterials
have been gradually developed from in vitro to in vivo. This mini-review emphasizes some
recent advances of photothermal imaging (PTI), surface-enhanced Raman scattering
(SERS) imaging, and photoacoustic imaging (PAl)-guided based on gold nanomaterials in
vivo therapy in near infrared region (>~800 nm). We focus on the fundamental strategies,
characteristics of bio-imaging modalities involving the advantages of multiples imaging
modalities for cancer treatment, and then highlight a few examples of each techniques.
Finally, we discuss the perspectives and challenges in gold nanomaterial-based
cancer therapy.

Keywords: gold nanomaterials, in vivo, photothermal therapy, surface-enhanced Raman scattering,
photoacoustic imaging

INTRODUCTION

Because of the high incidence and mortality of cancer, scientists have paid long term attention
to the diagnosis and treatment of cancer. Conventional cancer therapies have clear side effects
(Liu et al, 2019a), thus these shortcomings have prompted researchers to look for effective
diagnostic strategies to struggle against cancer (Chen et al., 2016; Ju et al, 2019). With the
development of modern technology and biological medicine, diagnosis, and treatment based
gold nanomaterials are emerging to improve the therapeutic effect. Particularly, photothermal
therapy (PTT) based on gold nanomaterials is a promising therapeutic modality, which can be
combined with the advanced imaging modalities for the multi-functional therapeutic application
(Huang et al., 2017; Wu et al., 2019).

Gold nanomaterials have been widely investigated as considerable biocompatible platforms for
the biological field due to the advantages of simple synthesis, large surface area, adjustable optical
property, and multiple surface modification (Conde et al., 2012; Jackman et al., 2017). Over the
past decade, numerous fundamental reviews have comprehensively investigated the synthesis, size,
optical properties, and modification of gold nanoparticles (Daniel and Astruc, 2004; Jain et al., 2008;
Sardar et al., 2009; Sau et al., 2010; Jones et al., 2011; Cao et al., 2014; Chauhan and Mukherji, 2014;
Singh et al., 2014; Rai et al., 2016; Amendola et al., 2017; Pareek et al., 2017), so these characteristics
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will be only briefly mentioned in this mini-review. Herein,
the photothermal imaging (PTI), surface-enhanced Raman
scattering (SERS), and photoacoustic imaging (PAI) guided in
vivo cancer therapy are focused. What is worth noting is excellent
photothermal effect, the localized surface plasmon resonance
(LSPR) effect and enhanced electromagnetic field (SERS) of gold
nanoparticles in the near infrared (NIR) region. Due to low
absorption of water and hemoglobin, the NIR region (700-
1,300nm) is ideal for gold nanomaterials to have a deeper
penetration depth in the tumor therapy and imaging (Bao et al,,
2016). Gold nanomaterial can convert the absorbed light energy
into overheating in the surrounding environment through non-
radiative conversion owing to the desirable absorption cross
sections and photothermal conversion efficiencies (1) in NIR
region (Cao et al, 2019). Therefore, gold nanomaterials are
considered as exogenous photothermal transduction agents for
PTI and contrast agents for PAI, which can accumulate at tumor
tissue via the enhanced permeability and retention (EPR) effect
(Henry et al., 2016). Moreover, LSPR effect is a surface plasmon
resonance phenomenon of the noble metal nanomaterials, which
is heavily dependent on the composition, shape, size, and micro-
environmental medium (Guo et al, 2015; Tian et al., 2016,
2018). In addition, SERS is generated from the strong phonon-
electron interaction in the nanogaps (Girard et al., 2016). Thus,
the Raman signals are enhanced by several orders of magnitude,
and gold nanomaterials labeled with reporter molecules can be
used as nanotags for in vivo imaging (Ding et al., 2016). In
short, these gold nanomaterials having resonance peak within
NIR (>800nm), including gold nanorods, gold nanocages,
gold nanoshells, and assemblies, can be used as photothermal
agents, imaging agents, contrast agents, and therapeutic agents
(Shanmugam et al., 2014). Table 1 presents some examples of

in vivo imaging and therapeutic modalities based on different
types of gold nanomaterials.

After intravenous injection, considering the pH, high
ionic strength and serum concentration in the complex
biological environment of organism, surface functionalization
of gold nanomaterials is essential to ensure the adequate
repeatability and stability (Chen et al, 2010). Basically,
modulation of the surface charge, biocompatible pH values,
controllable biodistribution patterns, and better aqueous
dispersion of gold nanomaterials could benefit from the
surface modification approaches (Huckaby and Lai, 2018;
Ruiz-Muelle et al., 2019). Furthermore, the rational surface
modification strategies in anticancer application can also
reduce the toxicity of nanomaterials, target effectively in the
cancer tissue, increase the circulatory half-life, block absorption
of serum proteins, avoid unexpected side effects, escape the
clearance by the reticuloendothelial system and the liver and
spleen macrophages (Otsuka et al., 2003; Kooijmans et al,
2016; Dai et al.,, 2018; Sztandera et al., 2019). Due to the
facile surface chemistry properties, functional groups can
combined with gold nanomaterials through weak interactions
and the stable covalent anchors (Kou et al., 2009; Moraes
Silva et al.,, 2016; Zou et al, 2016; Wang K. et al, 2017). So
far, many modification approaches have been introduced
by covering and ligand exchange, so gold nanoparticles
can be modified with biopolymer (e.g., polyethylene glycol
(PEG), oligonucleotides, antibodies, peptides) (Loh et al,
2016; Chen Y. et al, 2017; Anantha-Iyengar et al, 2019;
Delpiano et al., 2019), hydrophobic drug molecules (e.g.,
paclitaxel, cisplatin, tamoxifen, doxorubicin) (Avitabile et al.,
2018; Ma et al., 2018), biofunctional molecules (chitosan,
silica, folic acid, polyunsaturated fatty acids, and hyaluronic

TABLE 1 | Examples of different structural characteristics, optical properties, and in vivo imaging modeality.

Structure and surface Size (nm) Wavelength (nm) Laser Models Imaging References
modalities/y
Nanoshells/nanomatryoshkas, 150/90 ~800 2 W/cm?, 810nm  TNBC tumor- bearing PTI, 39%/63% Ayala-Orozco et al.,
thiol-PEG female mice 2014
Nanocages, PVP and 71-89 810-817 1 W/em?, 850nm  4T1 tumor- bearing PTI Piao et al., 2014
RBC-membrane BALB/c mice
Nanoshells, thiol-PEG ~120 780-800 4.5W, 810nm Prostate cancer- PTI Rastinehad et al.,
patients 2019
Nanospheres, Au-CugSs, ~20 ~1,100 0.6 W/cm?, CT26 tumor- bearing PTI, 37% Ding et al., 2014
PMHC+5-PEGs000 1064 nm mice
Nanospheres, Au-silica ~120 0.29W, 785nm  Female nude mice SERS Bohndiek et al., 2013
Linear gold nanospheres assemblies, 71.6 ~650 0.5 W/cm?, MCF-7 tumor-bearing PTI, SERS Xia et al., 2018
rBSA-FA 808/785nm mice
Nanorods, Au-Ag-silica, PEG 80-97 ~585 3 W/cm?, 660nm  Ovarian cancer PTI, SERS Pal et al., 2019
xenograft model and
RCAS/TVA GBM
mouse
Nanovesicles (PEG-b-PCL) 145 ~800 1 W/cm?, 808nm  MDA-MB-435 PTI, PAI, 37% Huang et al., 2013
tumor-bearing mice
Nanorods, PDL/IR775c¢ layered silica 400 780 795/920nm Female FVB/n mice PAI Dhada et al., 2019
Nanorods, PNIPAM 320 760 808 nm Prostate cancer- PAI ChenY. S. etal., 2017
bearing mice
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acid, etc.) (Vigderman and Zubarev, 2013; Sztandera et al.,
2019) and other amphiphilic ligands through functional
bridges, such as thiol ligands (e.g., thiolate, dithiolate,
thioctic acid), amino, and carboxyl moieties (Figure1)
(Daraee et al., 2014; Kong et al., 2017).

Based on the physical and optical properties of gold
nanomaterials, the bioimaging techniques using gold
nanomaterials are beneficial to enhance the accuracy of in
vivo treatment and effectiveness of real-time monitoring.
Recently, the non-invasive imaging-guided cancer therapy based
on gold nanomaterials have been applied for providing more
valuable information and improving the therapy outcomes. This
mini review displays some examples of gold nanomaterials-based
imaging modes in NIR region for in vivo diagnosis and therapy,
including PTI, SERS, PAI, and their multiple imaging modalities.
These characteristics of the three imaging modalities are shown
in Figure 1.

PHOTOTHERMAL IMAGING (PTI)

For PTT, gold nanomaterials can transduce the absorbed light
energy into heat energy for improving the temperature of tumor
cells microenvironment. When the temperature exceeds 42°C,
malignant cells are destroyed without damaging the adjacent
healthy tissues (Qi et al., 2019). As a result, the therapeutic effect
is far superior to that of laser irradiation alone (Abadeer and
Murphy, 2016). The laser safety standard establish the maximum
permissible exposure (MPE) values, which is on the basis of

the damage threshold levels of laser light for skin (Jiao et al,
2019). For example, the MPE corresponding to 808 nm laser
for skin is 0.33W cm™2, and the MPE of 1,000-1,350 nm is
1W cm™2 (Lin et al., 2017). Photothermal effect based on gold
nanomaterials also afford a considerable imaging modality, that
is, photothermal imaging (PTI), which has significant advantages
over fluorescence imaging (Wang et al.,, 2009). PTI based on
gold nanomaterials provides the accurate positioning, effective
treatment, non-invasive therapy for various cancers in short time
(Kang et al., 2018). Because it does not involve photobleaching or
illumination saturation, and it is almost immune to background
signals even accompanied with scattering (Boyer et al., 2002;
Vines et al., 2019).

Conventional photothermal imaging is capable of detecting
single molecules and differentiating gold nanoparticles, which
is restricted by diffraction and resolution. A super-resolution
photothermal imaging could be performed based on non-linear
amplification signal for resolving multiple gold nanoparticles
(Nedosekin et al., 2014). On account of the poor blood supply,
tumors show reduced heat tolerance and thus can be destroyed in
tens of minutes under hyperthermia condition (Qi et al., 2019).
As known, intensive laser irradiation may lead to overheating
and harm the nearby normal tissue. However, gold nanomaterials
serve as the photothermal conversion agents to produce regional
heating rapidly for PTT, and this method can effectively reduce
irreversible tissue damage caused by laser irradiation (Ren et al.,
2013). Owing to maximum transmittance in the blood and
tissues in the NIR region, gold nanomaterials have deeper tissue
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penetration and lower background signal (Liu et al., 2014).
With inherent advantages of multi-functionalization and tunable
optical properties, gold nanomaterials coated with biomolecules
had been developed to increase biological stability and prolong
the circulation time in vivo (Choi et al,, 2011). For example,
red blood cell membranes coated gold nanocages (RBC-Au NCs)
were combined with photothermal effects from gold nanocages
and biological characteristics from RBCs, which showed good
biological stability, observably improved tumor uptake, and
longer retention time in blood (Piao et al.,, 2014). This work
achieved 100% survival during 45 days and facilitated the RBC-
Au NCs for the in vivo treatment with an improved efficacy using
surface engineering.

Compared with other shapes, elongated nanoparticles have
better affinity, greater diffusion and transmembrane rates,
and they can penetrate the tumors rapidly and accumulate
extensively (Lee et al, 2017). These had been demonstrated
that the multifunctional nanomaterials had a high accumulation
at tumor tissue in mice, which were able to kill cancer cells
effectively by producing enough heat and reactive oxygen
species. Chitosan/gold nanorod nanocarriers with loading anti-
cancer drug cisplatin were prepared, which improved the
therapeutic efficacy via synergistic effect of combining PTT
and chemotherapy (Chen et al, 2013b). It had been found
that the temperature of tumor site could reach 49°C in
10 min with IR irradiation and the tumor growth was almost
completely suppressed by cisplatin-loaded nanospheres. As
known, lanthanide ions have the ability to convert the NIR long-
wavelength into visible wavelengths in photon upconversion
process (Wang and Liu, 2009). Customarily, lanthanide doped
nanocrystals having novel luminescent properties are considered
as upconversion luminescence nanoparticles, which exhibit
superior features in biological assays, such as low auto-
fluorescence signals, narrow emission bandwidths, large anti-
Stokes shifts, high penetration depth, and low toxicity (Huang
et al, 2014; Gnach et al, 2015; Liu et al, 2019b). In
order to increase the photothermal conversion efficiency
and penetration depth in biological tissues, gold nanorods
combined with rare-earth ions had been designed for PTT
and multimodal imaging for anti-tumor therapy, because
upconversion luminescence nanoparticles displayed deeper
penetration and lower autofluorescence signals by anti-Stokes
emission, and they could also transfer NIR light to gold
nanorods via luminescence resonance energy transfer (Wang
et al., 2018). With combination of phototherapy, gene therapy,
and chemotherapy, the rational treatment strategy has an
overwhelming superiority of tumor shrinkage and survival rate,
which also could monitor host reactions and comprehensively
evaluate tumor microenvironment. Lee et al. introduced silica-
coated gold nanorods modified with rabies virus glycoprotein
for treating brain tumors (Lee et al, 2017). The surface-
modified nanomaterials could enter the brain through central
nervous system and bypass the blood-brain barrier. The
rod nanostructure increased the chance of interacting with
the nicotinic acetylcholine receptor and the response to
hyperthermia in NIR laser irradiation.

According to the reports, drug release, and chemotherapy
displayed higher cytotoxicity for enhancing the therapeutic

efficacy at raised temperatures from PTT (Vines et al, 2019;
Wu et al.,, 2019). Indocyanine green was successfully sealed in
chitosan/gold nanorod nanocapsule for PTT and photodynamic
combined therapy (Chen et al., 2013a). Conde et al. adapted a
triple-combination therapy that relied on drug-gold nanorods
and siRNA-gold nanospheres for drug release, distinguish cancer
and normal cells, and prevented cancer recurrence in a mouse
model of colon cancer (Conde et al.,, 2016). In spite that drug-
loaded nanocarriers with hyperthermia effect have therapeutic
advantages for releasing targeting agents for tumor, there are
still some drawbacks, such as insufficient or excessive dose by
intravenous delivery (Tong et al., 2016; Wilhelm et al., 2016;
Nabil et al., 2019). Recently, Lee et al. proposed a transplantable
therapeutic interface based on a gold-coated nanoturf structure
for on-demand hyperthermia therapy and drug delivery (Lee
etal., 2018). The gold-coated polymeric nanoturf structure could
not only serve as drug reservoir but also provide an induced heat
under NIR irradiation, thus modulating drug releasing rate and
controlling the surface temperature precisely for an esophageal
cancer model. Moreover, to maximize the synergistic effects by
exogenous and endogenous stimuli, two smart gold nanocages
containers coated with photothermal and pH responsive polymer
were designed for loading doxorubicin (Dox) and erlotinib (Erl),
respectively (Feng et al, 2019). In the NIR irradiation and
acidic tumor microenvironment stimulation, tumors were killed
by synergistic therapy of PTT and time-staggered drug release
strategy of Dox and Erl. The combination strategy obviously
improved the therapy efficacy by controlling the order and
continuance of drug in timing and spacing scale. These results
show that it is difficult to completely ablate the tumor without
any recurrence only based on PTI, because local photothermal is
unable to impede the spread of cancer cells. Therefore, multiple
imaging techniques need to be combined for redeeming the
shortcomings of PTI.

In addition, gold nanoparticles are eliminated from the
body to minimize health hazard at reasonable concentrations,
which are supervised as medical devices by the Food and
Drug Administration. Tremendous investigations on gold
nanomaterials had been studied for biomedical sciences, and
the preclinical safety of gold nanoshells had been established
in vitro and in vivo (Gad et al, 2012). Recently, Halas et al.
reported a study of photothermal ablation for prostate tumors
in clinical trials which gold-silica nanoshells (7.5 mL/kg dose
volume) were utilized in combination with imaging modality,
without significant adverse events in 94% of patients (Rastinehad
et al., 2019). This treatment protocol was demonstrated to be
safe and feasible procedure for localized prostate cancer with
low or intermediate risk, and it would open the door for gold
nanomaterials in the clinical anticancer application. However,
the bioinert and lack of biodegradation of gold nanomaterials
bring uncertainty and toxicity to the human body. These negative
feedbacks will directly affect the further clinical application of
gold nanomaterials.

SERS IMAGING

In general, Raman reporter molecules are attached to the
surface of gold nanomaterials, providing unique, and certain
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representative peaks as the signal source (Lu et al., 2010b). The
inelastic scattering of gold nanotags has narrow characteristic
bandwidths with several orders of amplification, which provides
sufficient structural and quantitative information for biological
interactions and analyte (Maiti et al, 2010). SERS imaging
is being recognized as a promising optical modality for
preclinical and clinical cancer application. Compared with
fluorescent imaging, SERS imaging can avoid photobleaching
and photoblinking and serve as an eligible alternative with good
photostability for in vivo imaging (Pal et al., 2019). Normally,
magnetic resonance imaging (MRI) is time-consuming imaging
with low sensitivity. While SERS imaging is not only fast speed
and super sensitivity, but also has excellent multiplex capabilities
and fine specificity for multiplex targeting (Von Maltzahn et al,,
2009). In recent decades, SERS-based detection with enhanced
electromagnetic fleld is extremely sensitive for trace analysis in
nanoscale regions (Bardhan et al., 2014). More importantly, SERS
imaging has weak interference signals in biological tissues, thus it
is popular in high-sensitive cell tracking (Wang Z. et al., 2017).
As known, MRI has been usually used for preoperative
directions and determining the macroscopic profile of the tumor.
However, the typical imaging methods were limited by low
sensitivity, and spatial resolution, and it was particularly difficult
to describe the actual margins of tumors due to the brain shift
in surgery (Orringer et al., 2010). For preoperative evaluation
and intraoperative treatment, Kircher et al. showed a triple-
modality to delineate the brain tumor boundaries in living mice
(Kircher et al., 2012). Ideally, SERS imaging is a type of real-
time imaging technique, which plays a main role in navigation
for accurately delineating the brain tumor margins and guiding
the tumor resection. With the development of SERS imaging
for tissue in small animals, an imaging system with large area
and high spatial resolution had been exploited (Bohndiek et al.,
2013). This unique spectroscopic instrument showed an ultra-
high sensitivity for a non-invasive imaging modality. It simplified
animal handling, and thus could realize rapid and multiplex
detection for the characterization of uptake dynamics in vivo.
Gold nanoparticles covered with Raman active molecules are
contrast agents with an enhanced scattering intensity. The size
of core nanomaterials, the properties of Raman molecules, and
the number of the molecules absorbed on the surface determine
the order of magnitude of amplification. Harmsen et al. presented
an administrative SERS nanoparticle for intraoperative imaging
in mouse models of glioblastoma, which was composed of a
gold core and a layer of Raman reporter molecules embedded
in a silica shell (Harmsen et al, 2015). As a result, the
limit of detection (LOD) reached femtomolar. Furthermore,
Wangs group synthesized 3D flower-like hierarchical gold
nanostructures and gold nanostars for cancer therapy (Song et al.,
2016, 2018, 2019). The SERS-active gold nanomaterials could use
as SERS tags and nanocarriers for cell imaging and drug delivery,
which were suitable candidates for promising SERS-imaging.
For in vivo SERS mapping, gold nanostars conjugated
with antibodies and Raman tags were able to detect the
immunomodulators and immunomarkers simultaneously (Ou
et al., 2018). With the accumulation of gold nanostars by
intravenous injection, the real-time longitudinal tracking of
the both biomarkers was implemented, and the sensitivity and

specificity of the relevant SERS signals displayed different levels
in breast cancer tumors. Furthermore, the high-resolution SERS
imaging could evaluate the distributions of gold nanostars
in tumors which were closely related to vascular density.
With wonderful optical properties, one-dimensional gold
nanoparticle assemblies (GNAs) with good dispersion, stability,
and biocompatibility were developed for in vivo imaging (Xia
etal,, 2018). The GNAs exhibited numerous ultra-small nanogaps
(smaller than 1.0 nm) and flexible caterpillar-like nanostructures,
which could change their morphology randomly. Due to the
remarkable SERS signal and good photothermal effect, the
GNAs were used as an efficient platform for SERS imaging
and photothermal imaging. Currently, SERS scanners are
dependent on the point-by-point acquisition, with a relatively
slow speed, which could not be satisfied for real-time and
rapid imaging in oncological application. Encouraged by the
versatility of fluorescence imaging and the specificity of SERS
detection, rational design of nanoprobes had been carried out
for fluorescence and SERS imaging in ovarian cancer xenograft
models (Pal et al, 2019). The bimodal nanoprobes based on
DNA and gold nanorods with three consecutive layers were
used successfully for imaging-guided tumor ablation and PTT.
Meanwhile, aptamer-conjugated gold nanocage has also been
built as the bifunctional theranostic platforms for SERS imaging
and NIR-triggered PTI (Wen et al, 2019). However, the real
biological environment of the human body is more intricate than
animal models, and most of the modified nanoprobes are likely
to be metabolized directly by immune system. Therefore, the
results can lead to the reduced active targeting, the limitation of
circulation time and insufficient dose of these nanoprobes that
will affect the therapeutic and imaging effects.

PHOTOACOUSTIC IMAGING (PAI)

As known, contrast agents or tissue can absorb the non-
ionizing laser and be heated, leading to a transient thermoelastic
expansion. Subsequently, wideband acoustic waves are produced
as photoacoustic waves, which can be captured on the surface of
target substance (Ju et al., 2019). Usually, computed tomography
(CT) imaging is high toxicity, the non-specific distribution
of contrast agents, and short imaging time (Xu et al.,, 2019).
However, PAI relies on the photoacoustic effect with high
reliability, and the gold contrast agents can be purposely
modified. Additionally, compared with MRI and fluorescent
imaging, PAI is non-invasive, quantitative, and speedy, and it
also presents high spatial-resolution of ultrasound imaging and
contrast of optical imaging (Zackrisson et al.,, 2014). PAI has
been demonstrated as a powerful tool to visualize biological
tissues with the advantages of deep penetration and high spatial-
resolution (Agarwal et al., 2007).

Gold nanomaterials are one kind of contrast agents for
providing improved photoacoustic signals because of chemical
inertness and large absorption cross sections in NIR region
(Yang et al, 2015). PEG-coated Au nanocage and pegylated
hollow gold nanospheres had been described as optical contrast
agents for in vivo PAI (Yang et al, 2007; Lu et al, 2010a).
Specifically, PEGylation-modified gold nanostructures with
different shapes, including nanospheres, nanodisks, nanorods,
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and cubic nanocages, had already been investigated for
bioactivity analyses in EMT6 breast cancer model (Black et al.,
2014). Furthermore, gold nanorods had been applied to image
in ovarian tumor models with a multimodal imaging (Jokerst
et al., 2012a). In this study, the parallel PAI and SERS imaging
had complementary capabilities, where the PAI characterized the
size, morphology, and stage of the tumor, and SERS imaging
guided the surgical resection. The silica-coated gold nanorods as
PAI agents exhibited a higher cellular up-take and had no toxic
effect on normal cells. They had been prepared to quantitate
and image mesenchymal stem cells for living mice in real time,
and the results showed the spatial resolution of 340 wm and the
temporal resolution of 0.2s (Jokerst et al., 2012b). To track the
stem cell in cardiovascular diseases, silica-gold nanorods with
coating IR775¢c, which was a sensitive dye of reactive oxygen
species, had been developed for PAI (Dhada et al., 2019). The
nanoprobe had a high spatial and temporal resolution, and they
displayed a 5% viability of mesenchymal stem cells after 10 days.

Due to the small size of nanoparticles with the overlap heating
volume, the intensity of photoacoustic signal could be increased
proportionally to the huge thermal energy which was rapidly
generated from the conversion from optical absorption (Chen
et al,, 2012). Chen et al. synthesized small gold nanoparticle with
controlled aggregation in a volume-changing nanocarrier that
had photothermal stimuli-responsive behavior (Chen Y. S. et al.,
2017). Overall, the PAI shows a dynamic contrast-enhancement,
while the background signals from tissue is suppressed. Although
the photonic nanoclusters are well-understood and have been
applied in a variety of bioimaging, the bottom-up assembly based
on nucleic acid scaffolds is still a challenge. As an example,
the plasmonic self-assembles had been exploited as photo-
responsive probes for multimodal SERS and PAI in vivo (Koker
et al,, 2018). In this method, the discrete gold nanoparticles
were functionalized with two complementary split fragments
of green fluorescent protein. Park et al. manufactured a gold
nanoclusters based on gold nanoparticles (about 4.5nm) and
albumin for optically visualizing and treating colon cancers via
PTT, fluorescence imaging, and PAI (Park et al, 2019). By
optimizing the size, shape, and optical absorption of the hybrid
albumin nanostructures, the promising platform displayed a
strong hyperthermic effect, as well as a balance between LSPR and
fluorescence resonance energy transfer effects.

CONCLUSIONS AND PERSPECTIVES

The research on bioimaging has been mainly promoted by the
systematic exploitation of nanomaterials and the combination
of modern techniques. Different types of functionalized gold
nanosensors have been reported with the development of
the surface modification. In this review, the multifunctional
gold nanomaterials have been showed for imaging-guided
in vivo cancer therapy using photothermal, SERS, PAI,
and multiples imaging modalities. Various types of gold
nanostructured loading platforms have been studied for imaging
and treatment of cancers. Nonetheless, there remain some
challenges and opportunities for further and higher demand for

in vivo and clinical studies. Firstly, the development of gold
nanomaterials is crucial for the applications of optical imaging
and synergetic therapy. For ideal imaging and therapeutic
results, three-dimensional structure, special configuration of
assemblies and composite gold nanomaterials are popular for
the bio-application. For example, some gold nanomaterials with
well-defined architectures and luxuriant hot spots, including
composite gold nanomaterials and self-assemblies, may generate
stronger electromagnetic-field enhancement for SERS imaging.
These novel nanomaterials also can be explored as excellent
contrast agents for PAI to overcome the problem of penetration
depth. Meanwhile, the multifunctional agents and biological
responsive (acceerative or passivated) molecules also necessary
to be developed with less toxic and better dispersion for the
organism. Therefore, the appropriate multifunctional agents can
avoid the possibility that the partial malignant cells are intact
after local hyperthermia in the effective PTT. It is also possibility
to enhance the NIR responsiveness, improve the accuracy of
targeting, and increase the efficiency of the delivery during
the cancer treatment. On the other hand, SERS possess single
molecule sensitivity in vitro experiment, and the elaborated gold
nanomaterials will be promising candidate to reach this level
and free from the interference of other species in the biological
system. Consequently, efficient composite gold nanoparticles
with desirable surface modification agents are pressingly needed
to achieve the desired effect in vivo. Similarly, the thermal
resistance also can be reduced by modifying interfacial agents
to improve the photoacoustic signal and resolution. Almost
all of the experimental and theoretical researches have focused
on the animal modes, while the clinical study is still lacking.
Lastly, it is necessary to integrate diagnosis, multimodal imaging,
and enhanced therapies for clinical application. Elaborate
detecting strategies and sensitive multiplex techniques can
enhance the spatial and temporal resolution, capture actual
dynamic processes in real-time, and answer the fundamental
biological questions in modern medicine. Finally, most of the
research has focused on the biological interactions, intracellular
distribution, and the transport behaviors of gold nanomaterials,
while the detailed mechanism of different interaction with
biomolecules and the process of internalization are still lack of
deep understanding.
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Nanomedicines refer to the application of nanotechnology in disease diagnosis,
treatment, and monitoring. Bioimaging provides crucial biological information for disease
diagnosis and treatment monitoring. Fluorescent bioimaging shows the advantages
of good contrast and a vast variety of signal readouts and yet suffers from imaging
depth due to the background noise from the autofluorescence of tissue and light
scattering. Near-infrared fluorescent lifetime bioimaging (NIR- FLTB) suppresses such
background noises and significantly improves signal-to-background ratio. This article
gives an overview of recent advances in NIR- FLTB using organic compounds and
nanomaterials as contrast agent (CA). The advantages and disadvantages of each CA
are discussed in detail. We survey relevant reports about NIR-FLTB in recent years and
summarize important findings or progresses. In addition, emerging hybrid bicimaging
techniques are introduced, such as ultrasound-modulated FLTB. The challenges and
an outlook for NIR- FLTB development are discussed at the end, aiming to provide
references and inspire new ideas for future nanomedicine development.

Keywords: bioimaging, fluorescence lifetime, near-infrared, nanomaterials, contrast agents

INTRODUCTION

Nanomedicines refer to the application of nanotechnology in disease diagnosis, treatment, and
monitoring (Freitas, 1999). Bioimaging is a technique that uses high-resolution and visualization
methods to obtain dynamic changes of the target molecules in cells, in tissues, or in vivo. As
the signal generator or contrast provider in biological imaging, contrast agents (CAs) have been
applied in biomolecular detection, cell imaging, bacterial imaging, cell tracking, vascular imaging,
in vivo tumor imaging, and treatment, and so on. The application of nanomaterials as CAs of
bioimaging is considered one of the nanomedicines for disease diagnosis or monitoring. The
success of bioimaging relies heavily on a good CA, but also the progresses of imaging technology.
Various bioimaging techniques are developed to achieve the goal of deep tissue, high
resolution, and good contrast. To date, the main bioimaging methods include X-ray
imaging, magnetic resonance imaging (MRI), optical bioimaging, electron microscopic imaging,
and mass spectrometry imaging. X-ray imaging has larger penetration into tissues than
ultraviolet/visible light (Yi Z. et al, 2014; Burdette et al, 2018), but radiation exposure
limits its usage and could be a health concern. MRI provides high resolution and great
depth for in vivo imaging yet suffers from low resolution in the cellular level (Kevadiya
et al, 2018; Xu et al., 2018; Wang et al, 2019). Mass spectrometry imaging could be
used to investigate the spatial distribution of molecules on complex surfaces (Amstalden
van Hove et al, 2010; Bednarczyk et al., 2019; Smith et al, 2019) but not to penetrate
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tissue. Optical bioimaging provides cellular- or molecular-level
information with the advantages of low cost, small size, and
noninvasiveness (Kumar et al., 2009; Hui et al., 2010).
Fluorescence bioimaging is one of the earliest appearances
in optical bioimaging and has been widely used in biomedical
research and clinical stages (Ntziachristos, 2006), thanks to the
rapid development of optical technologies and a plethora of
emerging fluorescent probes. Fluorescence imaging includes two
methods: one imaging targets through a microscope and the
other is macroscopic imaging that is based on optical tomography
(Pei and Wei, 2019). Good contrast could be obtained for
imaging gene, protein, and cellular processes by fluorescence
bioimaging (Lv et al, 2015). It has a vast variety of signal
readout mechanisms, including fluorescence intensity, lifetime,
quenching, or Forster resonance energy transfer (FRET), yet it
heavily relies on the function of fluorescent probes. Common
fluorescent probe dyes include rhodamines, cyanine dyes, and
coumarins. These organic probes may form aggregates that cause
aggregation-induced quenching at high concentration, resulting
in the decrease of fluorescence intensity (Lu et al., 2012). As for
bioimaging in tissue, it faces the challenge that the imaging depth
is limited because of the scattering light background.
Near-infrared (NIR) fluorescent probes that are of excitation
and emission wavelengths in the 650~900nm region are
attractive for fluorescent bioimaging because interference from
the auto-fluorescence background is significantly reduced (Li
et al, 2016; Liu et al, 2016). Such bioimaging has been
reported for deep-tissue ex vivo and in vivo imaging (Qian
et al, 2009). New NIR fluorescent dyes of rhodamine
derivatives have been developed for sensing mitochondrial
membrane potential. For instance, Pastierik et al. synthesized
and characterized a fluorescent probe, 9-phenylethynylpyronin
analogs, conceiving the bathochromic shift to NIR region, which
overcame the limits of common xanthene- or rhodamine-based
fluorophores (Pastierik et al., 2014). Hang et al. developed a
new NIR diketopyrrolopyrrole-based fluorescent dye for protein
biosensing and other potential bioimaging (Hang et al., 2014).
Obtaining quantitative information from fluorescent
bioimaging is complicated, as the signal is affected by numerous
factors, including the excitation light intensity, quenching, and
the distribution concentration of fluorophores. Fluorescence
lifetime imaging (FLIM) is able to quantitatively obtain
the functional information of samples by measuring the
fluorescence lifetime of fluorophore, which is independent on
the concentration (Becker, 2012). Fluorescence lifetime could
be influenced by the microenvironment of the fluorophore,
such as temperature, polarity, and the presence of fluorescence
quenchers. Because of these advantages, FLIM along with
FRET was reported to study the structures, interactions, and
functional events between molecules of interest in cells or small
animals (Berezin and Achilefu, 2010). Since the lifetimes of
autofluorescence in tissue have been reported to be in the range
of 0.1-7 ns (Berezin and Achilefu, 2010), the lifetimes of the
FLIM CAs would be close to 10 ns or greater to ensure the best
contrast or signal-to-background ratio.
The development of a CA that has NIR excitation/emission
wavelength and long fluorescence lifetime (>7 ns) appears

a key element to the success of deep-tissue high-resolution
FLTB. CAs are diverse in nature and common CAs include
small molecules and nanomaterials. The latter could be nano-
sized (usually <100nm at one of the dimensions) chemical
composites or biomolecules (e.g., fluorescent proteins). In
this review, we surveyed the advance in the development of
CAs and analyzed their properties for potential use in FLTB,
followed by a brief introduction of FLTB instrumentation. Some
FLTB results were presented to demonstrate the features and
advantages of FLTB. The findings from the development of
small molecules and nanomaterial-based CAs are summarized,
which will be beneficial for further development of hybrid CAs
that small molecule fluorescence dyes are encapsulated in a
nano-sized carrier (“dye@nanocarrier”). Finally, a new hybrid
bioimaging system that integrates ultrasound with FLTB was
described, which may provide a promising platform for future
FLTB development.

NIR FLUORESCENT LIFETIME
BIOIMAGING (NIR-FLTB)

NIR-FLTB CA

Small Molecule-Based CAs

Serving as CAs, NIR organic dyes have been attracting wide
attention in bioimaging applications. Yet only a few of them are
directly available because others suffer from poor photostability,
hydrophilicity, and stability, as well as low sensitivity in tissues
or in vivo (Luo et al,, 2011; Yi X. et al.,, 2014). Great efforts
have been made to develop new dyes to overcome these
issues and to obtain strong florescence intensity and long
fluorescent lifetime (Nolting et al., 2011). The most common and
frequently studied NIR organic dyes are cyanines, squaraines,
phthalocyanines, and porphyrin derivatives, rhodamine analogs,
and borondipyrromethane analogs (BODIPYs). The chemical
structures of NIR dyes that are of potential to be used for
FLTB application are shown in Figure 1, and their photophysical
features are summarized in Table 1.

Cyanine dyes

Cyanine dyes were developed first by Williams in 1856
(Williams, 1856). The typical structures were composed of
two aromatic nitrogen-containing heterocycle rings linked
together by polymethine bridge; see the chemical structure
in Figure 1A. The longer the polymethine bridge is (the
number in the dye’s name represent the number of carbon),
the longer the absorption/emission wavelength is (Martinic
et al, 2017). For instance, Cy5, Cy5.5, Cy7, and Cy7.5,
whose maximum absorption/emission wavelengths (Amax/hem)
are 652/672, 675/694, 755/788, and 788/808 nm, respectively
(Lavis and Raines, 2008; Luo et al., 2011; Martini¢ et al.,
2017). They are widely used in the field of laser materials,
paints, and bioimaging for nucleic acids and proteins, and
so on; however, it has been noted that they may show poor
photostability, undesired self-aggregation, small Stokes shifts,
high plasma protein binding rate, and mild fluorescence and
low quantum yield in aqueous solution (Levitus and Ranjit,
2011; Luo et al, 2011). There have been great challenges for
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TABLE 1 | Photophysical features of typical fluorescent lifetime organic dyes.

Types of Organic dyes Solvents Photophysical features References
organic dyes
Absorption Emission Lift time Lift time
wavelength wavelength (in vitro) (in vivo)
Abs (nm) Em (nm) (ns) (ns)
Cyanine Cy5 HoO 651 670 0.98 - Tinnefeld et al., 2001
Cy 5.5 - 675 694 - - Martini¢ et al., 2017
Cy7 - 755 788 - - Martini¢ et al., 2017
Cy7.5 - 788 808 - - Martini¢ et al., 2017
CyNA-414 - 804 819 - - Samanta et al., 2010
ICG DMSO 794 831 1.1 0.60-0.84 Berezin et al., 2009a
D1 Methanol 786 814 - - Chen et al., 2006
D2 Methanol 785 813 - - Chen et al., 2006
D3 Methanol 784 809 - - Chen et al., 2006
D4 Methanol 785 807 - - Chen et al., 2006
D5 Methanol 784 813 - - Chen et al., 2006
E Methanol 782 808 - - Chen et al., 2006
N-CyNp HEPES - 785 - - Wu et al., 2017
pyrrolopyrrole DMSO 757 779 4.02 3.05-3.80  Berezin et al., 2009a
cyanine-BF2
(PPC-BF2)
pyrrolopyrrole DMSO 824 840 3.35 2.50-2.88  Berezin et al., 2009a
cyanine-BPh2
(PPC-BPh2)
LS-288 Methanol 770 790 0.81 1.12 Berezin et al., 2009b
DMSO Methanol 782 810 0.76 - Waddell et al., 2000
LS-277 Methanol 800 811 0.61 0.74 Berezin et al., 2009b
IR-820 Methanol 820 836 0.25 0.53 Berezin et al., 2009b
LS-276 Methanol 797 816 0.83 1.12 Berezin et al., 2009b
Cypate Methanol 792 817 0.46 0.63 Berezin et al., 2009b
Squaraine N-propanesulfonate- Aqueous Solution 660 +1 669 +1 3.7+0.2 - Zhang et al., 2013
benzothiazolium (BSA)
squaraine (SQ-1)
N-propanesulfonate- Aqueous Solution 675 £ 1 684 £ 1 2.6 +0.1 - Zhang et al., 2013
benzoindolium (BSA)
squaraine (SQ-2)
Squaraine Dye 1 DMSO 706 + 1 719 +£1 0.51 +£0.07 - Ahn et al., 2012
Q1 THF:water (4:1) 650 676 1.24 - Arunkumar et al., 2005
Q2 THF:water (4:1) 643 667 6.96 - Arunkumar et al., 2005
Rhodamine dyes ~ Rhodamine 110 Water 497 523 4.28 - Zhang X.-F. et al., 2014
Rhodamine 123 Water 497 527 4.20 - Zhang X.-F. et al., 2014
Rhodamine 6G Water 525 554 4.22 - Zhang X.-F. et al., 2014
Rhodamine B Water 554 580 1.75 - Zhang X.-F. et al., 2014
Ethyl-RB Water 552 581 1.10 - Zhang X.-F. et al., 2014
Butyl-RB Water 558 584 1.67 - Zhang X.-F. et al., 2014
Rhodamine 101 Water 575 604 4.91 - Zhang X.-F. et al., 2014
LA-RB Water 562 588 1.49 - Zhang X.-F. et al., 2014
Sulfo-RB Water 554 591 1.78 - Zhang X.-F. et al., 2014
BODIPYs BODIPY dye 1 Hexane 690 693 4.49 - Sun et al.,, 2019
BODIPY dye 2 Hexane 714 716 3.89 - Sun et al., 2019
BODIPY dye A H,O 622/665 702 2.6 - Zhu et al., 2013
Polymer A H>O 687 711 0.4 - Zhu et al., 2013
Polymer B H>O 689 712 0.6 - Zhu et al., 2013
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scientists to improve the performance of cyanine dyes, but some
exciting progresses have been witnessed. For example, Samanta
et al. (2010) have reported a fluorescent dye, CyNA-414 (see
Figure 1B for chemical structure), which has stronger emission
intensity and higher photostability than those of indocyanine
green (ICG). They claimed that the enhancement was attributed
to the introduction of the acetyl group, which is capable
of withdrawing electron. Chen et al. (2006) synthesized 3H-
indocyanine dyes with different N-substituents (Figures 1D,E),
which introduce the electron-donating groups that can obtain
better photochemical stability. It was believed that these dyes
will be a promising CA in future biological applications. In the
process of continuous searching, Stokes shift is also an important
factor to be considered in addition to the photochemical stability.
In 2017, Wu et al. (2017) developed a NIR cyanine dye, which
is modified by naphthalimide with a Stokes shift of c.a. 165 nm
and a ey at 785 nm (Figure 1F). The large Stokes shift mitigates
the interference from the excitation light, resulting in a good
signal-to-background ratio. It is a promising CA for the imaging
of mouse model according to their results. Unfortunately, the
fluorescence lifetimes of these modified cyanine dyes have not
been studied; however, the findings from these reports will offer
a meaningful strategy for future lifetime studies.

The Food and Drug Administration (FDA) of the
United States approved ICG dye as the only cyanine probe
for in vivo use in biomedical applications. However, ICG has
been rarely used in fluorescence lifetime bioimaging due to its
short lifetime (<2 ns). As for other cyanine dyes, increasing
efforts have been taken to improve the fluorescence lifetime
to meet the requirements of FLTB. It appears that none of
these dyes shows a fluorescent lifetime being close to 7 ns (the
background noise of the maximum fluorescence lifetime from
tissue). Due to the lack of the fluorescence lifetime data of the
abovementioned modified cyanine dyes, we cannot put this as a
dead-end for FLTB yet.

Squaraine dyes

Squaraine dyes show intensive absorption/emission in the visible
and NIR regions. These compounds belong to the subclass
of polymethoxy dyes, which consist of an oxocyclobutenolate
core with aromatic or heterocylic components at both ends of
these molecules (Patsenker et al,, 2011). Squaraine dyes have
been widely used in the fields of printing and dyeing, photo-
detector, biological probe, photodynamic therapy, optical data
storage, laser printing, optical-emitting effect transistor, non-
linear optics, infrared photography, and solar cells (Hu et al.,
2013) because of the advantages of intensive absorption bands
and good photoconductivity; however, they show small Stokes
shifts and poor solubility in aqueous solution (resulting in
aggregate and quenching). To this end, Arunkumar et al. (2006)
encapsulated dyes in the amide-containing macrocycle, and they
claimed that the method could be extended to other dyes. It
is believed that the fluorescence properties and the chemical
robustness of squaraine dyes can be adjusted by modifying or
adding moieties into the dye. A few squaraine dyes and their
photophysical properties were summarized in Table 1.

Rhodamine dyes

Rhodamine dyes belong to the class of xanthene and have
been extensively used as fluorescent probes due to their
distinguishing photophysical properties, such as water solubility
(Guo et al., 2014). The chemical structures of some rhodamine
dyes/rhodamine analogs are shown in Figure 1. Although they
have prodigious molar extinction coeflicients and resistance,
their emission wavelengths are rarely above 600 nm. For instance,
rhodamine B, rhodamine 6G, and rhodamine 101 and their
emission wavelengths are all in the visible region (~600nm)
(Prazeres et al., 2008; Berezin and Achilefu, 2010). This limits
the application of rhodamine dyes in in vivo bioimaging. In
recent years, developing new rhodamine analogs by modifying
their xanthene core has received great attention. Koide et al.
(2011) reported a far-red to NIR fluorescence probe, MMSIR,
which was designed based on Si-rhodamine. Its fluorescence
shows no dependence on pH and high resistance to autoxidation
and photobleaching. Moreover, it had been used for real-time
imaging. McCann et al. (2011) compared a silica-rhodamine-
based NIR fluorophore (SiR700) with cyanine-based dyes. The
absorbance (2A) and emission (2B) spectra of the dye-conjugated
avidin are represented in Figure 2. In the presence of a surfactant,
sodium dodecyl sulfate (SDS), the emission intensity of the dye-
conjugated avidin was enhanced by c.a. 3-folds. This indicates
that the decreased polarity (more hydrophobic) generated from
the formation of SDS micelle could lead to the enhancement
of fluorescence emission intensity. Their findings suggest that
SiR700 could be useful for in vivo optical imaging.

BODIPY dyes

BODIPY dyes have a corporate structure of 4,4’-difluoro-4-
bora-3a,4a-diaza-s-indacene, which were discovered by Treibs
and Kreuzer in 1968 (Treibs and Kreuzer, 1968). These dyes
are of high extinction coefficient, strong fluorescence intensity,
good photostability, and inertness to pH and medium (Geddes
and Lakowicz, 2005). Normally, BODIPYs dyes fluorescence
emission wavelengths are close to NIR range. Adjusting the
absorption/emission wavelengths of these dyes to the NIR
range can be realized by modifying the core of dyes. For
instance, Zhu et al. (2013) prepared a polymeric BODIPY dye
bearing arginine-glycine-aspartic acid (RGD) peptides (polymer
B). The thiol-functionalized RGD cancer-homing peptide was
conjugated with tetra(ethylene glycol) tethered spacers (polymer
A) under a mild basic condition. The water-soluble BODIPY
dye was used for NIR fluorescence imaging of breast cancer
cells. Sun et al. (2019) designed two thieno[3,2-b]thiophene-
fused BODIPY derivatives, which have an enhanced absorption
in the NIR region. Study showed that BODIPY dyes are
highly sensitive to microenvironment (Pei and Wei, 2019),
yielding to a fact that their fluorescence intensity and lifetime
dropped significantly when transferred from organic solvent
to water phase. This hinders scientists using them directly in
FLTB applications.

Summary of small molecule-based CAs
We summarized the chemical structures, absorbance/emission
wavelengths, and fluorescence lifetime (solvents) of some
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FIGURE 2 | (A) Absorbance spectra of near-infrared (NIR) imaging probes, consisting of a NIR fluorophore conjugated to avidin, without SDS (dashed line) and with
SDS (solid line). (B) Emission spectra of NIR imaging probes without (dashed line) and with (solid line) SDS (McCann et al., 2011). Reproduced with permission.
Copyright 2011 American Chemical Society.

TABLE 2 | Photophysical features of selected nanomaterials$.

Excitation range [nm] e[M~'em™] T [%] Fluorescence lifetime Time-gating Blinking Photostability

Quantum dots 700-1,300 10%-10° 10-90 20 ns—5 s Yes Yes High

Polymer dots 500-800 106-107 10-50 <1ns No No Medium
Nanodiamonds (NV)* 520-580 106 70-80 10-30 ns Yes* No Very high
Organic dyes 600-800 10%-10° 10-50 <1-6ns No Yes Low

Carbon dots 500-650 10%-10° 1-10 <10ns No No Medium

Gold clusters 500-650 10%-10° <1-3 3-800 ns Yes Yes Medium
Carbon nanotubes™ 700-1,300 107 <<1-7 <1ins No No High
Graphene oxide 400-650 10* <1-5 <1ns No Yes Medium
UCNPs 980 10%-10* <1-7 >100 s Yes No High

SAdapted from Reineck and Gibson (2016) with permission. Copyrights 2017 John Wiley. e, the molar absorption coefficient; I', the fluorescence quantum yield; UCNPs,

upconversion nanoparticles.

*Many nanodiamonds’s lifetimes are not long enough for time-gating, except for the one that is of >60nm in diameter (Hui et al., 2014).
**Absorption coefficient is proportional to nanotube length. The value is based on a length of 200 nm.

representative NIR organic dyes, including cyanine, squaraine,
phthalocyanines and porphyrin derivatives, rhodamine analogs,
and BODIPY analogs. New dyes had been developed to
improve either water solubility or fluorescence properties. These
findings encourage scientists to conduct in-depth studies, one
of which might be the improvement of their fluorescence
lifetimes. As for NIR FLTB application, the fluorescence lifetime
threshold from tissue background noise was found to be up
to 7 ns. None of these dyes can be perfectly qualified to
use as a CA for FLTB in tissue. As seen in Table 1, some
BODIPY dyes show promising lifetimes, for example, ~4 ns,
in organic solvent, but their lifetimes dropped significantly

in aqueous solution or buffer solutions. A trade-off between
water solubility and fluorescence lifetime often exists. To
this end, dye-encapsulated nanomaterials (“dyes@nanocarrier”)
might be a solution. The hydrophobic internal nanocore
offers an environment to maintain the long lifetime of the
dyes, whereas the external hydrophilic nano-shell improves
the water solubility. Such composites were potentially meeting
the requirements of FLTB CAs. An outstanding example is
to encapsulate BODIPY dyes into a micelle (Pei and Wei,
2019). The resulting micelle-encapsulated dye shows great water
solubility but also the unchanged fluorescent lifetime of the
BODIPY dye.
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Nanomaterial-Based CAs

Nanomaterials are a class of materials that are of size range
from 1 to 100nm for at least one dimension. Compared
with molecular probes, nanomaterial-based fluorescence probes
are not subject to nonspecific binding of proteins, so their
optical properties are not affected. In recent years, the
research of nanomaterial-based CAs has been developing rapidly,
especially in the fields of medicine and diagnosis (Hahn et al.,
2011). Their fluorescence appeared not be easily affected by
solvent polarity, ionic strength, pH, and temperature. More
importantly, they show high sensitivity and selectivity to the
target and have good contrast (Wolfbeis, 2015). The most
commonly used nanomaterial-based CAs are hydrophobic and

hydrophilic organic polymers, nanoparticles made of silica and
organically modified silica, quantum dots (QDs), semiconducting
organic polymers, carbonaceous nanomaterials including carbon
(quantum) dots, carbon nanoclusters and carbon nanotubes,
nanodiamonds, upconversion materials, metal particles, metal
oxides (Wolfbeis, 2015). The photophysical features of selected
nanomaterials are shown in Table2. As discussed earlier, to
eliminate the autofluorescence from tissue, the fluorescence
lifetimes for FLTB CAs are recommended to be equal or above 10
ns. As shown in Table 2, QDs, nanodiamonds, gold clusters, and
upconverting nanoparticles (UCNPs) are qualified for time-gated
FLTB. Among them, QDs and UCNPs have unique advantages,
such as NIR emission, long fluorescence lifetime, and tunable
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FIGURE 4 | (A) Fluorescence lifetime imaging (FLIM) image of each near-infrared (NIR)-emitting 2D encoded microbeads. The scale bar indicates 10 um, which is also
applicable for (C). (B) Lifetime distribution of NIR-emitting 2D encoded microbeads (inset: unmixed FLIM image). (C) Merged fluorescence emission spectra image of
each NIR emitting 2D encoded microbeads with multi-emission (pseudo-colored red: 700 nm; pseudo-colored green: 760 nm). (D) Fluorescence emission spectra of

NIR-emitting 2D encoded microbeads (Chen et al., 2014). Reproduced with permission. Copyright 2014 John Wiley and Sons.

fluorescence properties, which make them promising CAs for
NIR-FLTB. The detailed features and applications of QDs and
UCNPs are described below. Gold cluster- and nanodiamond-
based CAs are briefly introduced because of their relatively
shorter excitation wavelengths (Table 2).

Quantum dots

Quantum dots (QDs), tiny light-emitting particles at nanometer-
size, are extremely bright and photostable. Although QDs can
be excited by a wide range of wavelengths, the NIR QDs are
considered safe because they are non-ionizing. QDs are emerging
as a new class of fluorescent CAs for bioimaging, thanks to the
high sensitivity (brightness), high specificity (targeting), and the
capability for multiple targets (narrow emission spectrum). A
number of NIR fluorescent QDs have been designed, including

HgS, PbS, PbSe, Ag,S, and so on. HgS can exhibit narrow,
size-dependent transitions between 500 and 800nm for sizes
ranging from 1 to 5nm (Goswami et al, 2012); PbS has a
large exciton Bohr radii of 20 nm, whose fluorescence has a
wider adjustable range (Wang et al, 2012); PbSe belongs to
e IV-VI semiconductors, which has large Bohr radius, small
Stokes shift, and bright luminescence (Tan et al., 2007); Ag,S
belongs to I-VI semiconductors, which has 1.0eV of narrow
band gap and low toxicity (Meherzi-Maghraoui et al., 1996).
The emission wavelength of a QD is related to size, which can
be adjusted through changing surface composition (Bentolila
et al,, 2009). For example, emission wavelength of cadmium
selenide (CdSe) QDs can be tuned to cover 450-650 nm range by
adjusting the size of QD from 2 to 7 nm (Figure 3A). By changing
the composition of the alloy CdSe,Te;_y, emission wavelength
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of QD with a diameter of 5nm can be tuned from 610 to
800 nm (Figure 3B) (Smith et al., 2004). Compared with organic
molecule-based CAs, QDs show more intriguing fluorescence
properties, including adjustable emission wavelengths, high
molar extinction coeflicient, high fluorescence quantum yield,
large effective Stokes shift, and high photobleaching resistance
(Hahn et al., 2011; Zhang et al., 2012). According to the survey,
the core of the most commonly used QDs is CdSe coupled with
the shell layer of ZnSe or CdSe. For bioimaging applications,
the core-shell structure is often coated with surfactants (e.g.,
stabilizer ligands, amphiphilic polymers) or affinity ligands (e.g.,
antibodies), as shown in Figure 3C (Xing and Rao, 2008). Most
importantly, QDs have a long fluorescence lifetime, ranging from
20 to 50 ns or greater, which overcame the limit of organic
molecules in FLTB. The relatively long fluorescence lifetime
separates QDs’ fluorescence from fluorescence background from
tissue (<7 ns) (Smith et al., 2004). Although QDs with emission
wavelengths of 450-650 nm have been well-studied, QDs that
emit at NIR wavelengths are rarely explored because of the
challenging synthesis (He et al., 2011).

In 2014, Chen and his collaborators (Chen et al., 2014)
reported a new class of lattice-strained CdTe/CdS: Cu QDs,
which have high photoluminescence quantum yield (PL QY)
(50-70%), widely tunable NIR-fluorescence emission spectrum
(700-910 nm), and long fluorescence lifetime (up to around 1
ws). They used the as-prepared QDs to fabricate the NIR-emitting
2D codes based on multi-emission and multi-lifetime. The FLIM
images and lifetime distribution of microbeads are presented
in Figure 4.

In 2015, Chen et al. prepared Cu-doped CdZnS QDs that
have ultra-small size (~3.5nm), NIR-emission (~720 nm), and
long lifetime (up to ~1 ps) (Chen et al,, 2015). The QDs-based
in vivo pH imaging using FLIM can be seen in Figure 5.

Autofluorescence from the tissue was suppressed in Figure 5C,
and the CAs showed a great selectivity toward pH. In 2019, Pons
and his colleagues reported that the fluorescence lifetimes of
ZnCulnSe/ZnS QDs are between 100 and 300 ns, which enable
the efficient rejection of fast autofluorescence photons but also
increase the sensitivity (Pons et al., 2019). With the excitement of
conceiving FLTB with long fluorescence lifetime QDs, scientists
also noted that such organic QDs may have toxicity in vivo, such
as genotoxicity (Giraud et al., 2009).

UCNPs

UCNPs were first described in the early twentieth century, and
UCNPs convert long-wave light into shorter-wave luminescence
and have long fluorescence lifetime (Auzel, 2004). UCNPs can
emit photons with higher energy than the absorbed photons.
UCNPs have high photostability, deep tissue penetration (excited
at NIR wavelengths), and low background interference (Liu et al.,
2014), by which it attracts increasing attention in the field of
bioimaging. The mechanism of energy transfer upconversion
is describe in Figure 6 (Tan et al., 2016). UCNPs are often
excited at NIR wavelengths (far NIR excitation wavelength
will eliminate the auto-fluorescence background), and the
resulting emission occurs in visible or ultraviolet regions of the
electromagnetic spectrum.

At the early stage of the development of UCNPs, efforts had
been made to improve the upconversion efficiency by modifying
composition, phase, and size, whereas the quantum yield of
UCNPs was still limited by energy transfer between doped ions.
The most exciting feature of UCNPs is that their fluorescence
lifetime reaches microseconds range (Kim and Kang, 2010). In
2009, Hilderbrand et al. reported a multi-channel luminescent
Y,03-based UCNP, and it was used for the in vivo imaging
of blood vessels (Hilderbrand et al., 2009). Thanks to the
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long fluorescence lifetime of the UCNPs, the good contrast
images were obtained after a microsecond exposure, which
eliminated the background fluorescence from the tissue. Wu et al.
reported lanthanide-doped UCNPs that are of NaYF, (3-NaYFy)
nanocrystals with multiple Yb** and Er** dopants, and the
UCNPs showed no on/off emission behavior (“blinking”) down
to milliseconds (Wu et al., 2009). In vivo and in vitro bioimaging
results demonstrated the capability of such UCNPs toward
single molecular bioimaging and future targeting bioimaging
applications. Chen et al. described a high quantum vyield
UCNPs with core/shell structure of (a-NaYbF4:Tm>t)/CaF,
(Figure 7) (Chen et al., 2012). It exhibits highly efficient NIRy,-
NIRoyt upconversion, and it was used for high contrast and
deep bioimaging.

Gold clusters and fluorescent nano-diamonds

Gold clusters often consist of several tens of gold atoms, prepared
through the chemical reduction of gold ions in solution or the
etching of large gold NPs. Their fluorescence emissions could
be tuned into NIR range (usually up to ~700 nm) with lifetime
up to ~800 ns (Reineck and Gibson, 2016). Thanks to the
long fluorescence lifetime, they have been used for bioimaging
applications (Shang et al., 2011; Liu et al, 2013; Roy et al,
2015), see Table 2. Likewise, the fluorescence lifetime of nano-
diamonds could be up to ~20 ns (Hui et al, 2014), which
makes them qualified for bioimaging application. For both
cases, researchers employed time-gated fluorescence to observe
fluorescence intensity after applying a 10-ns threshold.

Fluorescent proteins

The synthesis of fluorescent proteins includes two processes:
the first is encoding by a cascade of DNA, including gene
transcription and translation; and the second is maturation and

CaF
975 nm Ex

ORS00 nm Em

FIGURE 7 | Structure of (a-NaYbF4:Tm3+)/CaF, upconverting nanoparticles
(Chen et al., 2012). Reproduced with permission. Copyright 2012 American
Chemical Society.

form fluorophore (Berezin and Achilefu, 2010). The fluorophores
are protected by the protein shell, which can isolate fluorophores
from the external environment, and thus their lifetimes are
stable and not sensitive to external environment. However,
their optical properties could be affected by pH that may
cause the conformation change of the protein. A cerulean
(ECFP/S72A/Y145A/H148D) fluorescent protein was reported
that possesses high extinction coefficient and a fluorescence
lifetime of 3.5 ns (Rizzo et al., 2004).

Summary of nanomaterial-based CAs

As shown in Table 3, both QDs and UCNPs show acceptable
fluorescence lifetime (>10 ns) at NIR region, which meet
the criteria of FLTB CAs. The instinct features of QDs
fluorescence are the narrow emission spectrum and adjustable
emission wavelength. These advantages make them promising
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TABLE 3 | Photophysical features of typical nanomaterials-based contrast agents (CAs).

00 L

Type Fluorescent Solvents Photophysical features References
component
Absorption Emission Lift time Lift time
wavelength wavelength  (in vitro) (in vivo)
Abs (nm) Em (nm) (ns) (ns)
Quantum Dots HgS H,O 550 730 ~5.2 - Goswami et al., 2012
(QDs) PbS toluene 770 960 2,570 - Cheng et al.,, 2017
hexane 770 960 2,820 -
chloroform 770 960 2,710 -
PbSe H>O - - 8,670 - Kigel et al., 2009
Ag2S Chloroform 785 975-1175 57-181 - Zhang Y. et al., 2014
water 808 1200 ~50 - Santos et al., 2017
CdSe H,O 425 640 1.68 - Zhang et al., 2019
CdSe@znS PBS - 605 ~43 - Gaigalas et al., 2014
PBS - 705 131 -
H>O - 800 160 -
CdTe/CdS: Cu water - 700-910 1,000 - Chen et al., 2014
Cu-doped CdZnS Buffer - 720 ~800 (pH 7) ~800 (pH7) Chen et al., 2015
ZnCulnSe@ZnS blood stream - ~830 - 100-300 Pons et al., 2019
Upconversion Y203-based Blood stream 980 795 - ~ms Hilderbrand et al., 2009
nanoparticles NaYF, (B-NaYFa) Dulbecco’s Modified 980 540 & 650  ~ms ~ms Wu et al., 2009
(UCNPs) nanocrystals with multiple ~ Eagle Medium
Yb3* and Er** dopants (DMEM)
(a-NaYbF,:Tm3+)@CaF,  water 975 800 3x10° >10° (tissue) ~ Chen et al., 2012
Gold Clusters Auzo water 561 628 2451 - Roy et al., 2015
Au/dihydroplipoic acid PBS 550 684 500-800 >600 (cell) Shang et al., 2011
Au/trysine water 520 700 ~1,000 - Liuetal., 2013
Nanodimanonds  Fluorescent nanodiamonds water 532 700 ~20 - Hui et al., 2014
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FIGURE 8 | (A) Schematic of wide-field time-domain fluorescence lifetime imaging (FLIM). (B) Setup of the frequency-domain FLIM instrumentation. (Elson et al.,
2004; Van Munster and Gadella, 2004). Reproduced with permission. Copyrights 2004 Royal Society of Chemistry and 2004 John Wiley and Sons.
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CAs candidates for multiple targets bioimaging. Using UCNPs
as CAs allows the ease of low power excitation light source
and of the elimination of auto-fluorescence background. The
excitation light for UCNPs could be at far NIR, such as 950 nm,

under which rare fluorescence from tissue could be generated.
Not to mention that their long fluorescence lifetime offers a
great tool to further improve the signal-to-background ratio
(SBR). The SBR of UCNPs-based bioimaging was adequate for
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FIGURE 9 | Diagram of the frequency domain ultrasound-switchable fluorescence (USF) system. The same instrumentation is used both for characterizing the sample
agent and for imaging experiments. The sample characterization setup is indicated by the green box, whereas the imaging setup is indicated by the red box (Lin et al.,
2012). Reproduced with permission. Copyright 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).

fluorescence intensity-based bioimaging; thus, few studies have
investigated UCNPs-based FLTB. Biocompatible surfactants,
such as PEG, could be coated onto the surface of QDs and
UCNPs, which helps in mitigating the toxicity of such CAs
during in vivo bioimaging. However, increasing concerns have
been brought up by toxicologists regarding the toxicity of the
core components of QDs and UCNPs. Fortunately, fluorescence
protein might be a nontoxic alternative to QDs or UCNPs.
Yet the fluorescence lifetimes of fluorescence proteins fall short
at a few nanoseconds, which is not beneficial to outstand the
autofluorescence background from tissue (up to ~7 ns). Even
though good contrasts have been conceived, light scattering in
tissue is still a challenge for nanomaterial-based FLTB to improve
the resolution in deep tissue.

FLTB Instrumentation

FLIM mainly includes time- and frequency-domain methods
(Birch and Hungerford, 2002). Their main components can
be seen in Figure 8. The spectroscopic configuration is mainly
composed of excitation source and detection instrumentation
(Leblond et al., 2010). For time-domain method, fluorophores
were excited by pulsed light sources, and fluorescence lifetime
measurement is conducted with time-gated detection, time
correlated single photon counting (TCSPC), or streak-FLIM.
Microchannel plate and intensified charge-coupled device (CCD)
camera can realize full-field FLIM (Wang et al., 1992); multi-
photon excitation FLIM can be performed by combination
confocal microscopy or multiphoton excitation fluorescence
microscopy with TCSPC (Becker, 2012); streak-FLIM can be
achieved by a streak camera (Krishnan et al, 2003). As for
frequency-domain method, the typical light sources are light-
emitting diodes or laser diodes. Unlike time domain, it uses a
co-frequency modulated CCD or photomultiplier tube (PMT)

as a detector that demodulates and receives fluorescent signals.
When FLIM instrument is applied into biological samples, an
inevitable issue is the scattering light in deep tissue. For instance,
the imaging depth for breast could reach centimeters. In such
scenarios, the resolution of optical imaging technique will be lost.

Novel Hybrid FLTB Technology

Ultrasound-based bioimaging is well-known for its great
penetration in tissue and good resolution; however, it does not
have the good contrast and vast detection method as fluorescence
bioimaging. Theoretically, the combination of ultrasound and
fluorescence could harness advantages of both and conceive
deep-tissue, high-resolution, and good contrast bioimaging.
Ultrasound-switchable fluorescence (USF) is a technology that
uses ultrasound pulses to make fluorophores emit fluoresce in
the ultrasound focus region. In 2012, USF bioimaging was first
reported, and the method is about one order of magnitude better
than other deep-tissue fluorescence imaging (Yuan et al., 2012).
Another research group demonstrated a frequency-domain
temperature-modulated fluorescence tomography system (Lin
et al., 2012). This work realized a depth of 2cm and a size
of 3mm in the biological tissue. The measurement system and
experimental setup are shown in Figure 9.

It is noteworthy that USF CAs are a hybrid CA of
small molecule and nanomaterial. NIR dyes, that is, ICG or
BODIPY, were encapsulated in a polymer nano-carrier, for
example, Poly(N-isopropylacrylamide) (PNIPAM) nanoparticles
or Pluronic micelles. The dyes’ fluorescence is highly dependent
on the polarity of the microenvironment; that is, higher
intensity of emission at more hydrophobic environment. The
microenvironment inside the nano-carrier will become more
hydrophobic through conformation change upon being heated,
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namely, thermosensitive property. When the ultrasound (high-
intensity focused ultrasound, HIFU) gave the energy (heat) at
the focused area, the USF CAs within the area will emit higher
fluorescence (turned ON). Intensity-based USF bioimaging has
been explored (Pei and Wei, 2019), but no new reports of USF
FTLB have been emerging yet, which is likely attributed to the
unavailability of long fluorescence lifetime USF CAs.

CONCLUSIONS AND OUTLOOK

Nano-sized CAs of FLTB are one class of nanomedicines for
disease diagnosis or monitoring. Small molecule-based CAs
can fulfill the requirements of in vitro FLTB, such as cellular
bioimaging, whereas they appear not applicable in tissue imaging
due to the unavailability of NIR dyes. Even if a few NIR organic
dyes have been developed and applied into bioimaging, scientists
are still reluctant to use them in deep tissue bioimaging because
of the poor imaging depth derived from large scattering light
background. The use of nanomaterial-based CAs, such as QDs
or UCNPs, improves the performance of in vitro FLTB in
terms of a better quantum vyield, the capability of simultaneous
multiple-target imaging, and a better signal-to-background ratio
(eliminating the autofluorescence), in comparison with that of
small molecule-based CAs. Unfortunately, the goal of deep-
tissue, high-resolution, and good contrast bioimaging appears far
to reach for FTLB technique with nanomaterial-based CAs, as
the optical bioimaging limit in deep tissue due to light scattering
is inevitable. Thanks to their long fluorescence lifetimes, QDs-
or UCNPs-CAs have been applied in tissue bioimaging with
excellent contrast; however, the resolution in deep tissue is poor
as a result of multiple scattering events of the emission light
within tissue.
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Fluorescence imaging technology has gradually become a new and promising tool for
in vivo visualization detection. Because it can provide real-time sub-cellular resolution
imaging results, it can be widely used in the field of biological detection and medical
detection and treatment. However, due to the limited imaging depth (1-2mm) and
self-fluorescence background of tissue emitted in the visible region (400-700nm),
it fails to reveal biological complexity in deep tissues. The traditional near infrared
wavelength (NIR-I, 650-950nm) is considered as the first biological window, because
it reduces the NIR absorption and scattering from blood and water in organisms. NIR
fluorescence bioimaging’s penetration is larger than that of visible light. In fact, NIR-I
fluorescence bioimaging is still interfered by tissue autofluorescence (background noise),
and the existence of photon scattering, which limits the depth of tissue penetration.
Recent experimental and simulation results show that the signal-to-noise ratio (SNR)
of bioimaging can be significantly improved at the second region near infrared (NIR-II,
1,000-1,700 nm), also known as the second biological window. NIR-II bioimaging is able
to explore deep-tissues information in the range of centimeter, and to obtain micron-level
resolution at the millimeter depth, which surpass the performance of NIR-I fluorescence
imaging. The key of fluorescence bioimaging is to achieve highly selective imaging
thanks to the functional/targeting contrast agent (probe). However, the progress of NIR-
Il probes is very limited. To date, there are a few reports about NIR-Il fluorescence
probes, such as carbon nanotubes, Ag>S quantum dots, and organic small molecular
dyes. In this paper, we surveyed the development of NIR-Il imaging contrast agents and
their application in cancer imaging, medical detection, vascular bioimaging, and cancer
diagnosis. In addition, the hotspots and challenges of NIR-II bioimaging are discussed. It
is expected that our findings will lay a foundation for further theoretical research and
practical application of NIR-II bioimaging, as well as the inspiration of new ideas in
this field.

Keywords: fluorescence imaging technology, the second region near infrared (NIR-Il), biological imaging, contrast
agents, biomedical applications
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Cao et al.

Development of NIR-II Biological Imaging

INTRODUCTION

Optical imaging technology has become a very important
research method in the field of biomedicine, especially for
its ability to monitor biomolecules, cells, tissues, and living
organisms in real-time and multi-dimensional visualization.
Optical imaging technology has many advantages, in that it is
non-invasive and safe, has visualization capabilities and high
spatial resolution, has high rapid output, and is a low-cost
method. It has been widely used in biomolecular detection
imaging, drug distribution metabolic tracking, disease detection
and diagnosis (Sevick-Muraca et al, 2002; Hilderbrand and
Weissleder, 2010; Chen et al, 2014). Especially in early
cancer diagnosis and imaging-guided treatment, optical imaging
technology have a good application prospect.

In the process of optical in vivo bioimaging, the penetration
depth of photons primarily depends on the absorption and
scattering of tissue elements. Meanwhile, the fluorescence
and scattering photons generated by tissue itself will cause
interference noise and background radiation to the photon
penetration process. Therefore, fluorescence imaging technology
also has limitation in its practical applications in that some
active components in organisms (such as melanin, hemoglobin,
cytochrome, etc.) have higher light absorption and light
scattering within the visible band (400-700 nm), which will
reduce the penetration depth of visible light. Because organisms
are rich in many luminescent macromolecules (usually located
in the visible region), these biomolecules can also produce non-
specific fluorescence emissions under visible light excitation, thus
interfering with imaging results (Weissleder, 2001).

Because near-infrared light (NIR) is less absorbed and
scattered in biological tissues than visible light, the former can
penetrate biological tissues, such as skin, more effectively. As
shown in Figure 1A (top), the effective attenuation coefficients
(EACs) of tissue components, such as whole blood (oxygenated
or deoxygenated), skin, and fat are significantly lower in the
range of 650-950 nm than that in visible light range, which is
considered as the “first (optical) window” (NIR-I) (Frangioni,
2003; Smith et al., 2009). In the practice of NIR-I biological
imaging, the imaging quality in deep tissue is far from adequate
resolution. Due to the large amount of background noise
generated by tissue’s auto-fluorescence, the tissue penetration
depth of photons in NIR-I is only 1-2 cm (Croce and Bottiroli,
2014).

Typically, the NIR-II window that may be suitable for
bioimaging application is from 1,000 to 1,700nm. Tissue
components show a strong EAC from 1,350 to 1,700 nm, as
shown in Figure 1A (top). We herein narrowed down the
wavelength range to 1,000-1,350nm, as labeled as “second
window” in Figure 1A (top). In this review, the “NIR-II”
in this manuscript only refers to the wavelength range of
1,000-1,350 nm. The relationship between wavelength and the
absorption coefficient or the light scattering coefficient in the
skin is shown in Figures 1B,C respectively. The absorption to the
skin in NIR-I decreases slowly with the increase of wavelength,
and the trend continues into NIR-II. It reaches the lowest point
at ~1,125nm and starts spiking after 1,250 nm. No significant

difference is found for the light scattering coefficients in NIR-I
and NIR-II regions. The penetration depth of light to the
skin can be seen from Figure 1D, from which we could find
a sweet spot (largest penetration depth) of 1,125nm in NIR-
II. Overall, the range of 1,000-1,125nm in NIR-II shows a
better performance than NIR-I for skin. We may get the similar
conclusions for human subcutaneous fat tissue (Figures 1E,F)
and human subcutaneous adipose tissue (Figures 1G-I). Again,
it is difficult to compare directly the performance of NIR-I
and NIR-II because the absorption coeflicients in the latter
shows a turning point in the middle of NIR-II (at ~1,125nm).
The sweet spot of 1,000-1,125nm of NIR-II shows the lowest
absorption coeflicients for both red blood cells (RBCs) and
hemoglobin with or without saturated oxygen, which is also
applicable for water (see Figure 1J). In fact, it can be seen from
Figure 1] of the relationship between water absorption coefficient
with wavelength that the wavelength below 800 nm is the least
absorbed by water, which is the optimal excitation wavelength.
The closest point in NIR-II to eliminate the absorption from
water is at 1,100 nm. It also can be seen from Figure 1K that the
effective light scattering of 100% and 0% oxygen saturation RBCs
shows no significant differences in NIR-I and NIR-II. However,
the autofluorescence from tissue or endogenous compounds
limits the signal-to-noise ratio (SNR) of NIR-I fluorescence
imaging. The SNR of NIR-II fluorescence imaging, on the other
hand, is enhanced due to the elimination of autofluorescence
noises. For example, Lim et al. (2003) studied the optical imaging
process in different biological media (including tissue and blood)
and simulated the process and established relevant models. From
the results of this study, it can be concluded that the SNR of
quantum dot fluorescent clusters emitting at 1,320 nm is more
than 100 times higher than that of quantum dots emitting at
850 nm. This result aroused great interest of the researchers in
exploring biocompatible NIR-II fluorescence probes. Therefore,
compared with visible light (400-700 nm) and traditional NIR-I
window, NIR-II can avoid background interference such as
spontaneous fluorescence and photon scattering (Smith et al.,
2009; Welsher et al.,, 2011). In 2009, Welsher et al. (2009)
first reported on a class of single-walled carbon nanotubes
(SWCNTs), whose fluorescence emission wavelength is 950-
1,600 nm. Further experiments show that such material can
be used for imaging in living mice. The fluorescence signal
of SWCNTs at 950-1,400nm can be detected to obtain high-
resolution imaging of blood vessels under deep skin tissue.
Since then, more and more NIR-II fluorescent probes have been
successfully developed and have been applied to biomedical
imaging field.

At present, the application of NIR-II imaging window
is still not fully utilized, due to the lack of research on
probe materials and the restriction of imaging equipment. The
Figure 1A (bottom) shows the relationship between incident
light wavelength and quantum efficiency when cameras with
different sensors are used, including silicon (Si), InGaAs, and
HgCdTe. Furthermore, Si camera is the most sensitive to the light
of NIR-I, while InGaAs camera is the most sensitive to the light of
NIR-II In addition, HgCdTe camera is less sensitive to the light of
these two windows although it has a higher resolution array, and
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FIGURE 1 | Prahl et al. (1993) reported the inverse double increase (IAD) method and the power law approximation are used to process experimental data and
determine the optical properties of tissues. In this figure, |u's is calculated as p's = ps (1-g), where g is the scattering coefficient and g is the anisotropic coefficient of
scattering. The solid line corresponds to the average experimental data, and the vertical line shows the SD value. (A Top) NIR-I (first window) and NIR-II (second
window) imaging windows (Smith et al., 2009). The effective attenuation coefficient represents the how easily a volume of material can be penetrated by a beam of
light. (A Bottom) The sensitivity curves of the sensor in the signal detector camera with silicon (Si), indium gallium arsenic (InGaAs), and mercury telluride cadmium
(HgCdTe). Unlike the charge coupled device (CCD) camera using silicon sensor, the core component of near infrared camera is semiconductor alloy sensor, including
InGaAs and HgCdTe, which has a narrower band gap. In particular, InGaAs cameras exhibit high quantum efficiency when used in the NIR-Il window, i.e., high
sensitivity. Adapted from Smith et al. (2009) written by Smith, A.M., etc. with permission. (B,C) Show the relationship between the incident light wavelength and
absorption coefficient (j14) or the reduced light scattering coefficient (j1's) in human skin in vitro, respectively. (B) Adapted from Bashkatov et al. (2005) with permission.
In (C), except for the solid line, the remaining data marker points correspond to the experimental data obtained in reference (Chan et al., 1996; Simpson et al., 1998;
Du et al., 2001; Troy and Thennadil, 2001; Bashkatov et al., 2005). Adapted from Chan et al. (1996), Simpson et al. (1998), Du et al. (2001), Troy and Thennadil (2001),
and Bashkatov et al. (2005) with permission. (D,l) Show the penetration depth () of light to skin and human mucosal tissue in the range of incident light wavelength
from 400 to 2,000 nm, respectively. Adapted from Bashkatov et al. (2005) with permission. (E,F) Show the relationship between wavelength and 4 or i's in
subcutaneous adipose tissue, respectively. In (E), all the data markers except the solid line correspond to the experimental data obtained in Peters et al. (1990).
(Continued)
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FIGURE 1 | Adapted from Peters et al. (1990) with permission. In (F), all the data markers except the solid line correspond to the experimental data obtained in Peters
et al. (1990) and Simpson et al. (1998). Adapted from Peters et al. (1990) and Simpson et al. (1998). with permission. (G,H) Show the relationship between
wavelength and ., or |’s in human mucosa, respectively. Adapted from Bashkatov et al. (2005) with permission. (J) Shows the relationship between wavelength and
na for red blood cells (RBC) with or without saturated oxygen in the 33.2% hematocrit (HCT) brine solution, as well as the relationship between wavelength and p, for
hemoglobin with or without saturated oxygen in the 96.5 g/dl hemoglobin solution. Adapted from Friebel et al. (2009) with permission. (J) Shows the relationship
between wavelength and p’s for RBC with or without saturated oxygen in the 33.2% HCT brine solution. Adapted from Friebel et al. (2009) with permission.

it is most sensitive to the light of longer wavelength. Silicon-based
CCD (Si-CCD) is usually used to collect fluorescence signals
from NIR-I window. However, the quantum yield of this kind of
CCD in NIR-II window is low, which is not sufficient for signal
acquisition. Near infrared CCD based on InGaAs is commonly
used as a NIR-II window detector, but the high cost of use restricts
its widespread use in research (Smith et al., 2009).

In recent years, there have been a few successful applications
of Nanofluorescent probes developed by NIR-II technology in
bioimaging, which include the use of carbon nanotubes (Hong
et al., 2014; Diao et al., 2015), AgsS quantum dots (Hong et al.,
2012b; Zhang et al., 2012) and small organic molecules (Antaris
et al, 2016). Next, the applications of various near infrared
nanomaterials and bioimaging will be introduced in detail.

CATEGORIES OF REPORTED NIR-II
NANOMATERIALS

Single-Walled Carbon Nanotubes
Semiconductor-based  single-walled ~ carbon  nanotubes
(SWCNTs) have unique optical properties due to the existence
of the bandgap. When photons interact with SWCNTs, they
are absorbed and released as fluorescence. It is worth noting
that the absorption wavelength of SWCNTs is generally in the
visible region (400-700 nm) and NIR-I (650-950 nm). However,
their emission wavelength is in NIR-II (1,000-1,700 nm),
and the energy from absorbed photons is not released by
radiation relaxation in the form of heat (O’Connell et al., 2002).
SWCNT: has been widely used in the fields of photothermal and
photodynamic therapy (Robinson et al., 2010; Murakami et al.,
2012), fluorescence labeling, and fluorescence imaging of deep
tissue in vivo (Welsher et al., 2011; Hong et al., 2012a, 2014). In
addition, the use of SWCNT surface functionalization (Zheng
et al., 2003) using coating surfactants, polymers, DNA, proteins,
and even viruses can greatly enrich the scope of application for
SWCNTs in the biological field. However, the characteristically
low fluorescence quantum efficiency (<1%) of SWCNTs is a
major issue still needing to be addressed.

SWCNTs are used in vivo imaging because of their inherently
wide NIR-II fluorescence emissions (Yi et al., 2012; Ghosh et al.,
2014). In 2014, Belcher’s research team coated SWCNTs with
an M13 virus, using the M13 virus surface polypeptide, which
targets tumor cells, to specifically bind SWCNTs to tumor tissue.
Using SWCNTs, Blecher was able to achieve targeted fluorescence
imaging of tumor tissues in mice, which proved that the system
could be applied to clinical diagnosis (Ghosh et al., 2014). In
the same year, Hong et al. combined an IRDye-800 fluorescent
group with SWCNTs and intravenously injected the IRDye-800
fluorescent group into mice. Using a NIR-II fluorescence imaging

in vivo (Hong et al., 2014), they found that the fluorescence of
carbon nanotubes could penetrate 2.6 mm deep into a mouse
skull, which not only provided imaging of the distribution of
blood vessels in the head of mice, but also clearly showed the
fine structure of the brain capillaries. In 2019, Toshiya Okazaki
and other Japanese scholars used oxygen-doped SWCNTS and
enveloped it with phospholipid polyethylene glycol (o-SWCNT-
PEG). They found that it has special potential and can emit
1,300nm NIR-II fluorescence under 980 nm light excitation.
Therefore, it is considered to be a promising angiographic
imaging probe (Takeuchi et al., 2019). In addition, 0-SWCNTs
were injected intravenously into living mice as a contrast agent
for vascular imaging. The biological factors of the angiographic
probe in vivo, including retention time, biological distribution,
and toxicity, were studied. The results showed that o-SWCNT-
PEG, an angiographic probe, had low toxicity in vivo, and that
it can be successfully used in angiographic imaging within the
NIR-II wavelength range.

Semiconductor Quantum Dots

A second successful application of Nanofluorescent probes
developed by NIR-II technology is the use of semiconductor
quantum dots. Among the many kinds of semiconductor
fluorescent quantum dots available, Ag,S quantum dots have
been most widely used in near infrared imaging because of their
strong NIR-II fluorescence and low biological toxicity. Their
biological toxicity is lower than other quantum dots containing
Se, Te, Cd, Pb, As, and other acute or chronic toxic elements,
and the fluorescence can be tuned from 687nm in NIR-I to
1,294nm in NIR-II (Yang et al., 2013; Gui et al, 2014a,b;
Zhao and Song, 2014). At the same time, it also has high
fluorescence stability and fluorescence quantum efficiency. Ag,S
quantum dots have smaller particle sizes [3.7 nm (Zhao and Song,
2014), 1.6-6.8nm (Yang et al, 2013), 2.6-3.7nm (Gui et al,
2014b), 3.5nm (Gui et al., 2014a)], which are very suitable for
bioimaging applications.

For example, in 2012 Wang’s and Dai’s research teams
collaborated to report on NIR-II Ag,S quantum dots with
a fluorescence of 1,200 nm. The solubility of Ag,S QDs was
changed by using a surface modification of water-soluble PEG
molecules. And then Ag,S QDs can be dissolved in water. Ag,S
was first used in NIR-II cell imaging and non-specific tumor
detection (Hong et al., 2012b). Additionally, in 2012, they applied
PEG modified Ag,S quantum dots with high quantum efficiency
to NIR-II imaging in vivo (Zhang et al., 2012), using nude mice
inoculated with 4T1 tumors. Not only did the Ag,S quantum
dots were proven to be a good NIR-II fluorescence contrast
agent, but interestingly, after injection into the tail of nude mice,
Ag)S quantum dots gradually accumulated in the tumors of
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nude mice as the circulation time increases. They believe that
the reason for above observation is the non-specific enhanced
permeability and retention effect (EPR effect) of cancer tissue.
Subsequently, Wang’s team did an in-depth study on the long
period cytotoxicity of Ag,S quantum dots in vivo (Zhang et al.,
2013). The reticuloendothelial system (RES), such as liver and
spleen, is the main accumulation site of Ag,S QDs in vivo, but it
can be gradually metabolized or excreted over time. Additionally,
the results of the blood biochemical analysis and histological
examination of the rats given the Ag,S quantum dots for 2
months showed that Ag,S quantum dots had no obvious toxicity.

Nanoparticle Alloys

In materials science, mixing various metal elements to form
intermetallic compounds or alloys can greatly expand the
properties of metals. Binary or ternary metal nanoparticles
(or nanoalloys) can synthesize intermetallic compounds with
controllable properties and structures on a nanoscale, which has
attracted extensive attention from researchers (Ferrando et al,,
2008). The main reason why alloy nanoparticles are fascinating
is that the chemical and physical properties of alloy materials
change with changes in composition, atom distribution, and
particle size.

Researchers who have devoted themselves to in-depth studies
of these metal nanoalloys have found that metal alloy materials
not only have excellent catalytic properties, but also have
excellent fluorescence properties. Further research shows that
these fluorescent alloy nanoparticles inherit many advantages of
the original metal nanoparticles, such as fluorescence properties,
water solubility, and biocompatibility. They also can adjust the
optical properties of the main metal nanoparticles or develop
new functions through the introduction of another metal. For
example, in 2013, Millstone’s team (Andolina et al., 2013)
introduced copper into fluorescent Au nanodots to form Au/Cu
alloy nanodots. By adjusting the content of copper in the alloy
nanodots, the fluorescence of Au/Cu alloy nanodots gradually
shifted from NIR-I to NIR-II. Their group further introduced
the Co element into fluorescent Au nanodots to prepare Au/Co
alloy nanodots, which had both magnetic and near infrared
fluorescence tunable functions (Marbella et al., 2014). Compared
to the traditional near infrared quantum dots, the multi-
functional alloy nanodots with near infrared fluorescence not
only free of toxic elements, such as heavy metals, but also have
many functions in the same material. These mutli-functional
alloy nanodots have wide prospects for application in bioimaging,
especially in the field of multi-mode imaging.

Down-Conversion Rare Earth

Nanoparticles

Recent research results have shown that rare earth nanomaterials
have the ability of down-conversion luminescence, which is,
when near-infrared light (980nm) is used as excitation light
to irradiate nanoparticles, its emission light is in the NIR-
II spectrum range (Tan et al, 2009). The structure of these
nano-materials is very similar to that of up-conversion nano-
particles. Nanocrystals such as lanthanide nanocrystals (NaYFy)
are used as primary materials, which doped with lanthanide

elements such as Ho**, Tm3*+, and Nd3>* (Naczynski et al,
2013; van Saders et al, 2013). Using the basic structure of
rare earth nanocrystals, multi-shell complex core-shell rare
earth nanoparticles have been developed. For example, in 2013,
Moghe team reported on a core-shell structure nanoparticle of
NaYF, which had been regenerated on the surface of existing
NaYF,4 Yb:Ln nanocrystals (Naczynski et al., 2013). By changing
the doped lanthanides (Er, Ho, Tm, Pr), NIR-II fluorescence
with different wavelengths can be obtained under 800nm
excitation, and the longest wavelength can reach up to 1,500 nm.
Compared with up-conversion rare earth nanoparticles, down-
conversion nanoparticles have received less attention, but they
are still widely applied in vivo bioimaging research (Naczynski
et al., 2013, 2014; Jiang et al, 2016). Li et al. reported on a
dual-function particle system using up-conversion and down-
conversion (Li et al., 2013), where the particle can emit visible
(800nm) and near-infrared light (980nm) according to the
excitation light of different wavelengths and can be used in
biological imaging.

In recent years, it has been found that Nd ion not only
has NIR-II fluorescence emission with wavelength of 1,050 or
1,300 nm, but also has the sensitization effect on Ytterbium
ion. It is excited at a biocompatibility wavelength below
800nm, which has the lowest absorption of water. Nd**
has been recognized gradually as a photosensitizer (Hemmer
et al, 2016), and Nd** doped near infrared fluorescent
nanoparticles have attracted great interest from researchers
who study lanthanide-doped biological probes. One kind
of Nd3>* doped near infrared fluorescent materials is an
NaYF, type down-conversion lanthanide nanocrystal (Chen
et al, 2012), and the other is an Nd>* doped fluoride
nanoparticle (Pokhrela et al., 2014). For example, in 2015,
Garca’s group synthesized Nd** doped SrF, nanoparticles and
used them reduce background fluorescence (Villa et al., 2015),
since minimizing any background fluorescence is essential
for high contrast bioimaging. The excitation wavelength of
the nanoparticles is 808nm, and the emission wavelength
is 1,100nm, which belongs to NIR-II fluorescence. The
nanoparticles are mixed into the feed and fed to mice. After
the nanoparticles enter the mice through the digestive system,
in vivo fluorescence imaging is performed. It was found that
an NIR-II fluorescence of 1,300nm generated by the *F3/p-
4113/2 orbital transition of Nd3* effectively eliminated the
background fluorescence. It can realize the NIR-II imaging of
deeper structure, inorganic spontaneous fluorescence and high
distinguishability in vivo. In addition, in 2016 Prasad’s team
prepared a hybrid organic-inorganic system to form an epitaxy
of NaYFy: Yb?*/X** @NaYbF4@NaYF;:Nd** (X = null, Er, Ho,
Tm or Pr) core/shell/shell (CSS) nanocrystals, and coated ICG
on the external layer of CSS nanocrystals. This hybrid system
can capture NIR light in a wide excitation spectrum range (700-
860nm) by ICG and produce effective polychromatic narrow-
band NIR-II emission light from 1,000 to 1,600 nm according to
the different doping elements in the nucleus. Further experiments
show that the NIR-II emission fluorescence can be used to image
clearly at a tissue depth of 9 mm and detect optical signal at a
tissue depth of 23 mm (Shao et al., 2016).
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Nanoparticles Based on Organic

Fluorescent Dyes

Until now, organic fluorescent dyes are still the most
widely used luminescent markers in fluorescence imaging.
Organic fluorescent dyes have attracted much attention
due to their high fluorescence quantum efficiency, easy
functionalization, and adjustable luminescence spectra (Thekkek
and Richards-Kortum, 2008; Willmann et al., 2008; Kobayashi
et al, 2010; Sinkeldam et al, 2010). The commonly used
organic fluorescent dyes presently include naphthalimides,
coumarins, fluoresceins, rhodamine, anthocyanins, BODIPY
(Lu et al, 2014), porphyrin phthalocyanine, and other
macrocyclic molecules. The absorption and emission
wavelengths of these commonly used organic fluorescent
dyes cover the ultraviolet, visible, and near infrared regions
(Mishra et al., 2000; Lavis and Raines, 2008; Ma and Su,
2010).

Over the years, how to convert NIR-I fluorescent probes
directly into NIR-II fluorescent probes by molecular engineering
methods and design principles has been a highly discussed
topic among investigators. According to the available literature
(Yang et al., 2017; Zhu et al.,, 2018, 2019; Wu et al.,, 2019),
the specific design principles are as follows: (1) The typical
structure of NIR-II small molecule fluorescent dyes is a
molecular structure composed of donor-acceptor-donor (D-A-
D) (e.g., CH1055-PEG), which is modified to form a class of
dyes with similar properties and emission wavelengths. The
specific emission principle uses aromatic wt-bridge connectors as
molecular wiring. These electron-supplying groups can produce
enhanced electron shifts and low energy gaps to the central
electron acceptor, resulting with the dye molecule having the
capability of NIR-II emission. (2) By systematically adjusting the
electronic donor part, the rt-bridge connector and the functional
groups at the end of the fluorescent dye molecule promote
quantum yield. Specific strategies to improve the brightness
of small molecular dyes include enhancing intramolecular
charge transfer and molecular stiffness, creating complexes
with serum proteins, such as human serum albumin (HSA),
and introducing a protecting group (S) to produce a S-D-
A-D-S structure at the end of the dye, which protects the
dye’s pillars from intermolecular interactions and fluorescence
quenching polymerization. (3) By increasing the conjugate length
to separate electron donor/acceptor and heteroatom substitution,
the fluorescence emission of existing polymethine dyes (ie.,
cyanine dye) can be re-shifted to produce a new fluorescent dye
that can emit NIR-II fluorescence with high quantum yield and
absorption coeflicient (¢) (Figure 2). At present, polymethine
molecular dyes with emission wavelength more than 1,000 nm
are available on the market, including IR-1040, IR-1048, IR-
1051, and IR-1061. Unlike the previous method of for red-
shifting anthocyanin dyes by simply increasing the length of
polymethine chain, by Cosco et al. (2017) propose of a new
method of extending heterocyclic conjugation and adding new
electron donor groups. This new method has been proven as a
feasible method for red-shifting anthocyanin dyes. In addition,
most of the NIR-II small molecule fluorescent dyes mentioned

above are organic products with low water solubility, which
need to be encapsulated in a hydrophilic matrix to enhance
biocompatibility in vivo imaging. Recently, Li et al. (2018)
developed a novel small molecule fluorescent dye FD-1080
through a structural redesign of a typical anthocyanin dye.
Its excitation and emission wavelength are both in the range
of NIR-II. Besides there are reports about indocyanine green
(ICG). ICG is a NIR fluorescent dye with strong absorption,
low toxicity, no involvement in biological transformation in vivo
and rapid excretion. It is the only NIR optical imaging contrast
agent approved by the US Food and Drug Administration
(FDA) for clinical use. Because the absorption and fluorescence
spectra of ICG are in the NIR-I window (650-950 nm), ICG
has been widely used in cardiovascular system, liver function
evaluation, visualization of retina and choroid, ophthalmic
angiography, cerebral angiography, and other clinical fields.
Recently Starosolski et al. (2017) found that ICG dye also has
NIR-II fluorescence characteristics in the NIR-II window. This
discovery has opened up new uses of ICG and will greatly
expand the application scope of ICG. In the experiment, the
absorbance and NIR-II fluorescence emission of ICG were
detected in different concentrations of ICG media, including
PBS, plasma and ethanol. The customized spectral NIR module
is used for in vitro and in vivo tests, and the images of NIR-
I and NIR-II windows are obtained at the same time. The
results show that ICG has a significant fluorescence emission
in the NIR-II window at the wavelength of about 1,100 nm,
and this emission (similar to the absorption curve) is essentially
affected by the molecular environment of ICG. The results of
in vivo imaging further illustrated that ICG can be used as
NIR-II fluorescent dye and the contrast-to-noise ratios (CNR)
value was twice that in NIR-I window. Clinical transformation
of NIR-II imaging technology can be accelerated when ICG, an
FDA approved imaging agent, is used. Later, the research team
published another paper on NIR-II fluorescence imaging using
indocyanine green nanoparticles (Bhavane et al., 2018). In this
study, they collected the fluorescence spectra of ICG liposomes
in PBS and plasma. In vivo imaging research was carried out
to observe the vascular structure of the hind limbs and the
intracranial region in real time. Free ICG, NIR-I imaging and
cross-sectional imaging (MRI and CT) were used as controls.
The results showed that the liposome ICG had strong NIR-II
fluorescence, similar to the free ICG in plasma. In vitro studies
have shown that liposome ICG has better performance than
free ICG in the NIR-II imaging of deep (>4mm) vascular
analog structure. In vivo, NIR-II fluorescence imaging with
liposome ICG can significantly improve the contrast (P < 0.05)
compared with long-term free ICG, and make the hind limbs
and intracranial vessels visualized within 4h after injection.
Compared with NIR-I imaging, liposome ICG enhanced
NIR-II imaging has better vascular clarity. Subsequently,
several research papers on tumor imaging using Second-
Window-ICG (SWIG) technique were published, and this field
has become the latest research hotspot of NIR-II imaging
(Zeh et al., 2017; Cho et al.,, 2019a,b; Suo et al., 2019; Wang et al.,
2019b).
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APPLICATIONS OF NIR-Il WINDOW
BIOIMAGING IN BIOMEDICINE

Tumor Imaging and Image-Guided Surgery
Solid tumor patients often fail in treatment due to local
recurrence. Cytopenic surgery is targeted to improve staging
and reduce tumors using fluorescence imaging to guide the
specific resection of tumors and significantly improve the
prognosis. Recently, this application field has become a high-
interest topic in research, resulting in the publishing of many
high-level papers.

Papers published by Wang et al. (2018) in Nature
Communications, for example, report on a novel down
conversion nanoparticle emitted in the NIR-II window for
living assembly. In metastatic ovarian cancer, fluorescent
nanoprobes modified with DNA and targeted polypeptides
are used to ensure the precision of cytoreduction surgery.
The image distinguishability of NIR-II nanoparticles is
better than that of clinically recognized ICG, mainly due
to its better light resistance and deeper tissue penetration
(8 mm). After the nanoprobe is assembled in vivo, the stable
preservation time of the nanoprobe on tumors is up to 6h,
so the nanoprobe can be used in precise tumor resection
surgeries. The probe successfully obtained a superior ratio
of tumors to normal tissues, which can help to delineate
the resection profile in the surgery for metastatic abdominal
ovarian cancer. The results also showed that metastases
<lmm could be completely removed under the guidance of
NIR-II bioimaging. This novel method provides a new idea

for the design of nanomaterials for medical applications in
the future.

The key to the implementation of above-mentioned study is
the in vivo assembly of novel NIR-II fluorescent nanoparticles,
which is also the ingenuity of this research design. The specific
assembly principle is shown in Figure 3. At the top of Figure 3 is
a schematic of the step-by-step construction of DNA and FSHg
modified down-conversion nanoparticles (DCNPs-L;-FSHp).
The core of the nanoprobe are lanthanide doped core-shell
nanoparticles, consisting of a 5.0 nm luminescent gadolinium
tetrafluoride sodium doped 5% neodymium (NaGdF4:5% Nd)
encapsulated by a 2.5 nm thick homogeneous gadolinium sodium
inert shell. This type of a structure can avoid fluorescence
quenching by water and bind complementary DNA (L; or L,) on
its surface. FSHg is a follicle stimulating hormone peptide that
specifically binds to ovarian cancer epithelium to enhance the
targeting efficiency of the fluorescent nanoprobe. Because of the
great potential of DNA complementary strand hybridization, the
nanoprobe can be stable hybridized on the surface of tumors in
vivo for bioimaging. Next, a process diagram of the fluorescent
nanoprobe assembly in vivo is presented in the lower part of
Figure 3. It greatly enhances the tumor targeting of the probe,
but also enables the probe to be excluded from the body by
the liver and kidney more quickly after the operation. The
specific process is to implement two-step injection of DCNPs-
Li-FSHp and DCNPs-L,-FSHg, in succession. In order to verify
the performance of two-step in vivo simultaneous assembly of
fluorescent nanoprobes, the fluorescent dye Cy5 was grafted
into the probe assembly structure of the first needle, ie.,
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removed. Adapted from Wang et al. (2018) written by Fan Zhang etc. with permission.

DCNPs-L1-(Cy5)-FSHg, and Cy7 were combined to the probe
assembly structure of the second needle, i.e., DCNPs-L,-(Cy7)-
FSHg. When the complementary DNA fragments L1 and L2 in
the two components of the probe are hybridized close to each
other, the two dyes will cause fluorescence resonance transfer
(FRET), which is more than twice as strong as two dyes without
FRET. The results show that the two components of the probe
can be specifically assembled on the surface of tumors in vivo.
Ultimately, surgery guided by NIR-II imaging can clearly observe
metastatic ovarian cancer and precisely resection it.

Other recent representative work includes the development
of Ag,Te quantum dots by Zhang et al. (2019), which can
emit fluorescence at 1,300 nm wavelength after assembly. The
assembly process is divided into two steps; first, polymerization
is conducted with polylactic-co-glycolic acid (PLGA), and

second, further packaging is completed with the cancer cell
membrane. The fabricated biomimetic nano-biological probes
have a bright and highly stable fluorescence in the NIR-II
window. Through the second step of surface encapsulation
of active homologous tumor membranes, the probe enhances
the ability to target tumors. Tumor targeting occurs through
the passive enhancement of permeability and retention of
homologous cancer cell membranes, which can increase the
accumulation of probes in the tumor sites. Zhang et al
successfully prepared a novel biomimetic NIR-II fluorescence
nanoprobe which showed characteristics of ultra-bright, stable
fluorescence, homologous targeting and high biocompatibility,
which can significantly enhance the imaging of living tumors.
In 2018, Yang et al. (2018) reported on a NIR-II lanthanide
complex (Nd-DOTA) probe that can be rapidly excreted. Within

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2020 | Volume 7 | Article 487


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Cao et al.

Development of NIR-II Biological Imaging

3 h after injection, more than 50% of the probe can be excreted
through the kidney. The molecular weight of the probe is
only 0.54 KDa, and in terms of light resistance and tissue
penetration, the NIR-II imaging quality of the new probe is
much better than that of the clinically approved ICG. Yang
et al. also demonstrated the ability to obtain an excellent
tumor-to-normal tissue ratio, which can help to accurately
mark the profile of micro-tumors in surgery for abdominal
metastatic ovarian cancer. Metastatic tumors <l mm can be
completely removed under the guidance of NIR-II bioimaging.
In addition, the probe Nd-DOTA has the same structure as Gd-
DOTA, and Gd-DOTA is a clinically recognized MRI contrast
agent. Therefore, it may be a straightforward path for the
clinical transformation of the new NIR-II probe. In 2018, Shou
et al. (2018) prepared a semiconductor polymer nanoparticle of
diketopyrrolopyrrole (PDFT1032) and developed it as a NIR-II
(near infrared window 1,000-1,700 nm) fluorescent probe for in
vivo tumor imaging and image-guided tumor re-sectioning. The
NIR-II probe has many advantages, including stable fluorescence
emission, high absorption efficiency at 809 nm, large Stokes
shifting, biocompatibility, and lower toxicity in vivo. Moreover,
research has shown this NIR-II probe has a wide range of
applications in the biomedical field. For example, tumor imaging
in terms of subcutaneous osteosarcoma patterns, evaluating
vascular embolization treatment on tumors, in-situ cytoreduction
surgery guided by NIR-II images, and sentinel lymph node
biopsy with superior temporal-spatial resolution (SLNB). In
general, PDFT1032 not only has good biocompatibility and
hydrophilicity, but also excellent chemical and optical properties.
The NIR-II fluorescent probe has a wide application prospect in
the imaging of malignant tumors and cytoreduction surgery.

Medical Testing

Fluorescence bioimaging can detect deep tissues in the NIR-II
window, and it has the smallest self-fluorescence and tissue
scattering. Nevertheless, in vivo NIR-II fluorophores detection
is merely concentrated on direct disease lesions or living organ
imaging, and producing real-time dynamic NIR-II fluorescence
biosensor has been challenging. In recent years, new methods
and breakthroughs have been emerging in this field, such as
the conception and progress of quantitative detection with
fluorescent probe of ratio meter.

In Fan Zhangs paper (Liu et al, 2018) published in
Angewandte Chemie International Edition in 2018, he reports a
novel Erbium-sensitized up-conversion of nanoparticles, which
have the characteristics of both 1,530 nm excitation and 1,180 nm
emission in the NIR-II window, which can be used in vivo
biosensors. This research studies a micro-manipulation needle
debris sensor for in vivo inspection of inflammation in real time,
where the detection principle of the sensor is based on the ratio
meter fluorescence combined with efficient NIR-II fluorescent
emission and the organic probe sensitive to hydrogen peroxide
under the action of Fenton catalyst Fe?*. Finally, the dynamic
detection of inflammation in vivo is successfully produced.
This NIR-II radiometric probe has the following advantages:
large anti-Stokes displacement, low background fluorescence,
low absorption, and scattering in biological tissues. Therefore,

the probe can detect and evaluate inflammation in vivo in real
time with high imaging quality. The specific process of in vivo
inspection of inflammation in real time by the fluorescence
sensor of the ratio meter is shown in Figure 4, including the
device diagram of fluorescence probe used for confirmatory
testing in vivo, the fluorescence value of the ratio meter
(TIogo/I1180) channel at different times, the quantitative curve
of ratiometer fluorescence (Iggo/I1180), and the corresponding
concentration of hydrogen dioxide at different times.

Figure 4A is the device diagram of the ratiometer fluorescent
probe used for confirmatory testing in vivo, and Figure 4B
is a photograph of a mouse treated with fragments of
a micromanipulator needle. Figures4C-E show the 980,
1,180, and ratio gauge (Iogo/I1180) channels, respectively. The
micromanipulator needle fragments obtained fluorescence values
at different times after LPS-induced inflammation. Figure 4F is a
quantitative curve of the ratio meter fluorescence (Iggo/I1180) of
the micromanipulation needle fragments and the corresponding
concentration of hydrogen peroxide at different times. It can
be used to quantify the degree of actual inflammation in
clinical tests.

Other recent studies in this field include Zhao et al
(2019) which reported on an original method for the accurate
imaging of inflammation in vivo using in situ cross bonding
of glutathione-combined ultrafine lanthanum nanoparticles with
NIR-II fluorescent emission. Although nanoprobes have been
proven to be promising bioimaging platforms by reason of
their EPR effects, to the inability to enrich nanoprobe at target
position has been a key bottleneck to improve detection ability
and effect. While cross bonding of nanoparticles in vivo can
increase the enrichment of EPR region (e.g., inflammatory areas),
nanoparticles are absorbed by RES, resulting in unidirectional
cross bonding in non-target organs. Based on these difficulties,
the principle of this strategy was developed to enhance the in
vivo imaging by using sub-10 nanometer glutathione (GSH)
combined lanthanide nanoparticles, which react with reactive
oxygen species (ROS) in the inflammation region to locate and
image reactive oxygen species rapidly in the NIR-II window. At
the same time, these nanoprobes can be excreted quickly because
of their ultrafine magnitude. Based on the in-situ crosslinking
and rapid excretion ability of the probe, this method can achieve
accurate biological imaging and is suitable for other ultrafine
contrast agents.

In 2019, Wang et al. (2019a) developed a reverse quenched
NIR-II molecular fluorophore and applied it to high contrast
imaging and pH sensing in vivo. Currently, the molecular
fluorophore with contrast and sensitivity in NIR-II window
(1,000-1,700 nm) have both been developed in vivo fluorescence
imaging. However, the solvation of long-wavelength absorbed
fluorophore in aqueous solution, results in quenching, which
is challenging to avoid. Therefore, a series of reverse-quenched
pentamethine cyanine fluorophore have been developed, which
significantly overcome the serious solvation coloration, thus
providing a stable absorption/emission of fluorescence over
1,000nm in aqueous solution. The fluorescence intensity
increases up to ~44 times and has excellent photostability. The
conditions for lymphatic imaging can be met thanks to these
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FIGURE 4 | Operational diagram of ratiometer fluorescence sensor (Liu et al., 2018). (A) In vivo bioimaging experimental apparatus. (B) Pictures of mice treated with
microneedle patches. After lipopolysaccharide was used to induce inflammation in mice, the upconversion luminescent images of microneedle patch at 980 nm (C),
1,180 nm (D), and ratio (lggo/l1180) (E) channels were detected at different times. (F) Ratiometric fluorescence (lggo/l1180) of microneedle patches at different time and
corresponding HoO» concentration. Adapted from Liu et al. (2018) written by Fan Zhang etc. with permission.

advantages, including the need for tissue penetration up to 8 mm,
high definition, and optical stability. Its imaging effect is better
than the clinically approved indocyanine green. In addition,
the fluorophore display pH-responsive fluorescence allows for
non-invasive ratio meter fluorescence imaging and gastric pH
quantification in vivo. The results show that this method is
consistently accurate when tissue depth is 4mm compared to
the standard pH electrode method. This work opens up the
potential of reverse quenching pentamethylene cyanine in NIR-II
biological applications.

In 2019, Li et al. (2019¢) developed a NIR-II fluorescence
molecular probe activated by peroxynitrate for drug-induced
hepatotoxicity detection. Drug-generated liver injury is a key
problem to the safety of drug research and use. The emergence
of peroxynitrite (ONOO™) is considered to be an initial

signal of drug-generated liver injury. Therefore, the structure
of the fluorescent probe is designed as the combination of
benzothiophenacyl cyanine skeleton and phenyl borate group.
The NIR-II fluorescence of this probe can be activated by
ONOO™ and can detect ONOO™ sensitively. When the probe
IRBTP-B and the target ONOO™ exist at the same time,
the structure of probe changes to produce the fluorescent
group IRBTP-O to turn on the NIR-II fluorescence. The linear
relationship between the NIR-II fluorescence intensity and the
concentration of ONOO™ is acceptable. Tissue model studies
confirm that reliable activation signals can be obtained at
penetration depths up to 5mm. With this probe, the up-
regulation of ONOO™ in the model of incubation period drug-
generated hepatotoxicity and the repair effect of N-acetylcysteine
(NAC) in vivo could be seen. In conclusion, this method will
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be used as a general method to develop activated NIR-II probes
triggered by specific analytes based on hydroxyl functionalization
reaction sites.

Vascular Biological Imaging

The number of people with cardiovascular and cerebrovascular
diseases has increased, as has the ability to detect these diseases
using examination technology, which, in turn, has led to an
increase in incidence of cardiovascular and cerebrovascular
diseases. The commonly used techniques in clinical angiography
include B-mode ultrasonography, CT scans, and nuclear
magnetic resonance (NMR). However, these techniques are
non-tumor-specific, have low-sensitivity and high-cost, and
can’t be used for real-time detection or clinical practice in
surgical operations. In recent years, some research groups have
designed NIR-II fluorescence probes and injected them into
mice intravenously, after which the NIR-II fluorescence is used
to perform vascular imaging in vivo. The results showed that
the NIR-II fluorescence could penetrate the skull of mice to a
deeper level, not only imaging the distribution of blood vessels
in the heads of mice, but also clearly showing the fine structure
of capillaries.

In 2018, Li et al. (2018) published papers within this field
of study in the Angewandte Chemie, regarding the successful
synthetization of a small molecule fluorescent probe FD-1080,
which has excitation and emission both in the NIR-II region
and it has excellent bioimaging capability of the vascular system
in vivo. The structure of heptamethine in fluorescent probe
FD-1080 has been ingeniously designed as a key group for
the conversion of absorption and emission into the NIR-II
region. An acidic sulfuric acid group and cyclohexene group
were applied to intensify the water dissolvability and chemical
durability of the probe. The quantum yield of FD-1080 was
0.31% and improved to 5.94% when combined with bovine fetal
serum (FBS). It is noteworthy that compared with the excitation
wavelength from 650 to 980 nm in NIR-I region in the previous
work, the excitation wavelength at 1,064 nm in NIR-II region
has proved to have stronger penetration in biological media
and excellent imaging quality. FD-1080 can not only achieve
non-invasive, high-resolution, in-depth tissue bioimaging of the
vascular and cerebrovascular systems, but it also quantifies
respiratory frequencies of awake and anesthetized mice according
to dynamic images of respiratory craniocaudal motion within the
liver. The key steps in this study included the schematic diagram
of the vascular imaging device, the fluorescence imaging of the rat
cerebral vascular system with the NIR-II fluorescence probe FD-
1080, and the breathing rate detection graph of the rat, as shown
in Figure 5.

Figure 5A is a device diagram of NIR-II fluorescence
penetrating the scalp and skull brain tissue for an angiography.
Figure 5B is the disappearance spectra of the scalp (black) and
skull (red). It has been found that the strongest penetration
is at 1,064 nm. Figure 5C contrasts the fluorescence images of
FD-1080-FBS complex in a rat brain vasculature system under
different excitation lengths (1,300 long pass filter), where it was
found that the clearest angiogram was at the wavelength of
1,064 nm in NIR-II region. In Figure 5D, a red line of interest

is marked at the Gaussian fitting fluorescence intensity profile at
the 808 and 1,064 nm excitation wavelengths, respectively. It is
obvious that at 1,064 nm the fluorescence intensity is higher and
the peak is narrower. When stimulated at 1,064 nm (1,300 nm
long pass filter), the clear emission of the FD-1080-FBS complex
enables the imaging of an alert or anesthetized mouse to detect
the signal fluctuations produced by liver movement (Figure 5E).
Figure 5F is a spectrogram of the breathing rate of alert (above)
and anesthetized (below) anesthetized mice. The graph shows
that there are obvious differences in the spectrogram of breathing
rate between the two groups of mice, which can be used to
quantify the respiratory rate of mice under different conditions.

Other studies have also been recently conducted in this
field, including Li et al. (2019a) in 2019, who developed
a rare earth nanoprobe triggered by 808 nm laser, which
emitted NIR-II fluorescence for small tumor detection and
angiography. In this study, polyacrylic acid (PAA) modified
sodium tetrafluorolutetium: gadolinium/neodymium nanorods
(PAA-NRs) were prepared into single crystal hexagonal phase
and unified magnitude, and then further developed as a highly
sensitive NIR-II imaging probe for optical imaging navigated
detection of tiny tumors, angiogenesis-related diseases, and
angiogenesis diagnosis. The NIR-II emission wavelength with
sodium tetrafluorolutetium: gadolinium as the main body can
be easily adjusted by changing neodymium doping, which
makes it hopeful that the emission center will have high
optical stability at 1,056 and 1,328 nm. The probe has a high
spatial resolution (~105um) for small blood vessels in vivo
and can detect them clearly. The in vivo tracking experiments
with time changes confirmed that PAA-NRs probe was mostly
collected in the RES, and discharged from the body by the liver.
Histological examination revealed that the hydrophilic nanorods
had very low toxicity and great biological compatibility in
living animals.

In the same year, Li et al. (2019b) reported a polydopamine-
coated multifunctional lanthanide diagnostic agent, which
can be used for angiography of vascular malformations and
tumors, as well as photothermal therapy guided by imaging
at wavelengths above 1,500 nm. NIR-II optical imaging with
emission wavelengths >1,500nm can be used as the next
generation fluorescence imaging technology to guide the display
technology of tumor vessels and vascular malformations, which
can then be used for early tumor diagnosis and recognition
of tumor-related vascular characteristics. This study is based
on the core-shell structure of NaLuF, nanorods@polydopamine
(NRs@PDA), which combines advanced NIR-II fluorescence
imaging ultra 1,500 nm wavelength and photothermal (PTT)
functions. This is a high-performance integrated nano-platform
for diagnosis and treatment developed for visualization of
tumor-related vascular malformations and imaging-guided
photothermal therapy.

In 2018, Wan et al. (2018) developed a bright organic NIR-
II fluorescent nanocluster (p-FE) for three-dimensional imaging
of biological tissues, which can provide bright NIR-II fluorescent
emission light with a wavelength >1,100 nm for non-invasive
in vivo blood flow tracking in the rat cerebrovascular system.
Moreover, p-FE can produce a layer-by-layer image of the
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FIGURE 5 | Fluorescence imaging of rat brain vascular system and breathing rate of mice using NIR-II fluorescence probe FD-1080 (Li et al., 2018). (A) Schematic
diagram of NIR-II optical imaging through brain tissue scalp and cranial bone. (B) Extinction spectra of scalp skin and skull. The black curve represents the scalp skin
and the red curve represents the skull. (C) Fluorescence images of FD-1080-FBS complex were compared under different excitation conditions as indicated. (D) The
fluorescence intensity profile fitted by gaussian was distributed on a red line of interest, with excitation wavelengths of 808 and 1,064 nm, respectively. (E) The distinct
emission of the FD-1080-FBS complex made the awake and anesthetized mice imaged, and under the excitation of 1,064 nm detected the signal fluctuations
generated by the liver movement. (F) Respiratory rates in awake (upper) and anesthetized (lower) mice. Adapted from Li et al. (2018) written by Fan Zhang etc. with
permission.

vascular system based on single-photon and three-dimensional
confocal imaging in a fixed rats brain tissue. Its depth is up to
1.3 mm, and it has a spatial resolution of up to 10 microns. The
study also completed in vivo dual-color fluorescence imaging
in the NIR-II window, using p-FE emitted between 1,100 and
1,300 nm as a vascular imaging reagent, as well as single-walled
carbon nanotubes (CNTs), which emitted more than 1,500 nm
as a contrast agent to highlight tumors in mice. Ultimately, the

results demonstrated excellent dual imaging of vascular system
and tumors.

Diagnosis and Treatment of Cancer

Each imaging technology has its own unique advantages and
inherent limitations. For example, fluorescence imaging has
excellent sensitivity, but low tissue penetration and spatial
resolution in turbid media. MRIs, CT scans, and ultrasound

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

174

January 2020 | Volume 7 | Article 487


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Cao et al. Development of NIR-II Biological Imaging
A
. InGaAs
1 Er-z13 anti-HER2 ccD
3 Laser diode
>~ Er-79 anti-PR
@ Tumour Chopper %
8 e —_— -
c
o=
0 +——r——1—— Intravenous
0 0.5 1.0 15 injection
i () In vivo multiplexing
B ER PR HER2 ¢ P en PR HER2
~
h ]
[®) ER (S)
= 1 mm
g %
< ]
s s
[a1] 1 mm |
—
o 10
2 o8 VM method ~ ——ER 1 WB method ~ — ER IHC method —ER
s YR C3PR | C3PR C3PR
3 06 CIHER2 . 1 HER2 CIHER2
g 1 1
o 0.4 A T ° o
= ] g °
o ) I l—ﬁj 9
0.0 .
MCF-7 BT-474 MCF-7 BT-474 MCF-7 BT-474
FIGURE 6 | IVM technique of time-resolved imaging for tumor biomarkers (Fan et al., 2018). (A) A diagram showing the procedure of an animal experiment. Three
groups of Er nanoparticles with different lifespans were combined with three antibodies (anti-ER, anti-PR, and anti-HER2) and were transplanted into mice via the
caudal vessel. Lifespan distinguished imaging was then accomplished with IVM to quantitatively analyze biomarker expression on the tumor. (B) The lifespan
distinguished images of McF-7 and bt-474 tumors were decomposed into three lifespan paths, which were red, green and blue monochromatic images. The pattern
of biomarker expression was determined by integrating the intensities of each component and standardizing the overall intensity of the whole tumor area. Using the
results of in vitro western blot (C) and in vitro immunohistochemistry assay (D), the biomarker expression modes of VM in two tumor hypotypes were calculated.
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imaging have better spatial resolution, but their sensitivity is
limited. The sensitivity of PET-CT scan is relatively high, but it
can’t provide the structural information of the imaging material.
Therefore, multi-mode imaging, which integrates two or more
imaging technologies, can supplement the imaging information
and diagnose diseases with reliable accuracy. In order to meet
the needs of multi-mode imaging, researchers usually combine
fluorescent nanomaterials with functionalized small molecules
or particles by doping, bonding and coating to make them
multi-functional nanoparticles, which can be used in multi-mode
biological imaging.

Deep tissue imaging within the NIR-II window has great
prospects in physiological research and biomedical applications.
However, the inhomogeneous signal attenuation in biological
material limits the application of multi-wavelength NIR-II probes
in the imaging of various biomarkers and cancer diagnoses. For
example, Fan et al. reported in 2018 (Fan et al., 2018), that
NIR-IT nanoparticles doped with lanthanides have the ability to
design the luminescence time for quantitative imaging in vivo
after using multiplexing in the time domain. To achieve this, a
systematic research method based on controllable energy transfer

was designed to create an adjustable lifetime range of nanoprobes,
which had a luminescence time spanning three orders of
magnitude and had only one emission band. When the depth of
the NIR-II nanoparticle probe in biological tissue reached 8 mm,
the selected nanoparticle duration was continuously resolved,
and the SNR was taken from the time node when light intensity
was <1.5. Powerful time-length editors have been shown to be
independent of tissue penetration depth, and in vivo multiplexing
technology (IVM) has been used to diagnose tumor hypotype
in living animals. The data in this paper are in good agreement
with those of a standard ex vivo immunohistochemistry assay,
which proves that the luminescent time-length imaging can serve
as a microinvasive method for tumor definite diagnosis. The
research process and key points of IVM for tumor biomarkers
using specific luminescence time-length imaging are shown in
Figure 6.

Figure 6A illustrates the schematic diagram of conducted
animal experiments. Three batches of Erbium nanoparticles were
bound to three different kinds of antibodies (anti-ER, anti-PR,
anti-HER2) and were transplanted into mice via the caudal vessel
and resulted showed that each had a different luminescence
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duration. Then, time-resolved images using in vivo multiple
techniques were used to quantitatively analyze the expression of
biomarkers in the tumors. In vivo multiple technology devices
include CCD and charge coupling devices. Figure 6B shows
the time-processing image, which decomposes MCF-7 and BT-
474 tumors into three time-long paths, indicated by the red,
green, and blue monochrome image collections. The expression
of biomarkers was determined by integrating the intensity of each
component and normalizing the total intensity to synthesize all
tumor regions. Figures 6C,D are the results of in vitro protein
imprinting: Figure 6C shows the result of immunohistochemical
experiment of indirect in vitro therapy, While Figure 6D shows
the result of determined biomarker expression modes of the two
tumor hypotypes by using IVM.

At present, this field has become a vital resource for
biomedical diagnosis and treatment, and many research groups
are competing to continue pushing forward in expanding its
study. Several high-level research papers and reviews have been
reported recently, such as Guo et al. (2019), who used NIR-
II fluorescence and photoacoustic imaging to study the precise
identification of the vascular system and micro-tumors in 2019.
It is well-known that the diagnosis of cerebrovascular structure
with complete blood-brain barrier and microtumors is of great
significance for the timely treatment of patients with nervous
system diseases. The combined diagnosis and treatment of NIR-
II fluorescence and photoacoustic imaging (PAI) is anticipated
to provide improving performance, for instance, excellent spatial
and temporal distinguishability, large penetration depth and
great SNR, and accurate brain diagnosis. In this study, conjugated
polymer nanoparticles (CP NPs) with biocompatibility and
photostability were prepared, and bimodal brain imaging was
achieved using its NIR-II window. The nanoparticles with
a uniform size of 50nm can be prepared by microfluidic
device. The emission peak was at 1,156nm and had strong
absorption of 35.2 Lg~'cm™! is at 1,000 nm. NIR-II fluorescence
imaging provides a solution to the depth and resolution issues
previously experienced with the hemodynamic and cerebral
vascular systems, providing an imaging depth of 600 microns
and a spatial resolution of 23 microns. After an ultrasound-
induced opening of the blood-brain barrier, NIR-II PAI could
successfully perform non-invasive imaging of deep micro-brain
tumors (2.4 mm below dense skull and scalp <2 mm) with a
SNR of 7.2. This study showed that CP-NPs is a promising brain
diagnostic contrast agent.

In 2019, Fan et al. (2019) published an overview of
optical multiplex techniques for biological detection to improve
biomedical diagnosis, arguing that traditional methods according
to the detection of single disease markers may not be precise
enough, since disease progression usually involves a variety of
chemicals and biomolecules. Multi-target simultaneous analysis
is of great importance in basic biomedical research and clinical
application, promoting simultaneous multi-target analysis that
requires the development of a high-throughput multi-target
biological analysis technology. In order to improve the level of
biomedical diagnosis, this paper reviewed the research progress
of optical multiplexing analysis technology used in biomedical
diagnosis over the recent years. The review primarily focused

on the Fluorescence and Surface Enhanced Raman Scattering
(SERS) technique which has unique optical characteristics as
a main signal reader. The paper also focused on the review
of the multiplexing strategy in biomedical field and the recent
advances in biosensors from multi-analyte and multi-color cell
tracking to multi-channel bioimaging in vivo. Finally, the paper
provided forecasting of future challenges and opportunities
of multi-bio-analysis.

In 2018, He et al. (2018) proposed that the structural design
and synthesis of fluorophores emitted in NIR-II biological
window are moving toward multi-mode imaging, as well as
toward multimodal diagnosis and treatment. He et al. reviewed
some progress of NIR-II fluorophores and molecular probes
and considered the synthesis of NIR-II fluorescent group fit
for multimode imaging will become a new way to obtain
high-resolution images through the structural design. NIR-II
fluorophores can convert NIR-II photons into heat required for
photothermal therapy and can also be stimulated by NIR-II light
to generate singlet oxygen for photodynamic therapy. The single
probe has both diagnostic and therapeutic functions which can be
used for precise treatment. He et al. details the latest development
in structural design and synthesis of various NIR-II fluorophores
and provides a discussion on the similarities and differences in
known NIR-II imaging systems and the recent research on NIR-II
imaging in biomedical applications.

Tracking the Transplanted Stem Cells

Stem cell (SC) is one type of pluripotent cells with self-replication
ability, which can differentiate into a variety of functional cells
under certain conditions. SC therapy is showing the hope of
curing major human diseases. In the process of SC therapy, how
to observe the transplanted SCs non-invasively in real time has
become a challenge in experimental and clinical research. NIR
imaging based on exogenous markers has always been one of the
best methods to trace stem cells in vivo.

In recent years, NIR fluorescent probes, with their strong
biological penetration ability, low photon detection domain
value, high detection sensitivity, relatively simple operation, and
advantages of real-time imaging during surgery, have made the
shift of emission from NIR-I window to NIR-II window to
track transplanted stem cells. For instance, Chen et al. (2018b)
has reviewed the research progress of tracking transplanted SCs
with NIR fluorescence NPs. The latest development of NIR-II
window fluorescence imaging technology was introduced. The
emergence of new fluorescent functional NPs (QDs, RE-doped
NPs, organic fluorescent NPs, etc.) makes stem cells easy to be
labeled and tracked, greatly promoting the further development
of stem cell therapy. NIR-II fluorescence emission is absorbed
little by tissues, and the scattering and spontaneous fluorescence
in NIR-II region are the least in tissues. Therefore, the signal-
to-background ratio can be greatly improved, yielding to a large
tissue penetration depths and a good spatial-temporal resolution.
Moreover, NIR-II fluorescence imaging technology for accurate
optical tracking can improve our comprehending of the fate and
regeneration ability of transplanted SCs and provide immense
potential development of SC-based regenerative medicine. Up
to now, only a few research labs are exploring the feasibility of
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FIGURE 7 | injected into mice by vein, and NIR-Il fluorescence imaging was accomplished on the mice with 100 ms exposure. When excited at 808 nm, the
InGaAs/SWIR camera was used to obtain the NIR-Il image. NIR-II fluorescence signal value in liver and lung of mice at diverse time points was quantitatively analyzed.
Adapted from Chen et al. (2018a) written by Qiangbin Wang etc. with permission. (C) MSCs were tracked in mice with acute liver failure and labeled by Ag>S quantum
dots. MSCs were injected into mice in combination with or without heparin and imaged. Adapted from Chen et al. (2013) written by Qiangbin Wang etc. with
permission. Homing of MSCs was studied by (D) in vivo imaging and (E) fluorescence quantification. The MSCs were transplanted intravenously into a mouse model
with skin trauma. The left trauma was cured with a collagen scaffold loaded with SDF1-a. The right trauma was cured with collagen scaffold. The data are shown as
mean =+ SD values fromn = 3, *o < 0.05, **p < 0.01. Adapted from Chen et al. (2015) written by Qiangbin Wang etc. with permission.

using NPs emitted in NIR-II to track SCs in vivo. Ag,S QDs-based
NIR-II imaging is currently the only method that has succeeded
in SC tracking research in vivo. In order to greater improve the
performance of NPs emitted in NIR-II in SC-based regeneration
research, more efforts should be made to conquer the defects
(such as water solubility, physiological stability, biocompatibility,
and metabolic capacity) of current NIR-II NP-based imaging
technology. In addition, new strategies are needed to take full
advantage of NIR-II excitation and emission. The comparison
diagram of transplanted mesenchymal stem cells (MSCs) tracked
by Ag,S quantum dots emitted NIR-II fluorescence is shown
in Figure 7.

Figure 7A shows typical TEM pictures and fluorescence
emission spectrum of Ag,S quantum dots with different particle
sizes. Figure 7B shows the real-time NIR-II fluorescence imaging
of Ag,S QDs labeled MSCs after intravenous injection into
mice exposed for 100ms. When excited at 808 nm, NIR-II
fluorescence images were collected with InGaAs/SWIR camera.
The fluorescence intensity of NIR-II in liver and lung of mice
at diverse time points was measured, and then quantitative
analysis was performed. In Figure 7C, Ag,S quantum dots were
labeled on MSCs and then injected into mice with acute liver
failure for tracking study. MSCs were combined with or without
heparin and then transplanted intravenously into mice and
imaged. Figures 7D,E, respectively show in vivo imaging and
fluorescence quantitative homing behavior of MSCs to the wound
in a mouse model with skin trauma. MSCs were transplanted
intravenously into model mice. The left and right wounds
were treated with SDF1-a-loaded collagen scaffolds and collagen
scaffolds, respectively.

Other related researches on the tracking of transplanted CS
with NIR-II quantum dots include an article published in 2019
by Chen’s team about the fate of intraarticular injection of MSCs
in vivo for the useful treatment of supraspinatus tendon tears
(Yang et al., 2019). This paper reports that MSCs have a strong
therapeutic potential in the treatment of supraspinatus tendon
tears. However, by reason of the finite evidence of dynamic
visualization of cell behavior in vivo, MSC therapy has not been
fully utilized and may even be underestimated. Here, PbS QD
labeled MSCs can treat supraspinatus tendon tears in mice. PbS
QD is a biocompatible NIR-II fluorescence imaging probe, which
can provide a cell migration map and information about the
biological distribution and clearance process of MSCs injected
into the joints with three densities. Intra-articular injection can
avoid MSCs being wrapped by filtered organs and reduces organ
toxicity induced by quantum dots. It is worth noting that MSCs
have similar migration directions, but the migration efficiency of
the medium density group is higher. In the repair stage, MSCs

stay around the footprint for the longest time, with the highest
cell retention rate. In addition, quantitative kinetics studies
showed that labeled MSCs were cleared by feces and urine.
Histomorphological analysis showed that therapeutic effect of
the medium density group was the best, and the labeled MSCs
showed no damage or inflammatory response to the main organs,
suggesting that too much or too little MSCs administration
might reduce its efficacy. This imaging method provides spatio-
temporal evidence for the response of MSCs therapy in vivo,
which is helpful for the optimization of MSCs therapy.

Moreover, in 2018, Huang et al. published a paper on NIR-II
fluorescence and bioluminescence multiple imaging for in
vivo observation of the location, survival and differentiation
of transplanted stem cells (Huang et al, 2019). An NIR-II
fluorescence/bioluminescence composite imaging method is
successfully developed covering 400-1,700nm visible light and
NIR-II window for in vivo monitoring of location, survival, and
osteogenic differentiation of human bone marrow mesenchymal
stem cells (hMSCs) in a mouse model of skull defect. The
long-term biological distribution of transplanted hMSCs was
observed by using Ag,S quantum dot with NIR-II window.
Bioluminescent imaging (BLI) based on endogenous red firefly
luciferase (rfluc) and gaussia luciferase (gluc) driven by collagen
type 1 promoter were used to report the survival and osteogenic
differentiation status of transplanted hMSCs. At the same time,
by combining the three imaging channels, they can not only
directly observe the various dynamic biological behaviors of the
transplanted hMSCs, but also further observe the promoting
effects of immunosuppression and bone morphogenetic protein 2
on the survival and osteogenic differentiation of the transplanted
hMSCs. This new multifunctional imaging technique can
widely extend the analysis of the fate and therapeutic capacity
of transplanted stem cells and help to promote stem cell-
based regenerative therapy and its transformation in the
clinical applications.

CONCLUSION

In summary, compared with traditional NIR-I imaging
technology and other medical imaging methods, NIR-II
bioimaging technology not only has a deeper imaging depth,
but also can better avoid background interference such as
spontaneous fluorescence and photon scattering of tissue. So
far, a variety of NIR-II dyes, such as inorganic nanomaterials
(single-walled carbon nanotubes, semiconductor quantum dots,
rare earth nanomaterials), conjugated polymers and organic
small-molecule materials, have been successfully synthesized
and prepared. Because of its special properties, NIR-II dyes can
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TABLE 1 | NIR-Il contrast agent and its biomedical application.

Fluorophore

Fluorescence property

Biomedical applications

References

SWCNTs
M13-SWCNTs

IRDye-800- SWCNTs

A synthetic organic molecule (CH1055)
0-SWCNT-PEG

Ag2S QD

Au/Cu alloy nanodots or Au/Co alloy
nanodots

NaYF,:Yb/Ln@NaYF4(Ln= Er, Ho, Tm,
Pr)nanocrystals

SrFo:Nd*+ NP

NaYF4:Yb3+ /X3t @NaYbF,@NaYF,:
Nd3+ (X = null, Er, Ho, Tm or Pr)

FD-1080

Free ICG

liposomal-ICG (Lip-ICG)
ICG conjugated bevacizumab (Bev-ICG)

Core:DCNPs(NaGdF4:5%Nd@NaGdF4)
In vivo assembly nanoprobe:
DCNPs-L4/Lo-FSHg(L1 and L2 are
conjugated DNA; FSHg is a follicle
stimulating hormone peptide)

Ag»Te quantum dots (QDs)

lanthanide complex (Nd-DOTA)

semiconductor polymer nanoparticle of
diketopyrrolopyrrole (PDFT1032)

NaErF4:2%Ho@NaYF, UCNPs
the sensor is based on the ratio
meter fluorescence

DCNPs(NaGdF4:5%Nd@NaGdF4)@GSH

pentamethine cyanine NIR-Il molecular
fluorophore

Peroxynitrate NIR-Il molecular
fluorophore IRBTP-O

Polyacrylic acid (PAA) modified
NalLuF4:Gd/Nd nanorods (PAA-NRs)
Nal.uF4: Gd/Yb/Er NRs@PDA

A bright organic NIR-II fluorescent
nanocluster (p-FE)

808/950-1,400 nm (excitation/emission)
808/950-1,100 nm
(excitation/emission)
808/1,300-1,400 nm
(excitation/emission)

750/1,055 nm

(excitation/emission)

980/1,300 nm

(excitation/emission)

800/1,200 nm

(excitation/emission)

808/950-1,100 nm
(excitation/emission)

800/~1,500 nm (excitation/emission)

808/1,100 nm (excitation/emission)
700-860/1,000-1,600 nm
(excitation/emission)

1,046/1,080 nm (excitation/emission)

810-830/1,100nm
(excitation/emission)

782/950-1500 nm
(excitation/emission)
808 nm/>900 nm
(excitation/emission)

808/1,060 nm
(excitation/emission)

808/1,300 nm
(excitation/emission)

808/1,060 and 1,330 nm
(excitation/emission)

809/1,032nm
(excitation/emission)

1,530/1,180nm
(excitation/emission)

808/1,060 nm
(excitation/emission)

1,015/1,065 nm
(excitation/emission)

575 and 905/>1,000 nm
(excitation/emission)

808/1,056 and 1,328 nm
(excitation/emission)

980/1,525nm
(excitation/emission)

980/1,100 nm
(excitation/emission)

High-resolution imaging of blood vessels

Targeted fluorescence imaging of tumor tissues in
mice

Imaging of the distribution of veins in the head of mice
and the fine structure of the brain capillaries

Tumor imaging and precise image-guided
tumor-removal surgery

Used in angiographic imaging

Used in NIR-II cell imaging and non-specific tumor
detection

It is @ non-toxic and multifunctional nanodots for used
in biological imaging, especially in multi-mode imaging
Widely applied in vivo bioimaging research

In vivo NIR-II optical imaging
NIR-II in vivo imaging of deep tissue

non-intrusive high distinguishability deep tissue
hindlimb vascular system and brain veins biological
imaging

Utility in NIR-II navigated cytoreductive surgery of
cerebral cancers and accelerate the clinical translation
of NIR-Il imaging technology

Long-term imaging of hind limb and intracranial
vessels in vivo

Immensely facilitate the application of NIR-II clinical
bioimaging
Tumor imaging and image-guided surgery

Tumor imaging and image-guided surgery

Accurately mark the profile of micro-tumors in surgery
and thoroughly removed under the guidance of NIR-II
biological imaging

Widely used in clinical imaging and surgical treatment
of malignant tumors

Used to quantify the degree of actual inflammation in
clinical tests

Accurate imaging of inflammation in vivo

high-quality imaging and pH sensing in vivo

Drug-induced hepatotoxicity detection

For Fluorescence imaging-guided detection of small
tumors, angiogenesis-related diseases, and
angiogenesis diagnosis

Visualization of tumor-related vascular malformations
and imaging-guided photothermal therapy

As a vascular imaging reagent for non-invasive in vivo
blood flow tracking in the rat cerebrovascular system

Welsher et al., 2009
Ghosh et al., 2014

Hong et al., 2014
Antaris et al., 2016
Takeuchi et al., 2019
Hong et al., 2012b;

Zhang et al., 2012, 2013
Andolina et al., 2013;
Marbella et al., 2014
Naczynski et al., 2013

Villa et al., 2015
Shao et al., 2016

Lietal, 2018

Starosolski et al., 2017;
Zeh et al., 2017; Cho
et al., 2019a,b; Wang
etal,, 2019b

Bhavane et al., 2018
Suo et al., 2019

Wang et al., 2018

Zhang et al., 2019

Yang et al., 2018

Shou et al., 2018

Liuetal., 2018

Zhao et al., 2019

Wang et al., 2019a

Lietal, 2019¢c

Lietal, 2019a

Lietal, 2019b

Wan et al., 2018

(Continued)
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TABLE 1 | Continued

Fluorophore Fluorescence property

Biomedical applications References

808 nm/Er®* at 1,525 nm.
Ho%* at 1,155nm,

Pr3t+ at 1,289 nm,

Tmet at 1,475nm

Nd®+ at 1,060 nm
(excitation/emission)

Conjugated polymer nanoparticles (CP 980/1,156 nm
NPs) (excitation/emission)

Ag2S QDs 808/From 900 to 1,700 nm
(excitation/emission)

NaGdFs@NaGdF,:Yb,Er@NaYF,:
Yb@NaNdF4:Yb

C1g-PMH-PEG-Ag,Se 808/1,300 nm

(excitation/emission)

PbS QDs 808/1,100 nm
(excitation/emission)
AgInTe,; QDs 700 nm/between 1,095 and 1,160 nm

(excitation/emission)

As a microinvasive probes for disease diagnosis Fanetal., 2018

Accurate brain diagnosis Guo et al., 2019

Chen et al., 2013, 2015,
2018a; Zhang et al.,
2014; Huang et al., 2019
Dong et al., 2013; Chen
etal., 2018b

Yang et al., 2019

Tracking the transplanted stem cells

Tracking the transplanted stem cells

Tracking the transplanted stem cells in vivo to provide
evidence for therapy and promote the optimization of
therapy

In vivo bioimaging and solar energy conversion
systems

Langevin et al., 2015;
Kameyama et al., 2016;
Chen et al., 2018b

be used not only as biomedical contrast agent, but also in the
fields of photothermal and photodynamic therapy, drug delivery,
surgical guidance and tracking the transplanted stem cells. In
this article, the reported NIR-II fluorescent probes and their
biomedical applications are summarized in Table 1.

With the development of molecular design theory and
nanomaterials, more and more NIR-II imaging systems will be
designed, developed and promoted into clinical trials. It is worth
noting that at present, most of NIR-II fluorescent molecules
have poor water solubility and physiological stability, and low
fluorescence quantum yield. For polymers and inorganic nano
systems, problems, such as slow metabolism, high toxicity, and
lack of specific tissue targeting, still exist. New methods and
materials will be helpful to promote the application of NIR-
II imaging technology in the field of biology. In general, the
following points should be paid attention to in the development
and design of NIR-II dyes. Firstly, in order to improve the water
solubility and physiological stability of organic NIR-II fluorescent
dyes, reduce the band gap when choosing the appropriate space
configuration, and consider the influence of the group on the
water solubility of dyes when modifying the group. Secondly, in
order to improve the biocompatibility and metabolic capacity of
the probe, the molecular structure should be designed reasonably.
In particular, when the probe is a polymer molecule dye and
nanoparticles, the design and synthesis of the degradation of
NIR-II dye probe is the best. Thirdly, dye is endowed with specific
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Tissue imaging has emerged as an important aspect of theragnosis. It is essential not
only to evaluate the degree of the disease and thus provide appropriate treatments,
but also to monitor the delivery of administered drugs and the subsequent recovery
of target tissues. Several techniques including magnetic resonance imaging (MRI),
computational tomography (CT), acoustic tomography (AT), biofluorescence (BF) and
chemiluminescence (CL), have been developed to reconstruct three-dimensional
images of tissues. While imaging has been achieved with adequate spatial resolution for
shallow depths, challenges still remain for imaging deep tissues. Energy loss is usually
observed when using a magnetic field or traditional ultrasound (US), which leads to a
need for more powerful energy input. This may subsequently result in tissue damage.
CT requires exposure to radiation and a high dose of contrast agent to be administered
for imaging. The BF technique, meanwhile, is affected by strong scattering of light and
autofluorescence of tissues. The CL is a more selective and sensitive method as stable
luminophores are produced from physiochemical reactions, e.g. with reactive oxygen
species. Development of near infrared-emitting luminophores also bring potential for
application of CL in deep tissues and whole animal studies. However, traditional CL
imaging requires an enhancer to increase the intensity of low-level light emissions,
while reducing the scattering of emitted light through turbid tissue environment. There
has been interest in the use of focused ultrasound (FUS), which can allow acoustic
waves to propagate within tissues and modulate chemiluminescence signals. While light
scattering is decreased, the spatial resolution is increased with the assistance of US. In
this review, chemiluminescence detection in deep tissues with assistance of FUS will be
highlighted to discuss its potential in deep tissue imaging.

Keywords: chemiluminescence, bioluminescence, focused ultrasound, deep tissue, imaging

INTRODUCTION

Imaging has become an essential component of biomedical research and patient treatment.
There has been tremendous improvement in imaging techniques and their application in last
30 years. These imaging tools help clinicians not only to diagnose diseases but also to visualize
the expression of the reaction, and interactions within the human body (Weissleder and Pittet,
2008). In vivo molecular imaging has significantly revolutionized modern medical diagnostics. In
order to evaluate the complex nature of tissues/organs, there is a need for advanced and versatile
imaging techniques which are not only capable of analyzing the structure and morphology of
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Ultrasound-Enhanced Chemiluminescence Imaging

tissues/organs but can also efficiently monitor the functions and
molecular reactions in the cells (Nam et al., 2014). Each of the
imaging modalities available today work on different principles
and methods, and the outcome are largely variable depending
on interfaces, samples and the imaging technique used (Nam
etal., 2014). Therefore, based on the experiments and the clinical
application, the most appropriate imaging technique must be
carefully chosen from among the range of available methods.
Tissue imaging can be done using spectroscopic signal
detection techniques such as magnetic resonance imaging (MRI),
computational tomography (CT), acoustic tomography (AT),
biofluorescence (BF), and chemiluminescence (CL). Based on
the unique principle of each technique, imaging methods have
their exclusive range of applications. In most imaging methods,
the physical interaction of X-rays, radiofrequencies or sound
waves with the target/imaged object (tissues or organs) results
in a change in the energy, which is transmitted to form an
image. Based on the source and intensity of the energy, the
various imaging modalities differ in their specific properties such
as resolution, exogenous and endogenous contrast component,
penetration depth, cost, and safety (Pysz et al., 2010; Appel
et al,, 2013). Due to the high energy source, CT and MRI
have the best imaging depth and resolution when compared to
luminescence and AT. MRI uses radio frequencies coupled with
strong magnetic field as the source of energy, which rebounds
off the body fat and water molecules, and the transmitted energy
is detected and translated into an image. Hence, it is generally
used for imaging of soft tissues like brain, wrists, heart and blood
vessels (Miwa and Otsuka, 2017). In comparison to CT, MRI has
two disadvantages, namely loud machine noises during imaging
and longer imaging time (Weissleder and Pittet, 2008). CT uses
X-ray energy to image the target tissue and is quick, painless
and non-invasive. It is generally used to image bone fractures,
tumors progression and internal bleeding (Pysz et al., 2010).
However, one of the constraints of CT imaging is the use of
radiation and the generation of less detailed images of soft tissues
when compared to MRI (Nam et al., 2014). AT has evolved as
a hybrid imaging method which can possibly overcome some of
the disadvantages of MRI and CT. AT imaging is based on the
acoustic wave signals which are generated when the absorbed
optical energy is converted to acoustic energy. These waves scatter
less than the optical waves in tissue, leading to generation of high-
resolution images of deeper tissues. This imaging technique has
several advantages. For example, in comparison with CT, it uses
non-X-ray laser energy source for imaging, and in comparison to
MR, it is less expensive. However, it faces some disadvantages
like poor deep tissue imaging and imaging speed (Xia et al,
2014). Luminescent imaging is another method of imaging.
Bioluminescence (BL) is excellent for molecular level imaging
without using an external contrast agent, and it has the capacity
for real time imaging (Zhang et al., 2006; Weissleder and Pittet,
2008). BL is a unique optical imaging method in that it depends
on an internal biological light source (based on a reaction)
unlike other imaging systems which require external energy
source. Luciferase are a group of enzymes commonly used in
BL imaging as they can emit light in the presence of oxygen
and a substrate (typically luciferin) (Contagand Ross, 2002).

The released light generated from the live cells is assessed by
a photon detector with high sensitivity (Weissleder and Pittet,
2008). Similarly, CL (first generation), without the need of
external light sources, advances luminescent imaging further
by using luminescent enhancers listed and described in detail
in Table 1. CL avoids the need for the enzyme luciferase for
imaging, thus circumventing the need for genetic modification
to produce BL for imaging (Lippert, 2017). CL also allows
imaging of whole tissues. Recently, ultrasound (US) modulated
fluorescence and US switchable fluorescence (UF) have advanced
deep tissue imaging. Although these techniques are new and
still under investigation, they are supposed to have advantage
over CT and MRI in terms of deep tissue imaging. The key
element in these types of imaging is the design of the external
contrast agent, which determines the success of the imaging
(Pei and Wei, 2019). With the exponential increase in research
into the medical applications of US, second generation CL,
i.e., ultrasound-enhanced chemiluminescence (UECL), has been
developed. In UECL, CLs limitations in deep tissue imaging
is attenuated. The attributes of CL and UECL is discussed
in detail below.

FIRST GENERATION OF
CHEMILUMINESCENCE AND
BIOLUMINESCENCE

Luminescence in general is defined as the emission of visible light
without increase in the temperature. Luminescence emerging
from a chemical reaction is known as CL. One form of CL is
bioluminescence, which is basically the production and release
of light by a living organism (Créton and Jaffe, 2001). BL and CL
are the results of a chemical reaction in which a product at an
electronically excited state returns to the ground state by emitting
a photon, which is seen as light. This BL and CL light lasts for
few seconds as the reaction is very fast and continues for a very
short time frame. However, literature reveals that certain suitable
supplementary chemicals can modify the emission kinetics in the
range of 10 s to 30 min (Aslan and Geddes, 2009). This leads to
the improvement in the analytical signal output with significant
reproducibility (Roda et al., 2003a).

Bioluminescence is observed in vertebrates and invertebrates
(fireflies) and in some microorganisms like fungi and bacteria
(Viviani, 2002). The key component involved in the generation
of BL is the light emitting chemical luciferin, which is generated
by a series of reactions involving the enzyme luciferase. As
numerous organisms secrete luciferase and luciferin, this enzyme
and molecule respectively are generally named along with the
organism/species or group, for example - firefly luciferin (White
et al., 1961). The enzyme luciferase catalyzes the oxidation of
the luciferin to yield luminescence (Yagur-Kroll et al., 2010).
There is huge variation in the reactions occurring in different
organisms for the generation of luciferin. However, one of
the key and common factors is the requirement of molecular
oxygen and other cofactors along with luciferase, to complete
the reaction. For example, the generation of firefly luciferin
involves a chemical reaction involving luciferase, magnesium
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and adenosine triphosphate (ATP), to yield luminescent luciferin
and by-products like adenosine monophosphate, CO;, and
pyrophosphate (Marques and Esteves da Silva, 2009; Kim et al,,
2015). The mechanism of this reaction is addressed in Figure 1.
For generation of another luminescent molecule — photoprotein
aequorin, co-factors like divalent calcium or magnesium ion
are required (Brown et al, 2019). A well-known application
of BL based on these reactions is the cloning of genes for
the enzyme firefly luciferase and the photoprotein from the
jellyfish Aequorea. This gene can be transferred into a variety of
organisms including bacteria, plants, and human cells. Luminous
tobacco plants and Escherichia coli (expression of genes of
luciferases resulted in visible shades of orange, yellow and
green bacterial cells) are some of the well-known examples
(McCapra, 1990).

Chemiluminescent reactions have a great role in molecular
and cellular based assessment due to its high sensitivity
(Créton and Jaffe, 2001). For example, CL indicators are
used for immunoassays, western blots, northern (nucleic
acid detection) and southern blots. One of the key features
of CL is its capacity to evaluate the specimen at the cellular
level wherein the cells can be either live, in fixed state or
hybridized with the CL probes (Roda et al, 2000a; Sala-
Newby et al, 2000). CL has great potential to analyze
in vivo systems because of the absence of the use of heat
or exciting light which aids in measurements without any
disturbance to the living system. This is an improvement over
regular fluorescence imaging which requires high intensity
emitting light and long exposure to short wavelength
lights which may subsequently damage the living cells
(Créton and Jaffe, 2001).

Bioluminescence and CL imaging are interesting tools for
biomedical studies, clinical diagnosis, and drug development
research. They have the potential to identify and analyze
(quantitatively and qualitatively) enzymes, drug and drug
metabolites, nucleic acids such as DNA (Qi et al., 2018), micro
RNA (Ling et al., 2018), proteins (Li et al., 2015), and antigens
(Mao et al.,, 2019) in various specimens. These specimens can
be living cells in experiments, or fixed, cryo- and paraffin-
embedded cells/tissues samples and sections (Roda et al., 1996,
2000b). The resolving power of the CL is capable of penetrating
to the subcellular level and image the tissue section or a
single cell (Roda et al, 2003a). BL and CL offer substantial
advantages over other fluorescence imaging methods, which
mainly includes its broad range and sensitivity in imaging
samples in both micro and macro scale. In addition, the imaging
is not affected by the sample matrix, because the luminescence
is generated by specific set of chemicals involved in the reaction
(Roda et al., 2003b).

Recently, CL intensity has been further improved by using
colloidal enhancers that have enabled improvement to not
only imaging and but also therapies. Colloidal enhancers can
include gold (Li et al, 2008; Yan et al, 2019), silver (Chen
et al., 2007; Haghighi and Bozorgzadeh, 2010), platinum (Xu
and Cui, 2007), and magnetic (Yang et al., 2019) nanoparticles
(NPs). For in vivo imaging, peroxalate nanoparticles specific
are known for their high specificity and selectivity against
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FIGURE 1 | Schematic representation of (A) the mechanism involved in luciferin-mediated luminescence reaction, and (B) in vivo bioluminescence imaging using an

antibody coupled luciferase-luciferin reaction.

hydrogen peroxide, and they have therefore been used for
deep tissue CL imaging of the inflammatory response of
mice (Lee et al., 2007). Similarly, polystyrene nanoparticles
stained with squaraine catenane endoperoxide dyes, which
are concurrently chemiluminescent and fluorescent, displayed
significantly higher CL than fluorescence, which helped in the
imaging of distribution of nanoparticles in mice (Lee et al., 2013).
Similar to colloidal and inorganic NPs, enhancement to CL has
been investigated with the help of quantum dots (QDs), including
both metallic (Song et al., 2019) and non-metallic (Wang D. M.
et al., 2019) QDs. Subsequently, enhancement effects such as
chemiluminescence resonance energy transfer (CRET) has been
discovered (Yao et al, 2017). CRET allows transfer of energy
from a chemiluminescent donor to a fluorophore acceptor (e.g.
QDs) without the need for an external excitation source, and with
low background signal. Although QDs have several advantages,
concerns regarding toxicity and environmental contamination
have been raised (Ron, 2006; Wang et al., 2015; Li et al., 2016;
Zhang et al., 2016). Chemiluminescence can also be triggered
using electrochemical techniques, and this method is called
electro-chemiluminescence (ECL). Upconversion nanoparticles,
which are generally lanthanide- or rare earth- doped materials,
have been identified and developed as ECL emitters. Unlike QDs,
these particles have low toxicity, good ECL intensity, and low
autofluorescence background. Detailed description of the use
of upconversion nanoparticles in ECL is already available in
literature (Liu et al., 2014; Gao et al., 2017; Zhai et al., 2017;

Gu et al,, 2019). Alternative approaches for safe enhancement of
CL will be discussed below.

CHEMILUMINESCENT MATERIALS

Some of the most commonly used materials in CL imaging have
been described in detail below.

Luminol

Luminol is synthesized in the presence of triethylene glycol by
a reaction involving cyclocondensation of 3-nitrophthalic acid
with hydrazine to produce 5-nitrol,4(2H,4H)phthalazinedione.
The resultant product is further reacted with sodium dithionite
in the presence of heat, followed by treatment with acetic acid
to produce luminol on cooling (Maynard, 1997). CL probes
consisting of luminol are known to successfully detect and
quantify intracellular and extracellular reactive oxygen species
(ROS) produced by phagocytozing cells in the blood (Jancinova
et al., 2017). Luminol and its derivatives possess an intermediate
called a-hydroxyperoxide, which is derived by the oxidation of
the heterocyclic ring, and this reaction depends solely on the
pH of the system (Dodeigne et al., 2000). Masking or structural
modification of this heterocyclic ring (Jancinova et al., 2017)
results in a complete loss of these chemiluminescent properties
(Dodeigne et al., 2000). Kwon et al. (2014) took advantage
of this property to develop a CL chemodosimeter, in which a
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masking group was incorporated to prevent formation of the
a-hydroxyperoxide intermediate, thereby preventing CL. When
the masking group was selectively removed using a target analyte,
the CL could be turned on to get a highly selective and sensitive
signal (Kwon et al., 2014). CL is emitted solely due to the presence
of oxygen and a strong base in an aprotic media such as DMSO,
while protic solvents are capable of oxidizing luminol derivatives
only with the assistance of either enzymes or mineral catalyst
(Giussani et al., 2019).

Luminol has been used to generate CL via numerous
techniques, for instance, by pulsed laser light or optically pumped
CL. A dye absorbing red light is generated by a pulsed laser light
and this light is capable of oxidizing luminol, thus generating CL
(Khan et al., 2014). Luminol and its derivatives have found wide
applications in diagnostic and monitoring techniques of non-
immunoassay or immunoassays. Isoluminol derivatives have
displayed increased efficiency and have been found to be the
sole tracers used in substrate-labeled immunoassays (Dodeigne
et al., 2000). Luminol has displayed a higher efficiency when
its present in the free state. It has found wide applications in
enzyme labeled immunoassays, detection of hydrogen peroxide,
metal ions, amines, carbohydrates, vitamins, nitrate, enzymes
and enzyme substrates, amino acids, cyanides and carbohydrates
(Kugimiya and Fukada, 2015). Luminol has also been extensively
used as a forensic tool in the form of aerosols by many
police agencies in the U.S. for detecting trace blood patterns
at crime scenes (Stoica et al., 2016). Luminol reacts with the
reactive ROS and emits light via luminol CL (Chen et al., 2004).
ROS are produced by defensive cells like macrophages and
monocytes that are highly populated in a cancerous environment.
Alshetaiwi et al. (2013) successfully demonstrated that luminol
administration in tumorous mice allowed early stage imaging
of the tumors. Inflammation produces myeloperoxidase (MPO)
released by neutrophils and these superoxides react with Luminol
emitting luminescence which enables investigation of different
stages of inflammation (Tseng and Kung, 2013). Bedouhéne et al.
(2017) showed that in the presence of horseradish peroxidase,
luminol-based CL can be used to detect superoxide anions
and hydrogen peroxide. This method can therefore be used to
detect ROS production by neutrophils, with high sensitivity.
Luminol has also been incorporated within nanoparticles for CL
imaging. Xu et al. (2019) recently developed a self-illuminating
nanoparticle using an amphiphilic Ce6-luminol-polyethylene
glycol (CLP) polymer. The Ce6 (chlorin e6), a photosensitizer,
can be excited by the BL from luminol in the presence of excess
ROS and myeloperoxidase. This excitation leads to generation
of fluorescence and 'O, by the Ce6 via bioluminescence
resonance energy transfer (BRET), and can be used for detecting
inflammation and for tumor photodynamic therapy (PDT)
(Xu etal., 2019).

Coelenterazine

Coelenterazine is derived from a protein called coelenterate,
which has been synthesized by several methods described
elsewhere (Dodeigne et al., 2000). This compound possesses a
superoxide anion in its structure, which is responsible for causing
coelenterazine to give out CL. Unlike luminol, coelenterazine

does not require any catalyst to trigger CL (Silva et al., 2012). CLA
(2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one)
and specifically MCLA probe (2-methyl-6-(4-methoxyphenyl)-
3,7-dihydroimidazo[1,2-a]pyrazin-3-one) which is more efficient
are some of the several coelenterazine analogs that have
been prepared and used (Dubuisson et al., 2005; Wang et al.,
2012; Diaz et al., 2018). In contrast to luminol, MCLA is cell
impermeable, and is therefore useful for detection of superoxides
outside the cell (Diaz et al., 2018). Besides being widely employed
for monitoring of superoxide, coelenterazine and its analogs
have found wide applications as prosthetic groups of various
photoproteins like mnemiopsin, aequorin, phialidin obelin,
and beroverin. Of all the above mentioned photoproteins,
aequorin is widely used for measuring intracellular calcium
and in immunoassay applications (Nguyen et al., 2018; Feno
et al, 2019). Coelenterazine has been used often in cancer
imaging. CL produced by coelenterazine are used to estimate the
elevated levels of ROS that are produced by cancer cells (Bronsart
et al., 2016a). Coelenterazine has also been used to detect and
image chronic inflammation associated with conditions like
inflammatory bowel disease, as it produces CL upon reaction
with ROS associated with inflammation (Bronsart et al., 2016b).
Bronsart et al. (2016a) were able to detect chemiluminecence
in vivo at 3 and 6 days after intravenous administration
of coelenterazine in tumorous mice. Wang Y. et al. (2002)
successfully combined colenterazine with a fusion gene construct
which enabled real-time imaging of gene expression both in cell
culture and animal models.

Peroxyoxalic Acid and Their Derivatives
Peroxyoxalate CL is achieved in the presence of a base
catalyst and an appropriate fluorophore by combining
hydrogen peroxide with oxalate ester (Dodeigne et al., 2000).
Peroxyoxalic acid and their derivatives undergo oxidation in
the presence of hydrogen peroxide producing high-energy
intermediates which is dioxetanedione. Peroxyoxalate and
its derivatives have found wide applications in determining
selective fluorophores especially after separation by high
performance liquid chromatography (Huertas-Pérez et al,
2016). However, as compared to the previously mentioned
compounds, fluorescence is not emitted by the high-energy
intermediate itself. Light emission is produced by energy transfer
to a fluorescer, which gets excited in a S1 state (Smellie et al.,
2017). The oxalate compound and the fluorescent sensitizer
can be chosen independently. However, as compared to other
chemiluminescent producing compounds, the efficiency of the
peroxyoxalic acid and their derivatives are reportedly low. The
efficiency of this fluorescent material is higher in organic solvents
as compared to aqueous solvent mixtures (Dodeigne et al., 2000).
Another limitation is the observance of high background
in peroxyoxalate CL which is produced due to the blending
of hydrogen peroxide and peroxyoxalate (Cepas et al., 1995;
Romanyuk et al., 2017). This background emission can be
suppressed by addition of continuous reagent like bis(2,4,6-
trichlorophenyl)oxa-late (TCPO)-hydrogen peroxide system
(Niu et al., 2006). The TCPO system have been used to detect
the protein labeled 2-methoxy-2,4-diphenyl-3(2H)-furanone
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(MDPF) (Salerno and Daban, 2003). Another disadvantage of
this material is the poor stability of the compound in water
or aqueous solutions since partial water hydrolysis results in
the decomposition by decarboxylation and decarbonylation,
limiting its application in diagnostics (Delafresnaye et al., 2019).
Peroxyoxalate chemiluminescence (POCL) has also found wide
applications in detecting hydrogen peroxide-forming enzymes
namely cholesterol oxidase, uricase, xanthine oxidase, glucose
oxidase, and choline oxidase (Nozaki and Kawamoto, 2003).
It has also been used to eliminate tumor cells, where the CL
can be absorbed by photosensitizers accumulating within the
tumor, resulting in singlet oxygen generation and subsequent cell
death (Romanyuk et al., 2017). POCL-containing nanoparticles
have also been studied, which are sensitive to endogenous
hydrogen peroxide and can be used to study inflammation,
where overproduction of hydrogen peroxide is expected (Lee
et al., 2007). Peroxalate loaded nanoparticles injected into the
peritoneal cavity demonstrated high specificity and selective
imaging of hydrogen peroxide-related inflammatory diseases
(Lee et al.,, 2007). POCL has been used in literature frequently
in nanoparticle and hydrogel preparations. Li et al. (2019)
developed a POCL nanoparticle - glucose oxidase-doped
alginate hydrogel, in order to determine glucose levels in the
tumor periphery to study tumor metabolism. Following glucose
permeation into the system, it will be oxidized by glucose oxidase
to produce HyO,, which will be detected by peroxyoxalate.
Following subcutaneous injection of the solution into CT-
26 tumor bearing mice, the gel allowed localization of the
nanoparticles to provide a high signal-to-noise ratio at the tumor
site (Li et al., 2019).

Acridinium Esters

Acridinium esters possess high quantum yields that can be
detected in the attomole range (Weeks et al., 1983; Natrajan
etal, 2010). In comparison with other materials, simple chemical
triggers of acridinium derivatives display quick light emission
with their minute size permitting easy labeling protocols of
nucleic acids and proteins. Acridinium phenyl esters display
greater luminescence than simple alkyl esters (Natrajan et al,
2010). Unlike the other chemiluminescent materials, acridinium
do not require a catalyst to produce CL. Hydrogen peroxide
and a strong base are sufficient to cause them to produce
chemiluminescence (Dodeigne et al., 2000). Another advantage
is their ability to exhibit faster light emission with simple
chemical triggers (Natrajan et al., 2010). The main disadvantage
of this chemiluminescent material is its instability in aqueous
medium as the ester bond that is present between the acridinium
ring and the phenol undergoes hydrolysis (Brown et al., 2009;
Natrajan et al., 2010).

Despite this limitation, acridinium derivatives have found
wide applications in immunoassays. Acridinium ester has been
successfully used to perform ultrasensitive immunoassays of
various proteins and antibodies. tumor markers (a-fetoprotein),
thyroid stimulating hormone (TSH) and immunoglobulins (Ma
et al., 2017; Min et al., 2018; Chen et al., 2019). Acridinium ester
is also able to successfully label strands of DNA to produce DNA
probes to emit CL (Komori et al., 2019). In a study, wild-type

p53 was immobilized on the surface of gold-functionalized
magnetic  nanoparticles.  2/,6'-dimethylcarbonylphenyl-10-
sulfopropylacridinium-9-carboxylate 4'-NHS ester was mixed
with the complementary sequence of wild-type p53. The
two samples were mixed and the gold-conjugated magnetic
nanoparticles were subsequently separated. CL imaging showed
ultrahigh sensitivity and selectivity in detecting the p53 tumor
suppressor gene up to a limit of 0.001 ng/mL (Wang L.
et al, 2019). Several other applications include estimating
thermodynamic affinities of oligonucleotide probes that are
bound to simple synthetic as well as complex biological targets
and hybridization rate constants (Créton and Jaffe, 2001;
Nakazono et al., 2019).

FCLA (3,7-Dihydro-6-[4-[2-[NO -(5-
Fluoresceinyl)thioureido]-
Ethoxy]phenyl]- 2-Methylimidazo[1,2-
a]pyrazin-3-One Sodium Salt)

FCLA is a highly efficient water soluble chemiluminescent agent
(He et al., 2002a). FCLA is an analog belonging to Cypridina

luciferin that efficiently reacts with superoxide anion (©2) or
singlet oxygen (10,) that emits luminescence via a dioxytane
intermediate (He et al., 2002a). OH~ + NaOCl + H,0,, a
typical reaction system is involved in generating a singlet
oxygen which produces emission at about 532 nm (Wang Y.
et al., 2002). Researchers have developed a novel method to
diagnose superficial tumors by photodynamic diagnosis mediated
by CL probe containing FCLA (Wang J. et al, 2002). Wei
et al. (2011) utilized FCLA CL to monitor tumor necrosis in
response to photodynamic therapy. First the FCLA was injected
subcutaneously in mice, and light irradiation was provided after
a 1 h. A near linear relationship was observed between the
extent of damage from PDT, and the CL (Wei et al,, 2011).
FCLA CL was also used recently to detect ROS generation
following DNA duplex-based photodynamic therapy against
retinoblastoma (Wei et al., 2016).

There are several examples in literature of coupling
chemiluminescent probes with enhancers such as US. Due
to US’ ability to penetrate deep within the tissues and remain
targeted to a small region, undesirable side effects can be
minimized and greater spatial information of the CL molecules
can be obtained (He et al., 2002b; Kobayashi and Iwasa, 2018).
Ultrasonic irradiation of water results in acoustic cavitation
producing *OH and °H, which form active oxygen species.
These oxygen species react with FCLA producing CL (He et al,,
2002b). He and colleagues observed that, when a sonosensitizer
(hematoporphyrin derivative) accumulating in tumor tissues
was exposed to ultrasound in vivo, FCLA reacted with the
resulting active oxygen species to emit CL. This CL was stronger
from the tumor region in comparison from other regions. He
reported that the application of US increased the intensity of
chemiluminescence emitted by FCLA (He et al., 2002b; Wei et al.,
2016) and it resulted in excellent signal-to-noise ration ratio of
a sonoluminescence image of tumorous mice on subcutaneous
injection of FCLA solution (He et al., 2002a).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 25


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leetal.

Ultrasound-Enhanced Chemiluminescence Imaging

SECOND GENERATION OF
CHEMILUMINESCENCE:
ULTRASOUND-ENHANCED
CHEMILUMINESCENCE

There are many advantages to using US and CL simultaneously.
Since both US and CL are imaging techniques, they can be used
for dual imaging in order to accurately visualize the tissue of
interest. In addition, US can enhance the intensity of CL by
reducing light scattering while increasing spatial resolution. Both
of these approaches are described below.

Combination of US and CL for Dual
Imaging

In an in vivo study by Alhasan et al. (2012) on tumor (luciferase-
transfected PC3 cancer cell lines) bearing nude mice, D-luciferin-
based bioluminescent imaging (BLI), fluorescence imaging and
doppler ultrasound imaging techniques were simultaneously and
independently conducted. Both BLI and US were able to correctly
indicate time-dependent percent reduction in tumor blood flow
following the injection of arsenic trioxide (ATO) - a model
vascular disrupting agent (Figures 2A,B), and a correlation was
obtained (Figure 2C) with R? > 0.77 (Alhasan et al., 2012). On
the other hand, fluorescence imaging did not show any changes
in the first 24 h following ATO administration. Jung et al. (2018)
developed curcumin-containing antioxidant vanillyl alcohol-
incorporated copolyoxalate (PVAX) nanoparticles, which can be
simultaneously used for anti-cancer therapy, peroxalate CL, and
amplification of ultrasound signals through generation of H,O,
triggered CO, bubbles at ischemic sites. More recently, Liu et al.
(2019) used nanobubbles doped with luminol, 1,1’-Dioctadecyl-
3,3,3',3/-tetramethylindocarbocyanine perchlorate (Dil) and 1,1’-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate
(DiD) dyes for dual BLI and US imaging. The luminol could
detect myeloperoxidase activity in areas of inflammation and
emit a blue light. By integrating BRET and fluorescence
resonance energy transfer (FRET) using the Dil-DiD, the
light can be shifted into red light. This method was used in
combination with ultrasound imaging to get more information
on anatomical structure and vasculature (Liu et al., 2019).
This shows that US and BLI are useful tools that may be
used independently or simultaneously to obtain important
vasculature-related and anatomical information while providing
therapy. However, in majority of the cases described in recent
literature, US has been chiefly used as a tool for enhancing CL.

Mechanism of UECL

Although CL is widely used in tissue imaging, a chief concern
raised in literature is that the scattering light increases noises of
the detection. The increase in noises could be explained using
the following redox reaction, similar to the Fenton reaction
(McMurray and Wilson, 1999):

Ox Red

H202 %Hoi +HO* (1)

>

Baseline

0%
0% 20% 40% 60% 80%
Power Doppler Ultrasound residual vascularity

FIGURE 2 | Images captured for tumor vasculature disruption before (top)
and 4 h after (bottom) injection of arsenic trioxide (8 mg/kg) using

(A) Bioluminescent and (B) US techniques. (C) Graph comparing US and BLI
in tumors as fractional signal versus baseline. Nude mice bearing
MCF7-mCherry-luciferase tumors were used. Reprint (Alhasan et al., 2012)
under open-access terms of Creative Commons Attribution License.

From Eq. (1), it could be interfered that, with the ubiquitous
appearance of oxidizing agents in tissues, free HO® are also
commonly produced within tissues. Subsequently, to increase
signal to noise ratios, one could reduce the background signals by
locally increasing production of H,O, or free HO® of the target
tissue while reducing those amounts in the nearby medium.

The possibility of using US to enhance sensitivity of
CL was first discussed two decades ago in a non-tissue
mechanistic study by McMurray and Wilson (1999). Although
their system was non-tissue, it was proven that the intensity of
sonochemiluminescence, Iscr, was linearly increased with the
increase of US power up to 100 W. The study was conducted
at 1073 M luminol and 10~* M H,0,. McMurray proposed
that, at the air-liquid interface of the cavitation bubbles, water
and oxygen molecules were freed and more local free radicals
were created.

H,0 — HO™ 4+ HO*® )

0, — 20° (3)

In term of mechanical and physical properties of tissues, it
has been shown that focused ultrasound (FUS) creates periodic
compression and rarefaction of tissues, which changes refractive
indices of tissues locally and allows less optical absorption
and scattering (Li and Wang, 2004; Murray et al, 2004).
Laser light can also be modulated with frequency of US. It
has been discussed in literature that tissues oscillate with US
frequency that subsequently produce harmonic interference to
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solid arrows and waves are mechanism and signals with ultrasound enhancement.
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FIGURE 3 | Schematic design of ultrasound-enhanced chemiluminescence. Dash arrow and waves are mechanism and signals without ultrasound enhancement;

laser light (Li and Wang, 2004; Murray et al, 2004; Jarrett
et al., 2014). Meanwhile, a phenomenon called photon-phonon
interaction (Kempe et al., 1997; Jarrett et al., 2014) modulates
the frequency of the transmitted laser light. Consequently, laser
light is modulated to transverse deeper into tissues with less
reflection. A detailed schematic of the mechanism of UECL is
shown in Figure 3.

Effects of Ultrasound on

Chemiluminescent Signals

Since observing that chemiluminescent signals can be modulated
by US, there have been more research conducted to understand
this concept. A detail mechanism was proposed (McMurray
and Wilson, 1999), who suggested that Iscy, was correlated
to free radical HO® concentration, which was confirmed
to be linearly proportional to y-ray pulse radiolytic dose
or US power. More interestingly, the authors reported that
effective distances were strongly dependent on the alignment
of US waves. This means that the more focused the US
delivered, the more aligned or less scattered the luminescent
light was, and therefore the higher the resolution of the CL
signal recorded.

From Figures 4A,B, it can be clearly observed that,
with increased focus of US, the CL signals were also
correspondingly increased. This result indicates FUS can
significantly enhance sensitivity of CL (Figure 4C) by enhancing
the distance that the CL laser can travel (Figure 3). The
mechanism behind this is unclear; however, it might be
due to the fact that the temperature of focal points was
increased locally by the US, and it has been noted elsewhere
in literature that increases in temperature could increase
sensitivity of CL. Aslan et al. (2006) has previously reported

that all red, blue and green CLs were increased up to
75-fold through heating although in this case the heat was
introduced by microwaves.

In correlation with the findings by McMurray and Wilson
(1999) and Greenway et al. (2006) studied the effects of US power
and the distance of US probe from the sample, on CL signals
(Figure 5). The signals were reported to be significantly enhanced
with the distance of 2-8 mm, and was dependent on the US power
(between 60 and 126 W) (Greenway et al., 2006). In agreement
with McMurray and Wilson (1999) and Greenway et al. (2006)
suggested a mechanism where ultrasonication produces H,O;
that subsequently stabilized the short-lived free radicals HO®
as below:

HO® + H,0, — 0~ + H;0% (4)
The stabilized O3~ would then react with luminol and produce
increased signals. This mechanism is supported by the fact that
CL intensity has been reported to increase in alkaline solutions
(McMurray and Wilson, 1999; Miyoshi et al., 2001) where
reaction (4) is accelerated to the right and produce more O3™.
Recently, similar mechanism of O~ enhancing CL has been
proposed by Chen et al. (2014), where quantum dots utilized O3~
to enhance the signals of CL. For FUS, it is able to control the
power and focal point, thus it concretes for the potential of US in
enhancing sensitivity of CL.

Recently, researchers have been studying UECLs on tissue
environment mimics. Huynh et al. (2013) studied FUS enhancing
CLs through a gel tissue phantom as a scattering medium.
Using 1 MHz US transducer and creating cavitation pressure
0.42 MPa, the authors detected luminescent objects at depth
of 7 mm with 10 times more sensitivity than traditional
luminescent methods (Huynh et al., 2013). The resolution was
reported at 3 mm. Huynh et al. (2013) also indicated that

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

191

February 2020 | Volume 8 | Article 25


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leetal.

Ultrasound-Enhanced Chemiluminescence Imaging

supporting CL. Reproduced with permission from McMurray and Wilson (1999).
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FIGURE 4 | US-dependent luminol CL when using (A) flat and (B) wedge-ended sonoprobe tips. Bell-shape distribution (C) indicated highly penetration of US in

the application of microbubbles, which were FUS contrast
agents, could enhance CL. In agreement with this research,
Kobayashi et al. (2015) also reported that the sensitivity of
POCL was increased along with the increase of inner pressure
up to 6 MPa created from FUS. A clear increase and decrease
in CL signals were recorded with on and off stimulation of
FUS (Figure 6).

We can see from the research reviewed above that
theoretical ~studies and lab bench experiments have
proven that US, especially FUS, does have beneficial
effects on increasing the sensitivity of CL. However,
there is a need for evidence of efficacy on tissue-
based systems. For this, scientists have mimicked tissue

microenvironments using turbid medium and ex vivo tissues
for their studies.

FUS-CL in Turbid Microenvironments

In order to mimic tissue environments, agarose phantom is
usually used as it has similar scattering coeflicient as that
of native tissues following Monte Carlo model (Wang et al.,
1995). Since native tissues may vary from species to species,
phantoms typically have a scattering coeflicient from 1 to
80 cm~! (Kobayashi et al., 2016; Ahmad et al., 2017; Zhu et al,,
2018). Through phantoms, transparent silicon tubes were run
at different depths. CL solutions passing through the silicon
tubes were recorded with or without stimulation of US that is
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FIGURE 5 | CL intensity was increased with the increase of ultrasonication
power. Reproduced from Greenway et al. (2006) with permission from The
Royal Society of Chemistry.

focused at the center of the tubes. Minimum distance between
two tubes that generate non-identical signals are considered
as resolution. Schematic design of UECL imaging system is
illustrated in Figure 7.

Using FUS at different stimulation levels, authors not only
observed 10 times higher signal-to-noise ratio (Zhu et al., 2018)
for 1064 nm luminescent laser but also increased sensitivity or
better spatial resolution. The best resolution was reported at
2 mm (Ahmad et al,, 2017; Klein et al.,, 2018) using 640 nm
laser or !8F lasers. The deepest penetration were obtained
at 25-30 mm (Kobayashi et al., 2016) recorded on agarose
phantom using POCL system. Interestingly, focused US at a
low power could enhance POCL using indocyanine green (ICG)
as the fluorophore (Kobayashi et al., 2016). In most cases in
literature, we can see that the more powerful the FUS, the
greater the penetration and resolution. For instance, once FUS
was increased from 1 to 2 MHz, signals were 10 times stronger
as normalized to background (Klein et al, 2018; Zhu et al,

2018) while increasing FUS from 2 to 3 MHz allowed fourfold
deeper penetration and 33% better resolution (Ahmad et al., 2017;
Zhu et al., 2018).

FUS-CL in ex vivo Studies

FUS-enhanced CL have also been studied ex vivo on dissected
tissues and outcomes have been promising. Ahmad et al
(2017) observed clear peaks of two chemiluminescent sources
(encapsulated inside plastic tubes) placed at 10 mm distance
in chicken breast tissue at depth of 20 mm. Meanwhile, the
experiments of Kobayashi et al. (2016) were even more interesting
that they reached resoluble signals at a depth of 25 mm
(Figure 8) in porcine tissues. On the other hand, Dawood (2016)
demonstrated that greater penetration depth of lasers [637, 808,
or 1064 nm Nd:YAG (Neodymium-dopped Yttrium-Aluminum-
Garnet (Julian, 2016) laser probes] was achieved through 10 mm
bovine tissue with help of FUS (Dawood, 2016) for the fact
output intensity was increased by 35-45% while attenuation was
decreased 3-10%. The more powerful the FUS, the greater the
penetration depth of the laser light in the tissue, without having
to increase the laser power (Dawood, 2016). This clearly indicates
the potential of US to enhance CL by allowing greater penetration
of laser through decreasing their attenuation coeflicient while
passing through the tissues. To summarize, we can see from
literature that US at high power (typically 3 MHz and above
or 5 W/cm?) can enhance CL signals and can enable imaging
of tissues as deep as 30 mm at a resolution as high as 2 mm.
Summary of FUS enhanced CL is provided in Table 2 above.

CONCLUSION AND FUTURE OUTLOOK

The significant enhancement of CL with the help of US has been
proven by theoretical demonstration, using tissue mimics, and by
ex vivo studies. The enhanced spatial information and reduced
light scattering observed when combining ultrasound with CL is
promising for deeper imaging of biological tissues. Among all the
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Ultrasound transducer

mechanisms being studied for CL enhancement using US, the use
of US modulated laser light has shown most promise for practical
medical imaging. The more focused and powerful the US, the
deeper the penetration, and better the resolution CL signals that is
obtained. US at 3 MHz or 5 W/cm? and above has given the most
enhancement to CL according to literature, as described above.
At this setting, tissues have been imaged up to a depth of 30 mm
with a good resolution of 2 mm. Additionally, US also has the
advantage of providing computational data for data processing,
and this may also advance the UECL further (Pei and Wei, 2019).

FIGURE 8 | (A) Images of an incised porcine muscle tissue in which a CL
target capsule consisting of a 0.5 mm silicone tube, was embedded.

(B) Two-dimensional tomographic image obtained with the slab of porcine
muscle. The tissue, measuring 50 mm (X) x 50 mm (Y), had a CL target
embedded within it to a depth of 25 mm. Reproduced with permission from
Kobayashi et al. (2016).

There are, however, a few drawbacks to this technology.
A major cause of concern is the local heat generated by US. The
more the focus, the greater the heat generated. Although local
heat generated by US enhances intensity and resolution of CL
images, generation of heat beyond the endurance of cells and can
lead to tissue damage. According to a review of previous literature
by Yarmolenko et al. (2011), the threshold damage temperature
is 42°C, and cumulative equivalent minutes at 43°C (CEMy3)
of more than 1 usually causes damage to tissues. To avoid the
risks of overheating the tissues under consideration, the exposure
duration should be optimized. For example, in a research by Pei
etal. (2014), a short HIFU exposure of 0.3 s or 300 ms limited the
temperature to below 43°C. According to their calculations, the
CEM43 was 0.0013 (Pei et al., 2014). Since primary cells in tissues
are vulnerable to heat, and focused UECL is limited in its ability
to control local heat, there needs to be detailed investigation into
methods to overcome this limitation of FUS so that it can be used
broadly without tissue damage.

With the emerging interest in FUS studies and the
development of sophisticated technology, UECL is expected
to play a greater role in tissue and molecular imaging in
the coming years. In the future, we can expect to see more
sophisticate formulations involving drug-loaded microbubbles
tagged with CL probes, for theranostic applications. The
microbubbles can be used not only for imaging but also for
delivering therapeutics for treatment. This would mean that
under stimulation of US, laser light can be modulated to
penetrate deeper into tissues while microbubbles will deliver
the therapeutics in response to the US stimuli. In return,
the chemiluminescent images may give in situ feedback about
the delivery process. The electroluminescence upconversion
particles, which are already gaining significant attention in
recent years, can also be combined with ultrasound to further
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TABLE 2 | Summary of ex vivo and in vivo applications of UECL.

Ultrasound type Power CL probe Increased signalé (folds) Tested environment Depthé Spatial Reference
resolution*
FUS 2 MHz Nd:YVO4 (Neodymium-doped 10 less signal-to-noise Agarose phantom from 20% 5mm 3 mm Zhu et al., 2018
yttrium orthovanadate) laser with w/v intralipid. Scattering
1064 nm wavelength; Embedding coefficient 1-4 cm™~!
aluminum foil as target
FUS 3.5 MHz; 1 MPa 640 nm emitting CL probe ~7-folds Agar phantom from agar and ~20 mm 2mm Ahmad et al., 2017
polystyrene microspheres.
Scattering coefficient 80 cm™~"
FUS 1 MHz; 10 MPa 18F tracking Cerenkov photons N/A Agarose phantom containing 5mm 2 vs. 6 mm Klein et al., 2018
250 wM voxels. Scattering without US
coefficient 10 cm™~'
Low power FUS < 0.14 W/cm?2 POCL system Agarose phantom from 10% 25-30 mm 6 mm Kobayashi et al., 2016
w/v intralipid, 20% w/v glycerol
and 2% w/v agarose;
Scattering coefficient 15 cm~"
Low power FUS <0.14 W/cm? POCL system ~1.5 Porcine muscle 25 mm Kobayashi et al., 2016
FUS 3.5 MHz; 1 MPa 640 nm emitting CL probe ~9-11-folds Chicken breast ~20 mm 10 mm Ahmad et al., 2017
FUS 3.3 MHz; 637 nm diode, 808 nm diode, and ~1.35-1.45-fold in power Bovine muscles 10 mm Dawood, 2016
1064 nm output;
5 W/cm? Nd:YAG lasers ~7-10% decrease in

attenuation (637 and 808 nm
lasers); ~3% decrease in
attenuation (Nd:YAG lasers)

& larger is better; A: smaller is better.
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enhance their properties for imaging. These particles possess
good biocompatibility but low toxicity, high photostability and
low photobleaching (Jin et al., 2018; Gu et al., 2019), and they
are able to convert near infra-red (NIR) at deep penetration
up to 10 mm (Yang et al, 2012; Jin et al, 2018; Gu et al,
2019) into visible radiation. Their photostability plus penetration
ability and the aforementioned UECL ability to modulate
NIR lasers ex vivo could possibly return in synergistic effects.
Additionally, a label-free imaging technique called non-linear
optical microscopy (NLOM), has been studied for both precision
and safety advantages. The principle of label-free non-linear
optical microscopy is based on two-photon excited fluorescence
(TPEF) from cofactors nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD™) that provides
high-resolution cellular redox imaging (Hou et al., 2018). More
interestingly, this technique shares the same redox reactions to
CL and UECL, therefore the two techniques could possibly image
the tissues simultaneously and complement each other. Another
technique that could also complement CL and UECL for imaging
of shallow tissues is surface-enhanced Raman scattering (SERS).
It has been reported that SERS have been successfully applied
in small animal in vivo diagnostic and cancer detection (Henry
etal,, 2016). When using nanotags as enhancers, SERS alone or in
combination with Spatially offset Raman Spectroscopy (SESOR),
could be used to image at different depths [~5 mm with SERS
(Stone et al., 2010) and 45-50 mm with SESOR (Stone et al.,
2011)] on porcine tissues. This combination is therefore expected
to provide complementary information to make the imaging
more comprehensive.

High intensity focused US, or HIFU, is also attracting more
interest from researchers and we can expect to see more
research into the use of HIFU combined with CL in the
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Nanozymes are nanomaterials with intrinsic enzyme-like properties. They can specifically
catalyze substrates of natural enzymes under physiological condition with similar
catalytic mechanism and kinetics. Compared to natural enzymes, nanozymes exhibit
the unique advantages including high catalytic activity, low cost, high stability, easy
mass production, and tunable activity. In addition, as a new type of artificial enzymes,
nanozymes not only have the enzyme-like catalytic activity, but also exhibit the
unique physicochemical properties of nanomaterials, such as photothermal properties,
superparamagnetism, and fluorescence, etc. By combining the unique physicochemical
properties and enzyme-like catalytic activities, nanozymes have been widely developed
for in vitro detection and in vivo disease monitoring and treatment. Here we mainly
summarized the applications of nanozymes for disease imaging and detection to explore
their potential application in disease diagnosis and precision medicine.

Keywords: nanozyme, natural enzyme, disease imaging, precision medicine, tumor

INTRODUCTION

Nanozyme is a new type of artificial enzyme with intrinsic enzyme-like characteristics. In 2007, we
reported the landmark paper that Fe3O4 nanoparticles (NPs) have intrinsic peroxidase-like activity
(Gao et al.,, 2007), and since that time nanozymes have increasingly attracted attention from a
broad spectrum of scientists and technologists because of their high catalytic activity, low cost,
and high stability (Gao and Yan, 2016). To date, there are more than 300 types of nanomaterials
that have been found to possess the intrinsic enzyme-like activity, including the peroxidase activity
of Fe304 (Gao et al.,, 2007), Co304 (Mu et al.,, 2012), CuO (Liu et al., 2014), V,05 (André et al.,
2011), MnFeO3 (Chi et al., 2018), FeS (Dai et al., 2009), graphene quantum dots (Nirala et al,,
2017), CeO, (Xue et al.,, 2012), BiFeO3 (Wei et al., 2010), CoFe;O4 (He et al., 2010), FeTe (Roy
et al., 2012), gold@carbon dots (Zheng et al., 2016); oxidase activity of Au (Comotti et al., 2004),
Pt (Yu et al., 2014), CoFe;O4 (Zhang et al., 2013), MnO, (Xing et al., 2012), CuO NPs (Hu et al,,
2017) and NiCo,04 (Su et al., 2017); catalase activity of CeOy NPs (Talib et al., 2010), Pt-Ft NPs
(Fan et al., 2011), Ir NPs (Su et al., 2015), MoS, nanosheets (Chen et al., 2018), Prussian Blue NPs
(Zhang W. et al., 2016); superoxide oxidase activity of CeO, (Tarnuzzer et al., 2005), Fullerene
(Ali et al., 2004), FePO4 microflowers (Wang W. et al., 2012), Gly-Cu (OH), NPs (Korschelt et al.,
2017), N-PCNs (Fan et al., 2018); haloperoxidase activity of V,05 nanowire (Natalio et al., 2012),
CeO,x Nanorods (Herget et al., 2017); sulfite oxidase activity of MoO3 NPs (Ragg et al., 2014);
phosphatase activity of CeO, (Kuchma et al., 2010), Fe;O3 NPs (Huang, 2018); phosphotriesterase
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GRAPHICAL ABSTRACT | Nanozymes for disease imaging and diagnosis.
Adapted with permission from Fan et al. (2012), Li et al. (2017),
Ding et al. (2019).

activity of Co304/GO nanocomposites (Wang et al., 2017), CeO,
NPs (Vernekar et al., 2016), MOF-808 (M = Zr) (Mondal and
Holdt, 2016), UiO-66@LiOtBu (M = Zr) (Mondal and Holdt,
2016); CO oxidase activity of CuO@CeO; core@shell nanocubes
(Wang et al., 2015); chymotrypsin activity of Cr-MIL-101 (Nath
et al, 2016); G-selective DNA cleaving activity of fullerene
carboxylic acid (Tokuyama et al, 1993); protease activity of
Cu-MOF (Li et al., 2014); restriction endonuclease activity of
CdTe NPs (Sun et al., 2018); carbonic anhydrase activity of Co-
BBP@Tb-MOF (Sahoo et al., 2013), etc. With the emergence
of the new concept of “nanozymology” (Jiang B. et al., 2018),
“Nanozymes” have now become an emerging new field bridging
nanotechnology and biology.

As a new type of promising artificial enzymes, nanozymes
have shown a broad spectrum of applications because of their
obvious advantages including high stability, high catalytic
activity, low cost, large surface area for functionalization,
and tunable activity. In particular, by combining their unique
physicochemical properties (such as fluorescence, X-ray
absorption, and paramagnetic properties, etc.), nanozymes
have been widely explored from in vitro detection (Leng et al.,
2009; Liang et al., 2010; Roy et al, 2012) to in vivo disease
imaging and therapy (Hyon Bin et al., 2010; Yang et al., 2012;
Kwon et al., 2016; Singh et al.,, 2017; Fan et al,, 2018). In this
review, we summarized the progress of nanozymes in disease
detection and imaging, and discussed the current challenges
and future directions of nanozyme development in disease
imaging and diagnosis.

NANOZYMES FOR PATHOLOGICAL
DISEASE DIAGNOSIS

Peroxidase nanozymes catalyze the oxidation of colorimetric
substrates, such as 3,3,5,5-tetramethylbenzidine (TMB),

diazo-aminobenzene (DAB), and o-phenylenediamine (OPD),
to give a color reaction that can be used for imaging the
recognized biomarkers within tissue sections for pathological
disease diagnosis (Figure 1A). In 2012, Our group developed
a magnetoferritin nanozyme (M-HFn) which is composed
of a recombinant human heavy-chain ferritin (HFn) protein
nanocage encapsulated an iron oxide nanocore for tumor
targeting and imaging (Fan et al, 2012). HFn nanocage
specifically recognized tumor cells via binding to overexpressed
transferrin receptorl (TfR1) in tumor cells. Iron oxide nanocores
catalyzed the oxidation of color substrates in the presence
of H,O, to produce an intense color reaction for visualizing
tumor tissues. We examined 474 clinical human specimens
including 247 clinical tumor tissues and 227 normal tissues
and demonstrated that M-HFn nanozymes could identify
nine types of cancer cells with a specificity of over 95% and
sensitivity of 98%. The concentration of M-HFn was 1.8 wM,
and the reactive time was 1 h for DAB staining (Figure 1B).
Likewise, Gu’s groups developed avastin antibody-functionalized
Co304 nanozymes as target-specific peroxidase mimics for
immunohistochemical staining of vascular endothelial growth
factor (VEGF) in tumor tissues and the concentration of
Ab-Co0304 was 15 pg/ml, 100 pL, and the reactive time was
30 min for DAB staining (Dong et al., 2014). Due to the high
peroxidase-like activity, Co30O4 nanozyme has been proved
to be a potential label in place of natural enzymes. So far,
numerous of peroxidase nanozyme-based staining methods
have been developed for pathological diagnosis of breast
cancer, colorectal, stomach, and pancreas (Zhang T. et al,
2016), hepatocellular carcinoma (Hu et al., 2014; Jiang et al,,
2019), esophageal cancer (Wu et al,, 2011), and bladder cancer
(Peng et al., 2019).

By compare with the traditional immunohistochemistry,
the nanozyme-based pathological staining method is
more rapid and sensitive because of their higher catalytic
activity than natural enzymes [e.g., horseradish peroxidase
(HRP)], which greatly shortens the diagnostic time and
reduces the cost and thus has significant implications for
clinical pathological diagnosis. In addition, besides tumor
pathological diagnosis, peroxidase nanozymes have also
been used for pathological identification of human high-risk
and ruptured atherosclerotic plaques (Wang et al., 2019).
M-HFn nanozymes specifically distinguish the ruptured
and high-risk plaque tissues via TfR1, which is highly
expressed in plaque-infiltrated macrophages and significantly
associated with the increasing risk of plaque rupture. As
shown Figure 1C, M-HFn peroxidase nanozymes could
specifically distinguish high-risk plaque tissues from patients
with symptomatic carotid disease, and M-HFn staining
showed a significant correlation with plaque vulnerability
(r=0.89, P < 0.0001).

To further improve the detection sensitivity of nanozyme-
based pathological staining method, much effort has been
expended to improve the enzyme-like catalytic activity of
nanozymes, including adjusting their size, shape, composition,
surface modification, and heteroatomic doping (Dong et al.,
2014; Zhang et al., 2017; Jiang et al., 2019; Li et al,, 2019). In
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2018, Leong and co-workers engineered a mesoporous silica-
gold nanocluster hybrid nanozymes with excellent peroxidase-
like catalytic activity for selective detection of HER2-positive
(HER21) breast cancer cell (Li et al., 2019). Owing to their high
catalytic performance, the prepared silica-gold hybrid nanozymes
achieved the detection limit of 10 cells using colorimetric analysis.
The hybrid nanozymes did not stain, or only slightly stained,

normal or lesion tissues, but strongly stained cancerous regions.
Significantly, there was a clear distinction between cancerous
cells and adjacent normal cells in representative sections
(Figure 2A).

Besides enzyme-like activity, the unique physicochemical
properties (such as luminescence, X-ray absorption, and
paramagnetic properties) of nanozymes also have been widely
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developed for pathological tissue imaging. For instance, Cai’s
group developed a folate receptor-targeting gold nanocluster
as fluorescence enzyme mimetic nanoprobes for tumor
tissues fluorescence visualizing detection. In the work, the
intravenous dose used was 500 mg/kg for fluorescence
imaging, and the concentration of 1.8 mM, 1 h was used
for DAB staining (Hu et al, 2014). For the same tumor
tissue slice, nanozyme staining and fluorescent staining
were obtained simultaneously in a one-step incubation,
and the results were mutually complementary. Thus, the
developed fluorescence/nanozyme nanoprobes could provide
a molecular colocalization diagnosis strategy within clinical
tissue specimens, which efficiently avoids false-positive and false-
negative results, and greatly improves the detection accuracy,
credibility, and repeatability for cancer pathological diagnoses.
Likewise, Zhang et al., also developed a gold nanozyme-based
dark-field imaging assay as a novel immunohistochemical
method for detecting HER2 overexpressed in breast cancer
tissues (Lin et al., 2016). By quantitative analysis of the
optical property of dark-field imaging, cancerous tissue can
be quantitatively divided into four levels: “—, +, ++, and
++7

Despite the fact that nanozyme-based staining methods
have been broadly developed for pathological disease diagnosis,
there are still many unresolved issues and challenges. The first
is how to improve the enzyme-like activity of nanozymes.
Since the catalytic activity of nanozymes is directly correlated
with their detection sensitivity, the improvement of enzyme-
like activity of nanozymes could help substantially improve
the detection sensitivity of nanozyme-based staining methods.
However, the issue of false positives would arise along
with the improved enzyme-like activity (Wu et al, 2019).

In addition, the false positive issue would become even
more severe due to the limited substrate specificity of
nanozymes. We proposed a strategy to improve both the
catalytic activity and the substrate specificity by introducing
histidine residues onto the surface of Fe3O4 nanozymes to
mimic the natural peroxidase enzymes (Fan et al, 2017).
Juewen Liu engineered a specific nanozyme using molecular
imprinting method to enhance the substrate selectivity and
activity of enzyme mimics (Zhang et al, 2017). In addition,
the oriented immobilization of the recognizing moieties to
the surface of nanozymes could also reduce false positives
greatly. Guo et al, constructed an inorganic/protein hybrid
nanozyme by oriented immobilizing nature enzymes on the
surface of inorganic graphene NPs (Liu Y. et al, 2019).
The prepared nanohybrid nanozymes exhibited outstanding
peroxidase-mimicking activity and excellent substrate selectivity.
The second challenge for nanozyme staining method is
how to quantically analyze the pathological staining results.
Currently, the clinical pathological analysis mainly relies on
experienced judgment, which is subjective, and variation between
observers is high for certain categories of pathological diagnosis
(Qian and Jiao, 2017). By combining the unique optical
property and enzyme-like catalytic activities, nanozymes hold
promise to achieve quantitative analysis for pathological disease
staining diagnosis.

NANOZYMES FOR LIVE CELL AND
ORGANELLE IMAGING

Cytological examination is an important means of clinical
disease diagnosis (Bromberg et al., 2007; Mosterd et al., 2008;

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 15


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Wang et al.

Nanozyme for Disease Imaging

ABTS

Amax= 405 nm

v

Amax= 734 nm

B
o)
-
=
(=]
°
=
c
S
o
O
=
w
w
c Omin 2min 5min ;“:_._m _ 225
—a—PBS ¢+ Laser —_
= - o
2 6] mmoiun = 200
5 5 —a— OMCAPS@rBSA-FAGIRTS0 =
§ 4‘ +0~¢API@"IA$A@'IR1.0- Laser .g) 17.5
2] 5 (]
0 g3 | 2 150
o 2 24 >
21 B 125
34 @ 10.0
3 _1 = = B
770 3 6 9 12 15 18
& Time (days)
0'3 Heart Liver Spleen
@
w
m
o
2
Q& 3
5 F 9
= & g9
o a 3 g
[ 8 <
@

—a— OMCAPSErBSAFAQIRTS0 + Lasor

3 6 9 12 15 18
Time (days)
Lung

FIGURE 3 | Nanozymes for in vivo imaging of disease progression. (A) Schematic illustration of exosome-like nanozyme vesicles for the H>O»-responsive catalytic
photoacoustic imaging of tumors. Reproduced with permission from ref (Ding et al., 2019), © 2019, American Chemical Society. (B) Representative nanozyme-based
tumor photoacoustic imaging images. Reproduced with permission from ref (Liu F. et al., 2019), © 2019, John Wiley and Sons. (C) Carbon-gold hybrid nanozymes
for real-time imaging, photothermal/photodynamic and nanozyme oxidative therapy of tumors. Reproduced with permission from ref (Zhang et al., 2019).

Kidney

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 204

February 2020 | Volume 8 | Article 15


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Wang et al.

Nanozyme for Disease Imaging

Hao et al, 2011; Venugopal and Prasad, 2015). Exfoliated
cells from blood, cerebrospinal fluid, spinal fluid, chest water
and mucous liquid can provide a large amount of clinical
information (including cell morphology, cell type, and cell
proportion, etc.), which can be used for cancer screening
(Schiffman et al., 2000; Dillner et al., 2008), CNS hematologic
malignancies (Bromberg et al., 2007) anemia diagnosis (Hao
et al., 2011), and Langerhans cell granulomatosis detection
(Mosterd et al., 2008).

Currently, the most commonly used cytological detection
methods are flow cytometry, cytological smear and nucleic
acid testing. These traditional methods are characterized by
high technical requirements, time consuming or high cost.
Nanozymes-driven color reaction can be used for qualitative
and quantitative analysis of cytological features. Trau et al.
extended the application of nanozymes to the detection of
circulating tumor cells (CTCs) (Li et al., 2017). The targeting
antibody-conjugated Fe;O4 nanozymes simultaneously achieved
CTC magnetic isolation and visualization by catalyzing the
oxidation of colorimetric substrate TMB into blue colored
products. In addition, the visualized CTCs can be further
quantified using UV-vis measurement. The developed nanozyme
platform successfully detected 13 melanoma CTCs per mL blood
within 50 min, and the concentration of Fe;O4 nanozymes
used was about 0.2 mg/ml for TMB colorimetric development.
Later, Wang et al. (2018) also developed an Fe;O4 NPs-based
ultrasensitive electrochemical CTCs detection strategy (Tian
et al., 2018). Under the optimized experimental conditions, the
proposed nanozyme cytosensor exhibited significant analytical
performance for MCF-7 CTCs detection with a detection limit
of 6 cells mL™! with a linear range from 15 to 45 cells
mL~! at the acceptable stability condition and reproducibility.
Recently, nanozyme-based detection strategies have been broadly
developed for the cytological detection of breast cancer cell (Li
etal., 2019), cervical cancer cells (Yu et al., 2013; Maji et al., 2015),
human chronic myelogenous leukemia cell (Ge et al., 2014),
melanoma tumor cell (Li et al., 2017), and squamous cancer
(Wang et al., 2014) etc.

In addition to detecting CTCs, researchers also employed
the catalytic activity of nanozymes to design real-time detection
probes for organelle imaging in living cells. For example,
Qu et al, designed a heterogeneous palladium nanozyme
that could effectively mediate the bioorthogonal reactions
in situ through light and thus realized the specific imaging of
mitochondria in living cells (Wang et al., 2018) (Figures 2B,C).
Beside CTCs and organelle imaging detection, there are
also several other nanozymes-based colorimetric methods for
specific disease imaging, including jaundice (Santhosh et al.,
2014), acquired immune deficiency syndrome (Lin et al,
2017), diabetes (Tianran et al., 2014), infectious disease
(Kim et al., 2014; Duan et al, 2015), and neurodegenerative
disease (Wang C. L et al, 2012; Farhadi et al, 2014).
Thus, compared to traditional methods (such as PCR, cell
flow cytometry, and ELISA), nanozymes methods exhibit
more broaden prospect for live cell and organelle imaging
because nanozyme assay is more fast, cost-effective and much
easier to operate.

NANOZYMES FOR IN VIVO IMAGING

In addition to enzyme-mimicking activity, nanozymes also
exhibit fluorescence, electricity, paramagnetic properties and
other unique physicochemical properties. By employing the
unique physicochemical properties, nanozymes also have been
broadly developed for in vivo monitoring and imaging of
disease. For example, we utilized the unique r2 relaxivity
of iron nanozymes and achieved tumor in vivo magnetic
resonance imaging (MRI) after we achieved the in vitro
tumor tissue imaging by using the peroxidase-like activity of
iron-based nanozymes with a single-dose of '2°I-M-HFn NPs
containing 45 g HFn, 500 pCi %I, and 11.2 pg Fe by
intravenously injection (Zhao et al., 2016). We also designed
a quantum-dot-based nanozyme vesicle for in vivo H,O;-
responsive catalytic photoacoustic imaging of nasopharyngeal
carcinoma (Ding et al., 2019). In this work, graphene quantum
dots showed intense peroxidase activity and effectively catalyzed
the peroxidase substrate 2,2'-azino-bis (3-ethylbenzthiazoline-
6-sulfonic acid) diammonium salt (ABTS) into its oxidized
form. The oxidized ABTS then exhibited strong near-infrared
(NIR) absorbance, rendering it to be an ideal contrast
agent for photoacoustic imaging. In the study, GQDzyme
was at a dose of 100 pwg/mL, 100 pL by an intravenously
injection (Figure 3A). Jiang X. et al. (2018) achieved tumor
phototherapy and simultaneous photoacoustic/thermal imaging
and computed tomography by using a developed iridium oxide
catalase nanozyme with extraordinary photothermal conversion
efficiency and X-ray absorption coefficient showing a typical
example of fully exploiting the multifunctional properties of
nanozymes for tumor imaging and treatment. The BSA-IrO, NPs
used in the study was 1.5 mM, 200 pL via an intravenously
injection (Jiang X. et al., 2018).

Nanozyme probes have also been broadly developed
for disease therapeutic monitoring. For example, in 2019,
Chen’s group prepared a tumor-microenvironment-activated
nanozyme-mediated theranostic nanoreactor for imaging-guided
combined tumor therapy (Liu F. et al,, 2019). In their work,
the constructed activatable nanoreactors achieved non-invasive
imaging of tumor progression by using nanozyme-mediated
photoacoustic imaging signal and photothermal therapy (PTT)
function and the AMP NPs were at a dose of 10 mg/kg,
200 pL (Figure 3B). Cui’s group also prepared a mesoporous
carbon-gold hybrid nanozyme probe for real-time imaging,
photothermal/photodynamic and nanozyme oxidative therapy
of tumors (Zhang et al., 2019). The results demonstrated that the
synthesized nanozyme probes revealed excellent tumor targeting
efficacy, long tumor retention, and favorably diagnostic and
therapeutic effect for tumor (Figure 3C).

Besides cancer imaging diagnosis, nanozymes also have been
broadly exploited for many other disease imaging such as
infections, inflammation and some neurological diseases. For
example, Rotello et al, reported a gold NPs-based charge-
switchable nanozyme for bioorthogonal imaging of biofilm-
associated infections (Tonga et al, 2015). In this work, the
developed gold nanozymes could penetrate and accumulate
inside the acidic microenvironment of biofilms and achieved
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imaging detection of the biofilm-associated infections arising
from different and/or mixed bacteria species. Zhao et al.
fabricated MnO, nanozymes as the intracellular catalytic DNA
circuit generators for versatile imaging of DNA base-excision
repair in living cells (Chen et al., 2017). MnO, nanosheet was
used not only as a DNA nano-carrier but also a DNAzyme
cofactor supplier. In this study, DNAzyme strands are blocked
via the hybridization with the damaged bases-containing excision
probes, which could be recognized by the corresponding base-
excision repair enzymes in living cell. The detection signal could
be 40-fold amplified by integrating several sets of probes with
a dose of 20 ug mL~! MnO, nanozymes. Likewise, Yang et al.
(2018) reported a nanozyme tag enabled chemiluminescence
imaging probe for simultaneous multiplex imaging of cytokines.
The prepared chemiluminescence nanozyme probe provides a
novel and universal nanozyme-labeled multiplex immunoassay
strategy for high-throughput detection of relevant biomarkers
and further disease diagnosis. Thus, nanozymes open novel
avenues for monitoring the initiation and progress of diseases by
combining the unique physicochemical properties and enzyme-
like catalytic activities of nanozymes.

SUMMARY AND OUTLOOK

The emergence of nanozymes uncovers the biological effects
of inorganic nanomaterials. Nanozymes thus can be used as
an alternative of natural enzymes because of their capability
to address the limitations of natural enzymes such as low
stability, high cost, and difficult storage. Over the past decade,
nanozyme-based probes have been widely developed for disease
imaging and diagnosis from in vitro to in vivo. The typical
nanozymes for disease imaging diagnosis are summarized in
Supplementary Table S1.

Despite the remarkable advantages of nanozymes, there
still remains plenty of limitations while put nanozymes into
practical clinical application, such as poor dispersibility, easy
sedimentation after surface modification, limited catalytic
types, poor substrate selectivity, and potential nanotoxicity.
To further drive the rapid development of nanozyme-based
imaging agents for disease diagnosis, substantial breakthroughs
are expected by overcoming the following challenges: (1)
Rational design and surface modification are still remain
critical challenges to improve their substrate selectivity and
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The understanding of toxicological and pharmacological profiles of nanomaterials is
an important step for the development and clinical application of nanomedicines.
Carbon nanotubes (CNTs) have been extensively explored as a nanomedicine agent
in pharmaceutical/biomedical applications, such as drug delivery, bioimaging, and
tissue engineering. The biological durability of CNTs could affect the function of CNTs-
based nanomedicines as well as their toxicity in cells and tissues. Therefore, it is
crucial to assess the fate of nanomedicine in phagocytes. Herein, we investigated
the candidate fate of acid-oxidized single-walled carbon nanotubes (SWNCTSs) in non-
activated primary mouse peritoneal macrophages (PMQ). The sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) results showed that the intracellular
SWCNTs continued growing from 4 to 36 h in PMQ. After replacing the exposure
medium, we found the exosome induced by SWCNTs on the surface of macrophages
according to scanning electron microscope (SEM) observation. The near-infrared (NIR)
absorption increase of the supernatant samples after post-exposure indicates that
SWCNTs exocytosis occurred in PMQ. The decreasing intracellular SWCNTs amount
suggested the incomplete biodegradation in PMQ, which was confirmed by Raman
spectroscopy and transmission electron microscopy (TEM). The combined data reveal
that SWCNTs could be retained for more than 60 h in macrophages. Then sustainable
retention of SWCNTs in primary macrophages was coexist with exocytosis and
biodegradation. The findings of this work will shed light on the bioimaging, diagnosis
and other biomedical applications of CNTs-based nanomedicines.

Keywords: SWCNTs, primary macrophages, exocytosis, biodegradation, sustainable retention

INTRODUCTION

Carbon nanotubes and other graphene-based materials have attracted considerable interest in
many biomedical applications such as bioimaging, drug carrier and NIR-responsive cancer therapy
(Yoo et al,, 2015; Sajid et al, 2016). In 1991, Sumio Iijima discovered the carbon nanotubes
(CNTs), which have been classified into single-wall carbo nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) based on the number of graphene layers. SWNCTs consist of a
single long wrapped graphene sheet, while the MWCNTs have several graphene layers. SWCNTs
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diameters range from 0.4 to 2 nm, while MWCNTs diameters
range from 2 to 100 nm. All CNTs were high aspect ratio
tubular structures with lengths varying between 0.2 micrometer
and few micrometers (Sajid et al, 2016). Owning to their
dominant structural, optical and electronic properties, carbon
nanotubes have attracted attention for applications such as
drug delivery, photoacoustic imaging, and diagnosis (De la
Zerda et al., 2008; Al-Qattan et al.,, 2018). With the increasing
production and biomedical application of nanoparticles, the
probability occupational exposure and biological consumption
rises. Carbon nanotube toxicity is regarded as one of the
major concerns for therapeutic application (Kagan et al., 2005;
Nel et al., 2006; Ema et al., 2016; Bishop et al., 2017). CNT
in vivo toxicity research showed that SWCNTs or MWCNTs
were engulfed by macrophages, which induced inflammatory
response, granulomas formation, fibroblast focus, and potential
carcinogenicity in the pulmonary organs of marine animals (Lam
et al., 2004; Shvedova et al., 2008, 2013; Moller et al., 2014;
Sargent et al., 2014). Additionally, inflammation, genotoxicity,
oxidative stress, malignant transformation are induced by CNTs
in lung epithelial cells, mesothelial cells and neurons cells (Kisin
et al., 2007; Belyanskaya et al., 2009; Lindberg et al., 2009; Moller
et al., 2014; Sargent et al., 2014). Significant quantities of these
nanoparticles were recognized and engulfed by macrophages
in the liver and spleen when the nanomaterials entered bodies
(Pescatori et al., 2013; Feliu et al., 2016). The chronic toxicity
mediated by nanoparticles to macrophages then increased with
the consumption and long-term retention of these nanoparticles.
Therefore, assessing the fate of nanoparticles consumed by
macrophages of nanoparticles would lead to a better design and
functionality of nanoproducts, including toxicity control (Oh and
Park, 2014; Requardt et al., 2019).

Biodegradation of CNTs and other nanoparticles has been
the subject of several studies (Feliu et al., 2016). Studies have
shown that the carboxylated SWNTs were completely degraded
through enzymatic catalysis with horseradish peroxidase (HRP),
producing CO, gas over a period of 10 days (Allen et al,
2008, 2009). Human neutrophil enzyme myeloperoxidase (MPO)
catalyzes the biodegradation of SWCNTs in vitro, resulting in a
lower pulmonary inflammatory response in mice generated by
biodegraded nanotubes (Kagan et al., 2010). The degradation
of SWCNTs was mediated with human eosinophil peroxidase
(EPO) in vitro and activated eosinophils ex vivo (Andon et al.,
2013). Biodegradation of CNTs could be also mediated by
oxidative metabolism in several bacteria species (Zhang et al.,
2013). While within macrophage, a persistent inflammation cell,
SWCNTs were digested by superoxide peroxynitrite oxidase and
respiration burst, which was mediated by chemicals such as
phorbol myristate acetate (PMA) activation (Kagan et al., 2014;
Hou et al, 2016). The ability of biodegradation of CNTs in
non-activated macrophages has not been documented.

The fate of nanoparticles was also modulated by exocytosis
in mammalian cells (Sakhtianchi et al., 2013; Oh and Park,
2014). Exocytosis nanomaterials were reported containing DNA-
wrapped SWCNTs (Jin et al., 2008, 2009), D-penicillamine coated
quantum dots (Jiang et al., 2010), gold nanoparticles (Oh and
Park, 2014), cerium dioxide nanoparticles (Strobel et al., 2015),

and silica nanoparticles (Chu et al, 2011). The exocytosis
mechanism of SWCNTs mediated through the activation of P2x7
receptor, an ATP-gated membrane receptor in macrophages
Raw264.7 (Cui et al, 2016). The intracellular SWCNTs in
RAW264.7 showed a rapid excretion over time of exposure, short
SWCNTs (195 nm) were expulsed faster than long (630 nm)
and middle (390) length SWCNTs (Cui et al., 2017). In primary
macrophages, the question that whether SWCNTSs exocytosis is
involved in the final fate of SWCNTs after CNTs exposure has
not been explored.

The water-soluble tetrazolium/formazan (WST-1)
measurement demonstrated that SWCNTs (10-50 pg/mL)
induced cytotoxicity at 24 h in Raw264.7 by decreasing cell
viability (Dong et al., 2012). While in the primary macrophages,
10-50 pg/mL SWCNTs showed no significant cytotoxicity, but
impaired the phagocytic function and accessory cell function
(Dong et al, 2013). In this context, the present study was
designed to assess the possible fate of SWCNT in primary
macrophages with a low dose exposure (10 pg/mL). The reason
for using this cell is that macrophages are distributed throughout
most of the body, scrutinizing for foreign particles, such as
nanomarterials. Additionally, primary macrophages have an
increased number of opportunities to encounter and engulf
CNTs. A number of studies have shown that CNTs residing in
murine lung tissues for 2-3 months cause epithelioid granulomas
and pulmonary fibrosis with uptake by macrophages (Lam
et al,, 2004; Wang P. et al., 2013). Exocytosis, biodegradation,
sustainable retention or concomitant or any combined could be
the potential final fate of SWNCTSs in macrophages. Determining
the fate of CNTs details in primary macrophages would be
significant for gaining a better understanding of CNT toxicity,
their durable time in vivo and desired medical applications.

In this study, we employed murine peritoneal macrophages,
a primary macrophage, to investigate the fate of SWCNTs after
10 pg/mL exposure, since this concentration cause none cell
death in vivo and in vitro (Hong et al, 2015). We measured
the intracellular SWCNTs amount using SDS-PAGE (Wang
et al., 2009) at different time points in macrophages exposed
SWCNTs. Meanwhile, we monitored the amount of SWCNTs
in the culture medium supernatant using ultraviolet-visible-near
infrared (UV-vis-NIR) spectroscopy after the removal of the
SWCNTs exposure solution. We characterized the degradation
of SWNCTs structure with Raman microscopy. The intracellular
SWCNTs were characterized by SDS-PAGE and TEM.

EXPERIMENTAL SECTION

Materials and Reagents

SWCNTs (CNTs purity > 95%, SWCNT purity > 90%, ash < 1.5
wt%) synthesized by chemical vapor deposition (CVD) method
were originally obtained from Chengdu Organic Chemicals
Co., Ltd. (SiChuan, China). The detailed information can be
found on the company website: http://www.timesnano.com/. All
ingredients for the culture media were purchased from Gibco.
All ingredients for the media were purchased from Hyclone Inc.
(Waltham, MA, United States).
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Animals

Female Kunming mice were purchased from Charles River
Laboratories (Beijing, China) and bred and housed under
pathogen free conditions in the animal care facility.

This study was carried out in accordance with the principles
of the Basel Declaration and recommendations of guidelines for
experimental animals, the Institutional Animal Care and Use
Committee of Peking University. The protocol was approved
by the Institutional Animal Care and Use Committee of
Peking University. Mice at 6-8 weeks of age were used for
cell preparation.

Preparation of SWCNTs Solutions and

Characterization

The water solution of SWCNTs was prepared according the
procedure described previously (Dong et al., 2012). Briefly, 10 mg
of SWCNTs were sonicated (KQ-500DV, 100 kHz, 60 kHz) in
40 mL of concentrated H,SO4/HNOj3 at a ratio of 3:1 in a 100 mL
test tube for 24 h at 40-50°C. The resultant suspension was then
diluted with deionized water and filtered through a membrane
(0.22 pm), followed by a wash with deionized water until the
pH changed to neutral. Then a 1 mg/mL SWCNTs solution in
deionized water was made after sonication for 2 min (KQ-500DV,
40 kHz). For TEM characterization, SWCNTs were diluted to
10 pg/mL, precipitated onto a copper net, and then dried for
imaging with a Hitachi H-7500 transmission electron microscopy
at 80 kv (Tokyo, Japan). The hydrodynamic size distribution and
surface charges of SWCNTs were characterized using a Zetasizer
Nano (Malvern Instruments, Malvern, United Kingdom).

Primary Macrophages Collection and

Culture

Mouse peritoneal macrophages were collected and determined
using the protocol described previously (Wan et al., 2006, 2013;
Dong et al,, 2013). In brief, two or three mice were injected
intra-peritoneally with a thioglycolate (TG) broth (3% wt/vol;
1 mL/mouse; Difco Laboratories, Livonia, MI, United States)
3 days before cell collection in order to elicit the macrophages
into the peritoneal cavity. Cells were plated onto Corning 6-
well tissue culture plates at 0.5-1 x 10° cells/well and then
incubated at 37°C, 5% CO,/95% air, and 95% humidity for 4 h
to allow the macrophages to adhere to the surfaces. The surfaces
were then washed twice with D-PBS to remove all non-adherent
cells, and the macrophage layer was cultured in a complete
RPMI-1640 (c-RPMI) medium, consisting of RPMI-1640 and
10% heat deactivated fetal bovine serum (FBS) supplemented
with 20 mM L-glutamine and 100 U/ml penicillin/streptomycin.
The resulting macrophage purity was > 95%, as determined by
CD11b staining analysis.

Quantification SWCNTSs in Primary
Macrophages by SDS-PAGE Gel

Electrophoresis
First, peritoneal macrophages were exposed with a low dose
(10 pg/mL) SWCNTs. After incubation, SWCNTs uptake and

preservation in primary macrophages was determined by SDS-
PAGE according to the method described previously (Wang
et al.,, 2009; Cui et al., 2017). Briefly, macrophages were washed
three times with D-PBS to remove extra SWCNTs. Then 160
L cell lysis buffer containing 1% SDS, 1 mM MgCl, and
1 mM CaCl, was added for lysing the cells. After a short
(2 min) sonication in an ultrasonic probe tip sonicator (JY92-
IIN, Ningbo Scientz Biotechnology Co., Ltd. Zhejiang, China),
the cell lysates was performed with SDS-PAGE gel electrophoresis
using a Bio-Rad Mini Protean Tetra electrophoresis chamber.
Twenty microliters cell lysate samples were loaded and then
electrophoresed at 120 v for 2 h. We used 4% stacking gels
to seal the loading well for 30 min and scanned the gel
using a UMAX scanner. We quantified the integrated optical
densitometry (IOD) of a SWCNTs band on the gel using Gel
pro software (version 4.0). The same concentration of SWCNTs
(125 png/mL) was also loaded onto a loading well in each
electrophoresis, which was used as a standard for control the
cell lysates. The primary peritoneal macrophages were believed
to be terminally differentiated cells, without any proliferation
ex vivo. To eliminate the effect of difference cell numbers within
each experiment, the SWCNTs band intensity was normalized
against the calculated SWCNTs standard. Then the ratio of
IOD was calculated as the SWCNTs band in cells against the
standard SWCNTs brand.

Determination of SWCNT in Cell

Supernatant by NIR Spectroscopy
Macrophages were exposed with 10 pg/mL SWCNTs for 12 h
and then washed 3 times with D-PBS, followed by incubation
with a fresh ¢-RPMI culture. The cell supernatant was collected
at indicated time points for NIR spectroscopy analysis. The
NIR spectra were acquired by using a Cary 5000 UV-Vis-NIR
spectrophotometer (Varian, Palo Alto, United States).

Scanning the Surface of Macrophages
After SWCNTs Exposure

To explore the interactions between exocytosis SWCNTs and
the cell membrane, peritoneal macrophages post-exposure with
SWNCTs at same time points were investigated with SEM. First,
cells cultured on sterilized coverslips were exposed to SWCNTs.
After incubation in a fresh c-RPMI culture, cells were fixed
with 2.5% glutaraldehyde in PBS overnight. After washing with
D-PBS twice, the cells were washed with pure ethanol (100%)
for 10 min and dried. After coating with platinum, the surfaces
of the macrophages were observed with Hitachi SU8000 SEM
(Hitachi, Tokyo, Japan).

Raman Spectroscopy Assessment of

SWCNTs Within Peritoneal Macrophages

After exposure with SWCNTs and incubation with fresh c-RPMI,
primary macrophages were fixed onto a glass bottom cell
culture dish (Nest Scientific, Rahway, NJ, United States) using
4% paraformaldehyde. Next, the Raman spectrum of SWNCTs
within cells was detected using an inVia Raman microscope
spectrometer (Renishaw Plc., Gloucestershire, United Kingdom)
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with a 633 nm laser source. We obtained the changes in the
D and G band intensity throughout the degradation process at
the spectrum range of 800-1800 cm™!. All Raman spectra were
recorded for 10 s at 10% laser power, using a 50 L objective. For
each sample, at least 70 spectra were recorded.

Ultrathin Section of in situ Macrophages
for SWCNTs Examination

Cells at a concentration of 1 x 10° were exposed to 10 pg/ml
SWCNTs for 12 h in a glass bottom cell culture dish. After
incubation in fresh c-RPMI for 12-48 h, the cells were fixed
in situ with 2.5% glutaraldehyde for 10 min at room temperature
and stored at 4°C overnight. Then cells were post-fixed in situ
with 1% of osmium tetroxide at room temperature for 2
h, followed by dehydration and resin embedding. Ultrathin
sections of macrophages were cut by using a Leica EM UC6
ultramicrotome (Wetzlar, Germany) and settled on 200-mesh
carbon-coated copper grids. After staining with uranyl acetate
and lead citrate, the samples were observed with a Hitachi H-7650
TEM (Hitachi, Tokyo, Japan).

Transmission Electron Microscopy (TEM)
To detect the morphology of the residual SWCNTs within
primary macrophages at 12-36 h, the cell lysis of macrophages
post-exposure was observed on a Hitachi H-7500 TEM
(Hitachi, Tokyo, Japan).

Statistical Analysis

The data were expressed as the mean =+ standard deviation (SD),
and the difference between groups was evaluated using Student’s
t-test, with the significance level set at *p < 0.05 or **p < 0.01.

RESULTS AND DISCUSSION

Characterization of SWCNTs

Stable SWCNTs physiologic solutions have been helpful for
biomedical application, such as tumor-targeted multifunction,
drug delivery and immunomodulator (Villa et al., 2008; Pescatori
et al, 2013; Bhattacharya et al, 2015). Acid-functionalized
SWCNTs (AF-SWCNTs) were better dispersed in c¢c-RPMI
than non-treated SWCNTs (Figure 1A). The suspension was
stable for days without any obvious precipitation, while the
non-treated SWCNTs suspension showed precipitation at the
same concentration (10 pg/mL). TEM images showed that
AF-SWCNTs presented fibrillar tube shape and retained the
structural integrity of the carbon nanotubes (Figure 1B). After
acid-oxidation, most SWCNTs were 200-1000 nm in length
and separated into bundles, and a few aggregated into clusters.
Dynamic light scattering data also dominated the average
hydrodynamic diameters (HD) of functionalized SWCNTs at
400nm, while a few were more than 1000 nm (Figure 1C) in
water solution. The zeta potentials were changed to -44.1 mv (in
pH 12) from -23.2 mv (in pH 2), which indicated many negative
charges existed on the surface of SWCNTs (Supplementary
Figure S1). The well dispersion in aqueous media depended

on the carboxyl and hydroxyl groups around the sidewalls of
SWCNTs and the surface negative charges (Dong et al., 2013;
Cui et al,, 2016). SWCNTs had little (0.056 wt%) iron content
through inductively coupled plasma mass spectrometry (ICP-
MS) measurement (Dong et al., 2012).

Cellular Internalization of SWNCTs in

Primary Peritoneal Macrophages

To investigate the SWCNTs internalized in primary
macrophages, we employed an SDS-PAGE to quantify the
amount of SWCNTs in cells. With gel electrophoresis, the
SWCNTs in cell lysates could deposit as a sharp black
band in the stacking gel, while cellular proteins could be
stripped off the SWCNTs and dispersed in the resolving
gel (Wang et al, 2009). We first determined the standard
curve of the amount of SWCNTs against the band intensity
by SDS-PAGE using a bovine serum albumin (BSA) and
SWCNTs mixtures at 16-500 pg/mL. The standard curve
showed a good linear relationship (R = 0.9993), as shown in
Supplementary Figure S2.

SDS-PAGE results indicated that the SWCNTs accumulation
in primary macrophages increased with the exposure time
prolonged. The ratio of IOD increased to 0.81 & 0.12 (36 h
exposure) from 0.20 £ 0.06 (4 h exposure) (Figure 2A). The
amount of SWCNTs within primary macrophages increased to
20.3 ng (36 h) from 5 pg (4 h). The results of bright field imaging
directly showed that SWCNTs within the cells tended to increase
with prolonged exposure (Figure 2B). These data suggest that
SWCNT internalization by mouse primary macrophages is a
persistent process during 4-36 h exposure. While the intracellular
SWCNTs in RAW showed an elevated peak at 8 h, which
was followed by a rapid excretion over time of exposure (Cui
et al., 2017). This difference may be dependent on the different
susceptibility and enzyme system between primary cells and
cancer cell lines (Wang et al., 2011).

Exocytosis of SWCNTs in Primary

Macrophages
Several studies have demonstrated that CNTs and other
nanoparticles were repelled from cells following their uptake (Jin
et al., 2009; Wang Y. et al., 2013; Strobel et al., 2015; Cui et al,,
2017). Exocytosis of nanoparticles impacts both their toxicity and
the efficiency of therapeutic delivery (Sakhtianchi et al., 2013).
To determine the fate of SWCNTs in primary peritoneal
macrophages, we observed the exocytosis of SWCNTs following
their uptake using SEM, TEM, and NIR spectroscopy. SEM
images indicated that a large number of exosomes were located
on the primary macrophage surface at different time points after
removing the SWCNTs solution (Figure 3A). SEM observations
showed that clusters of 50-100 nm exosomes and 100-400 nm
extracellular vesicles (EVs) were secreted extracellularly by the
primary macrophages at 24 and 36 h post exposure after 6 h
SWCNTs exposure (Figure 3A). No exosome or EV was found
on the surface of control primary macrophages (Supplementary
Figure S3). Under TEM examination, multivesicular endosomes
(MVEs) were found (Figure 3B), which generate exosomes when
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FIGURE 1 | SWCNTs suspension, TEM images, and hydrodynamic size distribution. (A) Suspension in c-RPMI of acid-functionalized SWCNTs (AF-SWCNTs, Left)
and non-treated SWCNTs (Right). (B) Representative TEM image of AF-SWCNTs. Scale bar = 0.2 um. (C) Hydrodynamic size (HDS, nm) distribution in water.
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FIGURE 2 | Cellular uptake of SWCNTs in primary macrophages. (A) Relative quantification of cellular uptake of SWCNTs in mouse peritoneal macrophages in a
time-dependent manner. In the lower panel shows corresponding representative SWCNTs in gel. (B) Representative microscopy images of cell cultured after

10 pg/mL SWCNT exposure for O, 4, 24, and 36 h. The darker the color is the more SWCNTs are within individual cells at the low cell density area. Scale bar = 30
nwm. For (A), data are presented as the mean of three independent experiments. Error bars represent the standard errors.

they fuse with the plasma membrane (Tkach and Thery, 2016).
SWCNT-containing vesicles near cell membrane were also found
to be released to extracellular spaces (Figure 3B), which were also
reported in macrophage cell line-RAW264.7 (Cui et al., 2017).
Then, the SWCNTs-containing vesicles were as small as exosomes
(50~100 nm) and EVs (100-400 nm) (Figure 3A) in primary
macrophages, where several aggregating together (Figure 3B).
However, the released SWCNTs in RAW264.7 were 400-1000 nm
in length, and located in lysosomes (late endosome), with sized
about lpm (Cui et al, 2017). Therefore, the data suggest
that the exocytosis of shorter SWCNTs (<50 nm) could have
been facilitated by exosomes and EVs in primary macrophages,
while exocytosis of long SWCNTs fibers (400-1000 nm) may
be produced by late endosomes. Meanwhile, the morphology
of macrophages gradually changed to a large and flat shape
from a rounded shape with the increased post-exposure time
(Supplementary Figure S4). These images indicate the SWCNTs
exposure induced exosome and other EVs formation and
secretion in primary macrophages. Consistent with this, Zhu et al.
(2012) reported that magnetic iron oxide nanoparticles (MIONs)
induced exosome secretion from the mice alveolar macrophages

in a dose-dependent manner. The exosomes induced by MIONs
affected the exocytosis and degradation of MIONSs nanoparticles
(Zhu et al., 2012).

To verify SWCNTs expulsion into the extracellular
environment, the supernatant was analyzed after removing
the exposure solution using a typical NIR spectra of carbon
nanotubes, by which we characterized the metallic band (M1,
~965 nm) and semiconducting transition absorbing band
(S2, ~1155 nm) (Cherukuri et al., 2004). Data showed that
absorption increased in the S2 band over a time period of 8-24
h after exposure, but absorption in S2 band then decreased
at 48 h (Figure 3C). There was no significant cell death after
explosion with the same concentration for 24 h, as reported
previously (Dong et al., 2013), which allowed us to rule out the
influence of cell death on the release of intracellular SWCNTs.
SEM images showed that phagocytosis of tangled SWCNTs
occurred in primary macrophages after removing the exposure
solution (Figure 3D). The results suggest there was a sustained
internalization of SWCNTs following the exocytosis, since the
primary macrophage could take up latex beads after exposure
of SWCNTs, which was also reported by previous research
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FIGURE 3 | Exocytosis of SWCNTs by primary peritoneal macrophages. (A) Representative SEM images of exosome (green arrows) and extracellular vesicles (black
arrowheads) on the surface of primary peritoneal macrophages at 24 h (Left) and 36 h (Right) after 6 h SWCNT exposure. (B) TEM images showing the SWCNTs
(vellow arrows), small vesicles (red arrows), multivesicular bodies (MVBs, orange arrows) and autophagosome/autolysosome (pink arrows) in primary macrophages
at 1 2 h (up panels) and 36 h (bottom panels) after removing 12 h SWCNTs (10 wg/mL) exposure. (C) NIR spectra of the supernatant of SWCNTs at different time
(8-48 h). (D) SEM image of primary macrophages phagocytosis tangled SWCNTs.

(Dong et al., 2013). Similarly, the titanium dioxide nanoparticles
excreted from neural stem cells could be re-taken by cells

(Wang Y. et al,, 2013).

P2x7 receptor played a crucial role in regulation exocytosis of
SWCNTs in macrophages RAW264.7, which can be activated by
ATP and inhibited by oxidized ATP (OATP) (Cui et al, 2016).
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But in this study, ATP/OATP cannot affect the quantified the
SWCNTs in primary PMQ (data not shown), which indicates that
other mechanisms but not P2x 7 receptor pathway could regulate
the exocytosis in the primary macrophage.

Biodegradation of SWCNTSs in Primary
Macrophages

The observed reduction of supernatant SWCNTs made us to
question whether there was an increase of SWCNTs within
primary macrophages. To this end, we measured the intracellular
SWCNTs amounts after replacing the exposure solution with
fresh culture medium. SDS-PAGE gel results indicated that
86, 87, 79, and 63% of the internalized SWCNTs in primary
macrophages remained within cells respectively at 8, 12, 24,
and 48 h after removing the exposed SWCNTs. The amount of
SWCNTs in primary macrophages decreased with the prolonged
post-exposure time. At 24 and 48 h post-exposure the amount of
SWCNTs within cells decreased significantly compared with the
intracellular SWCNTs with 12 h SWCNTs exposure (*p < 0.05,
**p < 0.01) (Figure 4A). The reduced amount of SWCTs suggests
that degradation in primary macrophages could be occurring.

In addition, typical Raman spectra of SWCNTs in primary
macrophages presents a characteristic tangential-mode G-band at
1580 cm™! (& 10) and a characteristic disordered mode D-band
at 1340 cm ™! (£ 10). A marked loss of the G-band and increase
of D-band at 48 h post-exposure (Figure 4B) would indicate
that the existence of a biodegradation process of CNTs. The
characteristic D/G band intensity ratio is correlated with the
degree of structural defects during degradation (Liu et al., 2010;
Nunes et al., 2012). The results in this study showed that the
defect sites on the side-walls and the Ip/I; ratio of SWCNTs
increased in a time dependent manner after changed with
fresh culture medium (Figure 4C). The Ip/Ig ratio of SWCNTs
increased from 0.38 (£0.08) to 0.44 (£0.09), 0.59 (£0.08), 0.61
(40.10) at 12, 24, and 48 h, respectively, following a 12 h exposure
(Figure 4D). The Raman data of SWCNT in cells were consistent
with the SDS-PAGE results. The results indicate that there was
an occurrence of SWCNTs partial biodegradation in the murine
peritoneal macrophages without any chemical stimulation.

The mechanism of CNTs biodegradation was reported to
relate with several peroxidases and reactive oxygen species
(ROS) (Kagan et al, 2014; Yang et al, 2019). The results
of ROS generation in primary macrophages with 2,7’
dichlorofluorescein diacetate (DCF-DA) assay showed no
significant changes after SWCNTs exposure (data not shown).
The biodegradation of SWCNTs was found by several natural
enzymes, such as HRP, MPO, and EPO in vitro and ex vivo
(Allen et al., 2008; Kagan et al., 2010; Andon et al, 2013).
Previous studies showed that HRP (a plant-derived enzyme),
MPO (neutrophils-derived) and EPO (expressed in eosinophils)
combined with superoxide (such as H,O;) played an important
role in degradation of SWCNTs ex vivo or in neutrophils and
eosinophils (Kagan et al., 2010; Andon et al., 2013). Poly(ethylene
glycol)PEG functionalized SWCNTs could be defunctionalized
and biodegraded in neutrophil by MPO/H,0, system or
by hypochlorite and its’ product hypochlorous acid (HOCI)

(Vlasova et al, 2012; Bhattacharya et al, 2014). While the
macrophages expressed low level of MPO and EPO (Dale et al.,
2008). It was reported that the macrophages “digest” SWCNTs by
superoxide/peroxynitrite oxidative induced by NADPH oxidase
(Kagan et al., 2014; Ding et al., 2017; Yang et al., 2019), which
could be accelerated by PMA stimulation (Kagan et al., 2014;
Hou et al., 2016). Then more details about the mechanism
of biodegradation of SWCNTs in none stimulation primary
macrophages should be better study in future.

Residual SWCNTs Within Post-exposure

Primary Macrophages

Although exocytosis and biodegradation processes coexist in
primary macrophages, there were still 63% of intracellular
SWCNTs residual within cells (Figure 4A). We detected
morphological changes of SWCNTs remaining in cells using
SEM and cell lysate TEM characterizations. The SEM images
indicated the presence of approximately 5 pm long, fiber-like
SWCNTs and tangle SWCNTs in the primary macrophages
(Figure 5A). These SWCNTs protruded from the surface of
the macrophages and wrapped within the cell membrane
structure (white arrows in Figure 5A). As a result, these
SWCNTs are tightly connected with cell membrane and can’t be
removed through washing. These SWCNTs made a remarkable
contribution to the amount of SWCNTs within the cells, as
showed in Figure 4A. The lysate of post-exposure macrophages
TEM images showed that after 36 h post-exposure the SWCNTs
underwent structural deformation, increasing of fragmentation
and loss of fibrous structure (Figure 5B), when compared
with their original appearance (Figure 1B). The data also
verified the presence of SWCNTs biodegradation in primary
macrophages, as shown in Figure 3, while the long tubular
structure of SWCNTs still defined (Figure 5A). With prolonged
time post-exposure, the morphology of primary macrophages
also gradually changed from a small spheroidal shape to a large,
flat shape also (Supplementary Figure S3). The results indicated
that acid-functional long SWCNTs sustainable retention in
primary macrophages for days. The bio-durability of SWCNTs
was reported that depended on the surface functionalization.
SWCNTs with acid function undergo 90-day degradation while
the ozone-treated and aryl-sulfonated SWCNTs do not degrade
in vitro (Liuetal,, 2010). Nunes et al. (2012) reported the presence
of a partial biodegradation of MWCNT-NH3 " by microglia in the
motor cortex after 14 days post-cortical administration.

The data of SDS-PAGE, Raman (Figure 4) and SEM and
TEM (Figure 5) indicated that CNTs' length maybe another
factor affects the bio-durability in macrophages. Long fibrous
MWCNTs with tens of micrometers could be seen protruding
from the macrophages, which elicited an inflammatory response
in vivo and in vitro, as reported previously (Muhlfeld et al.,
2012; Murphy et al., 2012). Long, but not shot/tangled, CNTs
were deposited in the pulmonary airspaces and caused pleural
inflammation and chest wall lesions (Murphy et al, 2012,
2013). IL-1P release in macrophages depended on the length of
exposed CNTs, as long CNTs were frustrated phagocytosis by
macrophages (Murphy et al., 2012). Long exposure of MWCNTs
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FIGURE 4 | Biodegradation of SWCNTs in primary macrophages. (A) Measurement the amount of SWCNTs by SDS-PAGE gel analyses within primary macrophages
at extending time period of 8, 12, 24, and 48 h after removing exposure solutions. The amount of SWCNTs within cells decreased at 24 and 48 h significantly
compared with the time point of 12 h SWCNTs exposure (*p < 0.05,*p < 0.01). (B) Representative Raman spectra (excitation, 633 nm) of SWCNTs in primary
macrophages at 12 h (black line) exposure and then 48 h (red line) after changing to fresh c-RPMI medium. Corresponding cell images and sampling sites were
shown as insets. (C) Collated Raman spectra as acquired from the macrophages just changing fresh c-RPMI (0 h) (left up), 12 h (right up), 24 h (left bottom) and 48 h
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FIGURE 5 | Characterization the residual SWCNTs within post-exposed primary macrophages by SEM and TEM. (A) SEM images showing long and tangled
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induced a prolonged presence of inflammatory cytokines IL-6
and TNF-a in alveolar macrophages, whereas short MWCTNs
stimulated fibrosis and collagen secretion (Wang et al., 2010;
Mubhlfeld et al., 2012). All the data indicates that long and tangled
CNTs present different mechanisms of toxicity. It indicated that
short CNTs were suggested for biomedical application to reduce
the biopersistence and inflammatory response in biosystems.
Engineered nanomaterials could also be recognized and
cleared as “pathogens” by immune-competent cells, such
as macrophages (Farrera and Fadeel, 2015). Our results
show that the fate of SWCNTs in primary macrophages
is a complicated process, consisting of simultaneous uptake,
exocytosis, biodegradation and retention. Clearance of long

fiber CNTs is a much slower process than for short CNTs
and compact particles in macrophages (Murphy et al., 2013;
Landry et al,, 2016). It is necessary to understand the potential
toxicity of the residual CNTs within cells as the retention
time prolongs. Autophagosomes/autolysosomes in cytoplasm
(Figure 3B) indicate also autophagy in primary macrophages
induced by CNTs, as reported previously (Wan et al., 2013;
Cohignac et al., 2018). It has also been reported that complete
degradation of CNTs produces only CO, molecules, with fully
biocompatible CNTs (Allen et al., 2008, 2009). However, the
degradation of CNTs may produce some toxic by-products, such
as polyaromatic hydrocarbons and other in-rich aromatic rings
molecules (Nunes et al., 2012; Zhang et al., 2013). Therefore,
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it is worth considering the toxicology effects of the degrading
mixture. There has been considerable interest in carcinogenicity
of CNTs, as they are high aspect ratio materials and persistent
in cells and tissues (Luanpitpong et al., 2016b). Rigid long
MWCNTSs can cause mesothelioma, while frustrated phagocytosis
is a mechanism of CNT-induced carcinogenesis (Poland et al.,
2008; Takagi et al., 2012). Chronic exposure of CNTs to epithelial
cells induces cell changes to cancer-like cells and malignant
tumor cells (Wang et al., 2011; Luanpitpong et al., 2016a).

CONCLUSION

In conclusion, the study has investigated the fate of SWCNTs in
primary macrophages. Our results showed that mouse peritoneal
macrophages internalized SWCNTs in a time-dependent manner,
utilizing phagocytosis. After the removal of the SWCNTs
exposure solution, the amount of SWCNTs in the suspension
increased during the first 24 h. The exosomes and extracellular
vesicles induced by SWCNTs were observed on the surface
of post-exposure macrophages. The data indicates that the
exocytosis of SWCNTs from macrophages occurred, and an
uptake following the exocytosis was also observed. However,
the biodegradation of SWCNTs within primary macrophages
also occurred after the removal of the exposure solution.
The connection of long and tangled SWCNTs was also
examined by SEM and TEM images. All data showed that
exocytosis, uptake, biodegradation and sustainable retention
of SWCNTs co-exist in primary macrophages. Long acid-
functional SWCNTs were suggested for longer biopersistence
in primary macrophages. Understanding the fate and retention
time of CNTs in cells and living organism may facilitate the
assessment of CNTs health risks and the design of CNTs
agents for improved application in bioimaging, drug delivery,
and cancer therapy.
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