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Editorial on the Research Topic

Functional Nanomaterials for Cancer Diagnostics and Therapy

Efficient cancer therapy has been the research focus in biomedicine field for decades. Available
therapeutic modalities for cancer treatment in clinic include surgery, chemotherapy, and
radiotherapy. Surgery is difficult to completely remove tumors from normal tissues, and residual
tumor cells are readily to relapse and result in treatment failure. In this regard, chemotherapy and
radiotherapy are usually required to eradicate residual tumor cells after tumor resection by surgery.
However, both chemotherapy and radiotherapy are challenged by serious side effects because of
their off-target damage to normal tissues. Moreover, tumor cells are likely to activate anti-apoptotic
signaling pathways to resist treatment. Very recently, immunotherapy has been demonstrated an
promising way in fabricating long-term antitumor immunity to fight against cancer recurrence and
metastasis, but only present efficacy to a subset of patients. In light of the above mentioned issues,
it is imperative to develop more efficient and safe strategies for cancer treatment.

The interdisciplinary research of material chemistry and biomedicine provides more
opportunities to overcome these challenges. Enormous endeavors have been devoted in the past
decades from the following aspects.

(1) To improve the efficacy of chemotherapy or radiotherapy, intelligent drug nanocarriers have
been designed and constructed to increase drug retention in tumors. Drugs are released from
nanocarriers in response to specific tumor microenvironment, such as low pH or high glutathione
level. Moreover, external stimuli (i.e., light, ultrasound, or magnetic field) have also been employed
for drug controlled release.

(2) Phototherapeutic platforms have been developed based on some semiconducting materials
or photosensitive agents, which can generate local hyperthermia or reactive oxygen species (ROS)
under light irradiation. Since visible light hardly penetrates human tissues, near infrared (NIR)
light with much deeper tissue penetrating depth has been widely investigated for phototherapy in
recent years. In addition to light, ultrasound with extraordinary tumor penetrability has also been
employed for generating ROS in tumors, which is termed as sonodynamic therapy.

(3) Tumor therapy drugs have been combined with imaging agents, such as upconversion
nanoparticles, quantum dots, or fluorescence dyes. Under the guidance of imaging agents, both
tumor location and drug delivery process can be facilely monitored, providing possibilities to
achieve personal medicine and tumor theranostics.

(4) Besides, some nanomaterials themselves can be designed with therapeutic functions, such as
radioprotection, anti-inflammation, or immune activation for tumor vaccines.

In this topic, we present original research and review articles with focus on functional
nanomaterials for cancer diagnostics and therapy. In the direction of functional nanocarriers,
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Wang et al. reported a covalent organic framework nanomaterials
as carriers for DOX loading, showing high drug loading capacity
and pH-/redox-sensitive release in tumor cells. Howaili et al.
synthesized a plasmonic nanogel composed of Au nanoparticles
and polymer-based hydrogel nanoparticles. Such plasmonic
nanogel was employed as drug carrier for curcumin delivery
and dual pH-/photo-responsive release. In addition, Zhao et al.
investigated the potential of black phosphorus quantum dots
as carriers of Chinese herbal medicine for lymphoma therapy.
Lin et al. synthesized a new kind of polymer nanocarriers
with minimal cytotoxicity and high stability. The polymer
nanocarriers improved antioxidant activity of curcumin, showing
great potential as protection agent in caner radiotherapy.
Gupta et al. developed solid lipid nanoparticles as carriers to
improve the solubility, stability, and bioavailability of curcumin.

In the direction of phototherapy/sonodynamic therapy, Feng
et al. developed a multifunctional nanosystem with bovine
serum albumin as “mother ships” material. The nanosystem
was demonstrated to be selectively accumulated within
tumors, disrupt extracellular matrix for tumor penetration,
and generate ROS to induce tumor cell apoptosis. This work
offer a new avenue for improving photodynamic therapy via
reprogramming tumor microenvironment. To improve tumor
hypoxic environment, Huang et al. designed an oxygen-sufficient
nanoplatform with polymer-perfluorocarbon nanoparticles
as oxygen carriers. The nanoplatform not only improved
the ROS generating efficiency of sonodynamic process, but
also overcame tumor drug resistance to enhance therapeutic
outcomes. As a Food and Drug Administration (FDA)-approved
NIR photosensitizer, indocyanine green (ICG) has been widely
used in oncology. Sevieri et al. summarized the applications
and perspectives of ICG nanoparticles, offering insights for
its further biomedical applications. Zhang et al. reviewed the
progress of photodynamic therapy with internal light sources
from the aspects of chemiluminescence, bioluminescence, and
Cerenkov radiation, all of which circumvent the limitation
of light penetration in body. Jia et al. coated Fe3O4 with
mesoporous silica and polydopamine for drug delivery and
synergistic photothermal/chemodynamic therapy.

In the direction of cancer diagnostics and theranostics,
Yu et al. reviewed the recent progress of rare-earth-doped
nanoparticles for tumor fluorescence imaging and theranostics
in the second near infrared window (NIR-II, 1,000–1,700 nm).

Hong et al. reported theranostic platform based on upconversion
nanoparticles, which can accumulated in the mitochondria of
tumor cells. Under NIR light irradiation, such nanoplatform
emitted fluorescence signal for imaging-guidance and produced
ROS for tumor killing. Tang et al. reviewed the advances of noble
metal nanoclusters (Au and Ag) in biosensing, bioimaging, and
cancer therapy.

Besides, Shang et al. studied antitumor activity and tumor-
killing mechanism of zirconia nanoparticles (ZrO2), providing
a promising alternative to traditional chemotherapy drugs for
tumor treatment. When camouflaged with platelet membrane
(PLT), the obtained PLT@ZrO2 nanoparticles successfully
escaped from immune recognition and targeted tumor cells,
thereby achieving prolonged blood circulation time and tumor
targeting delivery Shang et al.. Seré et al. reported a nanovaccine
based on ovalbumin-conjugatedmesoporous silica nanoparticles,
which was attractive as a replacement of dendritic cell-
based vaccines.

We hope this Research Topic will provide researchers
information to understand the advanced strategies of functional
nanoplatforms in cancer diagnostics and therapy, inspiring new
ideas for future research directions and research activities.
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Photodynamic therapy (PDT) has shown great promise in breast cancer treatment.

However, simplex target ligand modification or stimuli release cannot meet the

requirement of effective drug delivery to solid tumor tissue. To overcome continuous

bio-barriers existing in the tumor microenvironment, multi-stage response drug delivery

was desirable. Herein, we developed a unique tumor microenvironment tailored

nanoplatform for chlorin e6 (Ce6) delivery. We chose bovine serum albumin (BSA) as

“mother ships” material for effective tumor periphery resident, cyclopamine (CYC) as

extracellular matrix (ECM) inhibitor and synergistic anti-tumor agent, and diselenide

containing amphiphilic hyaluronic acid-chlorin e6 polymers (HA-SeSe-Ce6) synthesized

as “small bombs” for internal tissue destruction. The above three distinct function

compositions were integrated into an independent CYC and HA-SeSe-Ce6 co-delivery

albumin nano-system (ABN@HA-SeSe-Ce6/CYC). The obtained nano-system presents

good biocompatible, long circulation and effective tumor accumulation. After entering

tumor microenvironment, CYC gradually releases to disrupt the ECM barrier to open

the way for further penetration of HA-SeSe-Ce6. Subsequently, targeted tumor cell

internalization and intracellular redox response release of Ce6 would achieve. Moreover,

CYC could also make up the deficiency of Ce6 in hypoxia area, owing to its anti-tumor

effect. Improved therapeutic efficacy was verified in a breast cancer cell line and

tumor-bearing mice model.

Keywords: chlorin e6, cyclopamine, photodynamic therapy, drug delivery, breast cancer

INTRODUCTION

Among various emerging therapies, photodynamic therapy (PDT) is a promising non-
invasive therapeutic method for superficial tumors, such as breast cancer (Agostinis et al.,
2011; Wang D. et al., 2018). One of the most widely used photosensitizers is chlorin
e6 (Ce6) (Du et al., 2016; Feng et al., 2019). However, the poor water solubility
of photosensitizers hinders their clinical application. In addition, off-target activation
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of photosensitizers leads to serious side effects (Liu et al., 2017).
Therefore, improved delivery of hydrophobic photosensitizers
leveraging nanoscale system is desirable. In the past decades,
although the various sophisticated chemical design and
multi-functional nanoscale systems have developed, cancer
nanomedicine still facing challenges for enhancing clinical
benefits. Just target ligand modified and stimuli release no longer
meet the requirement of effective drug delivery to solid tumor
tissue. Despite nanoscale substances preferentially accumulate
in tumor tissue than in normal tissue due to permeability and
retention effect (EPR effect), abnormal tumor microenvironment
with heterogeneous structure often leads to the perivascular area
and tumor periphery resident of nanoparticles (Overchuk and
Zheng, 2018). Therefore, the design of tumor microenvironment
tailored multi-stage photosensitizers delivery is essential.

Due to the lack of mature vessels inside the tumor, it is
unable to maintain adequate perfusion of internal tumor tissues
(Niu et al., 2018). In addition, tightly packed tumor cells,
dense extracellular matrix (ECM) and high interstitial fluid
pressure, leading to growth-induced stress, act as biological
barriers that further restrict nanoparticle infiltration into the
tumor parenchyma after extravasation from vessels (Yang and
Gao, 2017; Wang S. et al., 2018). For this dilemma, one of
the promising strategies is reducing ECM to open the way for
nanoparticles penetration. Cancer-associated fibroblasts (CAFs)
play an indispensable role in the formation of ECM, owing
to abnormal activation of Hedgehog (Hh) signaling pathway.
This pathway is initiated by binding tumor cell-derived Hh
ligands to patched 1 (Ptch 1) receptor in CAFs membrane,
subsequently, the inhibition of smoothened (SMO) protein
is relieved, which triggers activation of the glioma-associated
oncogene transcription factor (Gli1-2), leading to downstream
genes expression and abundant ECM production (Zhang et al.,
2018). Cyclopamine (CYC), a kind of hydrophobic steroid
alkaloid, can target the SMO receptor on cancer cells and CAFs to
inhibit Hh signaling pathway (Che et al., 2013; Feng et al., 2018).
Therefore, CYC is a superexcellent candidate to disrupt the ECM
barrier in the tumor microenvironment, as well as an effective
anticancer agent.

After collapsing the ECM barrier, further diffusion to deeper
tumor sites and tumor intracellular smart drug release would be
the other two indispensable drug delivery stage. For the former, it
was reported that “Cluster Bomb” design could benefit for high-
performance tumor suppression (Lei et al., 2017). That is, smaller
components, which fall off from the nanoparticles stranded in
the tumor periphery, will be easier to infiltrate to deeper tumor
tissue. As for the latter stage, these smaller “bomb” components
would be better to modify tumor target ligands for effective
tumor cells internalization and equip with sensitive linkages
for tumor intracellular triggered drug release. Hyaluronic acid
(HA), a natural anionic hydrophilic polysaccharide targeting
differentiation 44 (CD44) on the cancer cell membrane, is
a promising target ligand candidate due to its desirable
biocompatibility, biodegradability, non-immunogenicity, and
easy functionalization (Choi et al., 2011; Xia et al., 2018a; Feng
et al., 2019). In addition, the diselenide bond has particular
advantages owing to its high sensitivity to redox condition

and singlet oxygen (1O2), which makes PDT positive drug
release theoretically possible (Xia et al., 2016, 2018b; Sun et al.,
2017). Herein, a tumor microenvironment tailored multi-stage
delivery system based on CYC loaded albumin nanoformulation
and was designed for improved PDT therapy in breast cancer
treatment (Scheme 1). In our previous study, CYC loaded
bovine serum albumin (BSA) nanoparticles showed effective
and enduring tumor tissue accumulation and extracellular
retention which increase binding of CYC and SMO membrane
receptors (Feng et al., 2018). Therefore, we chose BSA as
“mother ships” material to load CYC and HA-SeSe-Ce6 via heat-
mediate assembling to form co-delivery albumin nanosystem
(ABN@HA-SeSe-Ce6/CYC). When nanosystem accumulates in
the tumor, CYC will release to inhibit ECM barriers and exert a
synergetic anti-cancer effect. Moreover, HA-SeSe-Ce6 as smaller
“bomb” component will release and further infiltrate to deeper
tumor tissue. In the redox condition of tumor intracellular or
existence of 1O2, diselenide bonds would cleave and lead to
Ce6 release (Feng et al., 2019). The improved PDT anticancer
effects via tumor microenvironment tailored multi-stage delivery
was investigated in breast cancer cell line and breast cancer-
bearing mice.

MATERIALS AND METHODS

Materials
Chlorin e6 was obtained from J&K Scientific, Ltd. Cyclopamine
was obtained from Hitsan Biotechnology Co., Ltd.
(Shanghai, China). Bovine serum albumin, 2-(N-morpholino)
ethanesulfonic acid (MES), C4H12N2Se2·2HCl, EDC·HCl, and
NHS were obtained from Sigma-Aldrich (Shanghai) Trading Co.,
Ltd. Hyaluronic acid was purchased from Ruixi biotechnology
Co., Ltd.

Synthesis of HA-Sese-Ce6 Polymers
Five milligrams of HA and 2.5mg C4H12N2Se2·2HCl were
dispersed in 5ml PBS (pH 7.4). Thirty microliters of EDC·HCl
(50 mg/ml) and 20 µl NHS were added to above mixture and
stirred at room temperature for 4 h. Ten milligrams of Ce6
was dispersed in 500 µl DMSO, then pipetted 225 µl Ce6
solution and added dropwise to above mixture liquid and stirred
for another 4 h. The solution was collected and transferred
to centrifugal ultrafiltration tube (10 kDa mol. Cutoff, Pall
Corporation, USA) and centrifuged at 6,000 rpm for 15min. free
Ce6, HA, C4H12N2Se2·2HCl, and PBS were removed by washing
three times with HyPure water. Then, HA-sese-Ce6 solution was
10 times concentrated.

Preparation of ABN@HA-Sese-Ce6/CYC

NPs
Two milligrams of SDS was added to the above HA-sese-Ce6
solution and stirred for 1 h. Two milligrams or milliliters of BSA
solution was prepared by adding 5mg BSA powder to 2.5ml
MES buffer (50mM, pH= 6.0). Two hundred microliters of CYC
ethanol solution (10 mg/ml) and 200 µl HA-sese-Ce6 solution
(containing Ce6 2mg) was slowly added to the BSA solution,
respectively. Subsequently, the mixture solution was heated in
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SCHEME 1 | Schematic illustration of tumor microenvironment modulation effect of ABN@HA-SeSe-Ce6/CYC NPs for enhanced PDT. After intravenous injection,

NPs will accumulate in tumor periphery and release CYC to disrupt ECM via inhibiting HH pathway in CAFs. Due to the alleviation of solid stress, gradually dissociated

ABN@HA-SeSe-Ce6/CYC NPs and smaller HA-SeSe-Ce6 molecules released from the main body will further infiltrate to deeper tumor tissue. Then after targeted

tumor cell internalization via recognization of CD44+with HA, diselenide linkages of HA-SeSe-Ce6 molecules will further cleavage to release Ce6 in intracellular redox

condition or singlet oxygen (1O2) existence. In addition, dead tumor cells lead to more immune cells infiltration.

a silicone oil bath at 70◦C and stirred at 800 rpm for 50 s. and
the assembly process was stopped by immersing in ice water
immediately. The solution was transferred to 100 kda mol. Cutoff
centrifugal ultrafiltration tube and centrifuged at 4,500 rpm at
25◦C for 20min. It was washed trice with HyPure water to
remove MES, free CYC, and free Ce6.

Characterization of Nanoparticles
The morphology of nanoparticles was measured by high-
resolution transmission electron microscopy (FEI Tccnai G2
F20 S-Twin). Twenty microliters solution of nanoparticles (2
mg/ml) was dripped on carbon-coated copper grid, after 1min,
excess liquid was removed by filter paper. Then add 10 µl 1%
uranyl acetate for another 30 s. The TEM samples were dried
in the shade at room temperature. The size of nanoparticles
was detected by Nano-ZS 90 Nanosizer (Malvern Instruments,
UK). Ultraviolet-visible (UV) spectra was recorded by UV
spectrophotometer (Varian).

In vitro Drug Release Behavior of

ABN@HA-Sese-Ce6/CYC NPs
Two milliliters solution of nanoparticles (containing 5mg
CYC) in dialysis tube was immerged in 50ml PBS buffer. At
predetermined time points, 1ml of the buffer solution was
taken out to measure CYC concentration, and then add 1ml

fresh PBS buffer to keep the volume of solution. The CYC
content was measured by LC-MS (the mobile phase: acetonitrile:
0.1% formic acid 80:20 solution, flow rate 0.35 ml/min). Ten
milliliters solution of nanoparticles (containing 6mg Ce6) was
individually transferred to 5 dialysis tubes, and then immerged
in 50ml PBS, 10mM GSH, 100mM GSH, 1mM H2O2, 10mM
H2O2 solution, respectively. At predetermined time points, 1ml
buffer solution was taken out to measure Ce6 concentration via
UV spectrophotometer at 404 nm. Two milliliters solution of
nanoparticles (containing 1mg Ce6) was exposed to 650 nm (20
mW/cm2) for 10min, then immerged in PBS solution to measure
Ce6 concentration at different time points.

Singlet Oxygen (1O2) Measurement
Take out the buffer solution from groups treated with 10mM
GSH and 10mM H2O2 described in method 2.5, and add 1O2

detecting reagent SOSG to the solution (final concentration:
1µM). Then, the above solutions were exposed to 650 nm laser
for 90, 180, 270, 360, and 450 s. The fluorescence was measured
by Hitachi F2500 luminescence spectrometer (emission spectra:
490–700 nm, excitation wavelength: 488 nm).

In vitro Cytotoxicity Test
In 37◦C incubator with 5% carbon dioxide, the mouse
breast cancer cell line 4T1 cells were cultured in DMEM
medium containing 10% FBS. 1 × 104 cells/well 4T1 cells
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were seeded in 96 wells plate and incubated for 12 h. Then
add free Ce6, ABN@HA-sese-Ce6 and ABN@HA-sese-
Ce6/CYC solutions containing different Ce6 concentrations
(0.25, 0.5, 1.2µM), respectively. The same volume of
serum-free DMEM was added as control treatment.
The half of above cells were exposed to 650 nm laser
(20 mW/cm2) for 5min, while the other cells were still
cultured in the dark. Twenty-four hours later, 10 µl CCK-8
solution was added to every well. After 3 h incubation, the
absorbance of each well was detected by the plate reader at
450 nm.

Targeted Cellular Uptake Assay
1 × 105 cells/ well 4T1 cells were seeded in confocal dishes.
After 24 incubation, cells were treated individually with free Ce6
and ABN@HA-sese-Ce6/CYC for 2, 6, and 10 h. Remove the
medium of each well and wash with PBS for three times. Then,
cells were stained with DAPI for 15min and washed with PBS.
The prepared samples were detected by confocal laser scanning
microscope (Leica TCS SP5II, Germany).

Tumor Models
The animal experiments in this study were carried out according
to Tongji University Animal Ethics Guidelines. The animal
experiment protocol was approved by Tongji University Animal
Ethics Committee.

Five-week-old female BALA/c mice were injected with
5 × 105 4T1 cells (subcutaneous route). When tumor tissue
reached ∼500 mm3, tumor tissues were excised and cut into
1 mm3 tissue blocks. The tissue block was planted in the
left mammary fat pad of 5-week-old female BALA/c mice.
When the tumor growth large enough, tumor models were
further treated.

In vivo Fluorescence Imaging
The breast cancer bearing mice were pretreated with tail
vein injection of ABN@CYC (CYC 20 mg/kg) for three
time every 2 days. Then the pretreated mice were injected
with ABN@HA-sese-Ce6/CYC NPs. At the same time,
the mice without pretreatment were inject free Ce6 and
ABN@HA-sese-Ce6 (equivalent Ce6 concentration) as
control. At predetermined time points, in vivo fluorescence
imaging was carried out by a Night OWL LB 983 in vivo
imaging system.

Photodynamic Therapy in Animals
Plant tumor tissue block in the left mammary fat pad of 5-
week-old female BALA/c mice to build animal model. After 7
days, mice were treated individually with PBS, free CYC, free
Ce6, ABN@HA-sese-Ce6 and ABN@HA-sese-Ce6/CYC NPs for
7 times (CYC 20 mg/kg, Ce6 2.5 mg/kg, every 2 days). Began
with third injection, the mice were exposed to a 650 nm laser
(20 mW/cm2) for 30min under anesthesia after each injection.
The survival time of five groups of mice was recorded. Mice with
tumors exceeding ethical requirements (>2 cm) were euthanized
(equivalent to endpoint of observation), and the animals were
euthanized using carbon dioxide asphyxia. Excised tumor weight

of every group was also measured. Tumor volume and mice body
weight were recorded every 2 days, the calculation formula was
as following:

Tumor volume= (Length×Width×Width)/2

The major organs (heart, liver, spleen, lung, and kidney) and
tumors were excised frommice of different groups. The collected
tissues were immerged in 4% paraformaldehyde overnight. Then
the tissues were dehydrated in graded ethanol solution and
embedded in paraffin. The paraffin sections were prepared for
hematoxylin and eosin (HE) and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining. In
addition, tumormicroenvironment fibronectin and immune cells
distribution were performed by immunofluorescence through
tumor tissue frozen section, and detected by confocal laser
imaging microscope.

Statistical Analysis
All values of this study are presented as mean ± SD.
The statistical significance of the data was determined by
one-way single factorial analysis of variance (ANOVA).
Significant differences are expressed as ∗p ≤ 0.05,
∗∗≤0.01, ∗∗∗≤0.001.

RESULTS AND DISCUSSION

Nanoparticles Synthetic Strategy and

Characterization
The ABN@HA-sese-Ce6/CYC delivery system is consist of
three functional parts. Firstly, BSA was chosen as main drug
carrier material to integrate every part via transient heat
triggered assembling. Then, hydrophobic small molecule CYC
acted as tumor microenvironment modulator. At last, we
assign the diselenide containing amphiphilic hyaluronic acid-
chlorin e6 polymers (HA-SeSe-Ce6) as redox response “small
bomb” of delivery system. To avoid its self-assembling, we
pretreated HA-SeSe-Ce6 with some SDS to make it stretch.
The assembling process is driven by the BSA hydrophobic sites
exposure and hydrophobic nucleation effects of hydrophobic
agents (Ce6 and CYC). The hydrophobic interaction finally
promotes to the formation of ABN@HA-sese-Ce6/CYC with
compact assembly. The strategy was shown in Scheme 2. The
ABN@HA-sese-Ce6 was prepared as control. The morphology
of ABN@HA-sese-Ce6/CYC NPs and ABN@HA-sese-Ce6 NPs
were measured by transmission electron microscopy (TEM).
As shown in Figure 1, nanoparticles are a spherical shape
with a narrow distribution. The average size of ABN@HA-sese-
Ce6/CYC NPs was 35 nm, slightly larger than ABN@HA-sese-
Ce6 NPs (28 nm).

Drug Release Behavior of

ABN@HA-Sese-Ce6/CYC NPs in vitro
The CYC release behavior was measured in PBS (pH 7.4) at
37◦C. As shown in Figure 2A, the CYC cumulative release ratio
increased in the first 8 h and reached about 30%, then slowed
down. Due to the existence of diselenide bonds between the Ce6
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SCHEME 2 | The schematic process of ABN@HA-sese-Ce6/CYC NPs and ABN@HA-sese-Ce6 NPs preparation. HA-sese-Ce6 molecules and BSA were added to

MES solution and mix well. Then slowly add CYC ethanol solution to the mixture to form temporary binary solution. Subsequently, the hydrophobic sites on BSA was

exposed at 70◦C, which facilitate the process of assembling with CYC and HA-sese-Ce6 and form compact ABN@HA-sese-Ce6/CYC NPs. Besides,

ABN@HA-sese-Ce6 NPs can be prepared in same way via heating HA-sese-Ce6 molecules and BSA mixture solution for 50 s.

FIGURE 1 | The morphology and size distribution of nanoparticles. (A) The

TEM image of ABN@HA-sese-Ce6 NPs; (B) Hydrate particle size of

ABN@HA-sese-Ce6 NPs; (C) TEM image of ABN@HA-sese-Ce6/CYC NPs;

(D) Hydrate particle size of ABN@HA-sese-Ce6/CYC NPs.

and HA, it was easier for CYC to release from NPs than Ce6 in
PBS, which provided the benefit for CYC to inhibit EMC first. As
shown in Figure 2B, there was a small quantity of Ce6 release
in PBS solution, which could be explained by mixed free Ce6
physical adsorption. In theory, diselenide bonds will cleavage
to promote Ce6 release while nanoparticles exposed in redox
conditions. To investigate the redox-sensitive release of Ce6, we
measured Ce6 release behavior in GSH and H2O2 solutions with
different concentration at 37◦C. As shown in Figure 2B, Ce6
cumulative release presented GSH concentration-dependent. In
100mMGSH group, the higher plateau of Ce6 cumulative release

(44%) was observed in 12 h, while Ce6 cumulative release only
reached 28% in 12 h in 10mM GSH group. Overall, GSH treated
group showed the obviously increased release of Ce6, compared
with the PBS group.

Similar to GSH treated group, Ce6 cumulative release also
presented H2O2 concentration-dependent increase. The results
of H2O2 treated group were shown in Figure 2D, in 10mM
H2O2 group, Ce6 cumulative release reached a plateau at 55%
in 12 h, while 1mM H2O2 group reached a plateau at 43%
in 12 h. In addition, it was found that more Ce6 cumulative
release treated with H2O2 than GSH, suggesting more sensitivity
of diselenide in oxidizing condition. 1O2 would be generated
from Ce6 under 650 nm laser, which theoretically breaks part
of diselenide bonds to further promote Ce6 release. Therefore,
we also investigate the sensitivity of NPs when they exposed to
the laser. The results in Figure 2C verified it, and we can find
that more Ce6 release in 650 nm laser-treated group, compared
with the control group. Finally, we further measured 1O2

generation of released Ce6 in GSH and H2O2 treated group
respectively to indirectly confirm redox triggered Ce6 release
(Figures 2E,F).

In vitro Cytotoxicity and Targeted Cellular

Uptake Assay
We evaluated the in vitro phototoxicity and dark cytotoxicity
of NPs in mice breast cancer 4T1 cell line. As shown in
Figure 3A, ABN@HA-sese-Ce6 NPs had better concentration-
dependent phototoxicity than free Ce6, while ABN@HA-sese-
Ce6/CYC had the most phototoxicity against 4T1 cell line
with <10% cell viability at low Ce6 concentration (2µM).
In the condition without laser exposure, ABN@HA-sese-Ce6
and free ce6 exhibited no significant toxicity (Figure 3B). As
expected, ABN@HA-sese-Ce6/CYC NPs was effective at all
concentrations, the concentration-dependent dark toxicity was
owing to CYC (the CYC concentration was 10 times of Ce6
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FIGURE 2 | Drug release behavior of ABN@HA-sese-Ce6/CYC NPs. (A) The Ce6 release of ABN@HA-sese-Ce6/CYC NPs in PBS, 10mM GSH, 100Mm GSH,

respectively. (B) The Ce6 release of ABN@HA-sese-Ce6/CYC NPs in PBS, 1mM H2O2, 10mM H2O2. (C) The Ce6 release of ABN@HA-sese-Ce6/CYC NPs when

treated with 650 nm laser (20 mW/cm2 ). Without the laser treatment group as a control. (D) The CYC release of ABN@HA-sese-Ce6/CYC NPs in PBS. (E) Singlet

oxygen generated by the released Ce6 of ABN@HA-sese-Ce6/CYC NPs in 10mM GSH treated group when exposed to 650 nm laser (20 mW/cm2 ). PBS group as a

control. (F) Singlet oxygen generated by the released Ce6 of ABN@HA-sese-Ce6/CYC NPs in 1mM H2O2 treated group when exposed to 650 nm laser (20

mW/cm2 ). PBS group as a control.

FIGURE 3 | Cytotoxicity assay in 4T1 breast cancer cells. (A) Phototoxicity of Ce6, BSA@HA-sese-Ce6, and BSA@HA-sese-Ce6@CYC (equivalent concentration

0.25–2µM Ce6). Fresh DMEM medium with laser as a control group; (B) Dark toxicity of above-treated groups. Fresh DMEM medium as a control group.

concentration). Therefore, HH pathway inhibitor CYC provided
complementation in cancer inhibition.

To further confirm the targeted anti-cancer effect, we

investigate the targeting cancer internalization of NPs by CLSM.

4T1 cells were seeded in confocal dishes and treated with free Ce6

and ABN@HA-sese-Ce6/CYC NPs, respectively. After 2, 6, 10 h,

cells were stained with DAPI and observed by CLSM. As shown

in Figure 4, the cells treated with ABN@HA-sese-Ce6/CYC NPs
exhibited stronger fluorescence than free Ce6 treated group in
every time point, especially in 6 h (Figures 4C,D). These results
verified the targeting effect of HA in CD44+ overexpressed 4T1
cell line.

In vivo Tumor Accumulation of

ABN@HA-Sese-Ce6/CYC NPs
To investigate the CYC effect for improving tumor accumulation,
the breast cancer-bearing mice were pretreated with ABN@CYC
for 3 times every 2 days. Then the pretreated mice were
injected via tail vein with ABN@HA-sese-Ce6/CYC NPs.
At the same time, 4T1 breast cancer-bearing mice without
pretreatment were injected with free Ce6 and ABN@HA-
sese-Ce6 (equivalent Ce6 concentration) as control. At 1,
2, 4, 6 h after injection, in vivo fluorescence imaging was
performed. In free Ce6 group, fluorescence signal was observed
in part of tumor in fist 1 h, meanwhile, the lung, liver, kidney,
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FIGURE 4 | Cancer cell uptake assay. Cells treated with free Ce6 for 2 h (A), 6 h (C), 10 h (E); and BSA@HA-sese-Ce6@CYC for 2 h (B), 6 h (D), 10 h (F).

FIGURE 5 | In vivo fluorescence imaging. (A) 4T1 breast cancer bearing mice were imaged in 1, 2, 4, 6 h after i.v. injection with free Ce6 (a), ABN@Ce6 NPs (b), and

ABN@HA-sese-Ce6/CYC NPs (c). (B) Florescence images of excised heart, kidney, lung, spleen, liver, and tumor in ABN@HA-sese-Ce6/CYC NPs treated group. (C)

Florescence images of normal lung and pulmonary metastasis after injection with ABN@HA-sese-Ce6/CYC NPs.

and bladder accumulations were also obvious (Figure 5Aa).
After 1 h, the fluorescence in tumor tissue was weakened
and others organ accumulation was enhanced. In ABN@HA-
sese-Ce6 group, there was no obvious tumor accumulation
until 4 h, and the fluorescence was just limited to peripheral
area of tumor (Figure 5Ab). As shown in Figure 5Ac, the

most strong and enduring tumor fluorescence signal was
exhibited in ABN@HA-sese-ce6/CYC NPs treatment group,
compared with ABN@HA-sese-Ce6 and free Ce6 group without
pretreatment. The results confirmed the significant effect of
CYC for enhancing tumor accumulation. Moreover, we also
excised heart, kidney, lung, spleen, liver, and tumor from the
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FIGURE 6 | Anti-tumor effects in breast cancer bearing mice model. (A) Schematic illustration of animal experiments. (B) Photos of tumor bearing mice in different

treatment group (from left to right: PBS, free CYC, free Ce6, ABN@HA-sese-Ce6 NPs, ABN@HA-sese-Ce6/CYC NPs treatment group). (C) Tumor volume curve of

mice treated with PBS, free Ce6, free CYC, ABN@HA-sese-Ce6 NPs, ABN@HA-sese-Ce6/CYC NPs (n = 5). The data are mean ± SD, *p < 0.05, ** < 0.01, *** <

0.001 vs. PBS group. (D) Body weight change curve of mice in above groups. (E) The survival curve of mice in different groups. *p < 0.05, ** < 0.01, *** < 0.001 vs.

PBS group (n = 5). (F) Excised tumor weight of mice in above treatment groups when natural death or on Day 40 (endpoint).

mouse at 6 h in ABN@HA-sese-ce6/CYC NPs group. As shown
in Figure 5B, the strong fluorescence was observed in tumor
and liver, suggesting significant targeted tumor accumulation
and liver clearance. Besides, accumulation in pulmonary
metastasis was also remarkable. After ABN@HA-sese-ce6/CYC
treatment, it was found that stronger fluorescence
accumulation in pulmonary metastasis than normal lung
(Figure 5C).

In vivo Anti-tumor Effects and ECM

Modulation Evaluation
In vivo anti-cancer therapeutic experiment was carried on in
the 4T1 orthotopic mammary fat pad tumor bearing mice.
As schematic illustration shown in Figure 6A, we termed the
day when we planted the tumor blocks in mice as Day 0.
From Day 7 to Day 19, tumor bearing mice were treated with

PBS, free CYC, free Ce6, ABN@HA-sese-Ce6, and ABN@HA-
sese-Ce6/CYC NPs for 7 times, respectively. From Day 11
to Day 19, mice were exposed to 650 nm laser for 30min
after every injection (20 mW/cm2, at 1 h after injection
via tail vein).

As shown in Figures 6B,C, there was a remarkable difference
between different treated groups. Compared with PBS control
group, free CYC group exhibited minimal anti-tumor effect,
free Ce6 showed much more remarkable anti-tumor effect.
By contrast, ABN@HA-sese-Ce6 and ABN@HA-sese-Ce6/CYC
NPs had strong anti-tumor effect, especially ABN@HA-sese-
Ce6/CYC NPs reduced the tumor volume obviously. Besides,
remarkable necrosis and escharosis were observed in three
Ce6 treated groups (Figure 6B). Consistent with tumor volume
change curve, the tumor weight of ABN@HA-sese-Ce6/CYCNPs
treated group were also lightest among all groups (Figure 6F).
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FIGURE 7 | The pathological slices of excised tumor and organs (lung, liver, kidney, heart, spleen) in control group (A), free Ce6 group (B), free CYC group (C),

ABN@HA-sese-Ce6 NPs group (D), and ABN@HA-sese-Ce6/CYC NPs group (E). Red circles represent tumor metastasis.

Moreover, survival period of mice was recorded until Day
40, and the mice of ABN@HA-sese-Ce6/CYC NPs were all
survival (Figure 6E). During the process of therapy, there was
no significant body weight change of mice in every treatment
group (Figure 6D).

To further confirm anti-tumor and metastasis inhibition
effects in histological level, we excised tumors and organs
from treated mice, and prepared pathological slices. As TUNEL
staining and HE staining of tumors shown in Figure 7, the
most numbers of necrotic and apoptosis cells were found in
ABN@HA-sese-Ce6/CYC treated group, which was consistent
with above animal experiment results. Besides, it’s worth noting
that obvious liver metastasis and pulmonary consolidation due
to tumor metastasis can be observed, except ABN@HA-sese-Ce6
and ABN@HA-sese-Ce6/CYC group. Compared with ABN@HA-
sese-Ce6 group with scattered metastasis focuses, there was no
significant metastasis found in ABN@HA-sese-Ce6/CYC group,
suggesting the good metastasis inhibition effect of ABN@HA-
sese-Ce6/CYC NPs.

Moreover, the ECM modulation effect was also investigated.
We excised tumor tissues from the mice (PBS, free CYC,

ABN@HA-sese-Ce6/CYC treated groups), and prepared
tissue sections. The Fibronectin of tumor tissue was
label by red fluorescence. Compared with PBS control
group, weaken red fluorescence was observed in free CYC
and ABN@HA-sese-Ce6/CYC treated groups, while the
ABN@HA-sese-Ce6/CYC group exhibited the weakest
fibronectin fluorescence (Figure 8). It was confirmed that
CYC can inhibit the fibronectin expression in tumor tissues,
and ABN@HA-sese-Ce6/CYC improve the effects of CYC
in some degree.

CONCLUSION

In this study, we developed a programmable Ce6 delivery
nano-system to promote PDT therapy. Redox response, laser
triggered Ce6 release and tumor cells targeted internalization
was confirmed in vitro. Improved tumor accumulation via EMC
inhibition of ABN@HA-sese-Ce6/CYC was confirmed in 4T1
tumor bearing mice. Moreover, enhanced anti-tumor effect,
obvious metastasis inhibition as well as extended survival period
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FIGURE 8 | The disrupting effect of CYC treatment to fibronectin in the tumor ECM. Immunofluorescence images of control group (A), free CYC treatment group (B),

ABN@HA-sese-Ce6/CYC NPs treatment group (C) after 4 times i.v. injection. Blue, nuclei. Red, Fibronectin.

were observed in animal experiments. Therefore, this Ce6
delivery nano-system with improved tumor targeted delivery
via tumor microenvironment modulation, smart drug release
and promoted therapeutic efficacy, which provided a promising
drug delivery strategy for overcome continuous bio-barriers in
anti-tumor delivery.
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A Corrigendum on

Programmable Ce6 Delivery via Cyclopamine Based Tumor Microenvironment Modulating

Nano-System for Enhanced Photodynamic Therapy in Breast Cancer

by Feng, C., Chen, L., Lu, Y., Liu, J., Liang, S., Lin, Y., et al. (2019). Front. Chem. 7:853.
doi: 10.3389/fchem.2019.00853

In the original article, there was a mistake in ∗∗Figure 6E∗∗ as published. ∗∗We made a data

processing error of PBS survival curve in Figure 6E∗∗. The corrected ∗∗Figure 6∗∗ appears below.
In the original article, there was an error. ∗∗There is no detail description of operations

involving ethical aspects of experimental animals∗∗.
A correction has been made to ∗∗Materials and Methods∗∗, ∗∗Photodynamic Therapy in

animals∗∗, ∗∗Paragraph 1∗∗:
∗∗Plant tumor tissue block in the left mammary fat pad of 5-week-old female BALA/c mice

to build animal model. After 7 days, mice were treated individually with PBS, free CYC, free

Ce6, ABN@HA-sese-Ce6 and ABN@HA-sese-Ce6/CYCNPs for 7 times (CYC 20mg/kg, Ce6 2.5

mg/kg, every 2 days). Began with third injection, the mice were exposed to a 650 nm laser (20

mW/cm2) for 30min under anesthesia after each injection. The survival time of five groups of

mice was recorded. Mice with tumors exceeding ethical requirements (>2 cm) were euthanized

(equivalent to endpoint of observation), and the animals were euthanized using carbon dioxide

asphyxia. Excised tumor weight of every group was also measured. Tumor volume and mice

body weight were recorded every 2 days, the calculation formula was as following:∗∗

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2020 Feng, Chen, Lu, Liu, Liang, Lin, Li and Dong. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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FIGURE 6 | Anti-tumor effects in breast cancer bearing mice model. (A) Schematic illustration of animal experiments. (B) Photos of tumor bearing mice in different

treatment group (from left to right: PBS, free CYC, free Ce6, ABN@HA-sese-Ce6 NPs, ABN@HA-sese-Ce6/CYC NPs treatment group). (C) Tumor volume curve of

mice treated with PBS, free Ce6, free CYC, ABN@HA-sese-Ce6 NPs, ABN@HA-sese-Ce6/CYC NPs (n = 5). The data are mean ± SD, *p < 0.05, ** < 0.01, *** <

0.001 vs. PBS group. (D) Body weight change curve of mice in above groups. (E) The survival curve of mice in different groups. *p < 0.05, ** < 0.01, *** < 0.001 vs.

PBS group (n = 5). (F) Excised tumor weight of mice in above treatment groups when natural death or on Day 40 (endpoint).
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Upconversion nanoparticles (UCNPs)-based photodynamic nanotheranostic agents

could address the main drawbacks of photosensitizer molecules (PSs) including

instability in aqueous solution and rapid clearance. Due to the relatively weak

luminescence intensity of UCNPs and insufficient reactive oxygen species (ROSs),

UCNPs-based photodynamic therapy (UCNPs-PDT) was discounted for deep-seated

tumors. Thus, we proposed a PSs-modulated sensitizing switch strategy. Indocyanine

green (ICG) as an NIR organic dye was proved to effectively enhance the luminescence

intensity of UCNPs. Herein, four-color UCNPs were coated with a silica layer

which loaded ICG and PSs while the thickness of silica layer was controlled to

assist the sensitization function of ICG and activation of PSs. Under the drive of

mitochondria-targeting ligand, the prepared nanotheranostic agent would accumulate

in the mitochondria where ROSs were in-situ produced and then cell apoptosis was

induced. Due to the cooperative PDT and high tissue-penetration depth of NIR laser, the

prepared upconversion nanotheranostic agent could achieve significant inhibition on the

deep-seated tumors.

Keywords: nanotheranostic agent, photodynamic therapy, reactive oxygen species, tumors, upconversion

nanoparticles

INTRODUCTION

As an exogenous stimulus for activatable theranostics, light presents the advantages of high
spatiotemporal selectivity and negligible side effects, and has been widely applied for photothermal,
photodynamic, and/or photo-triggered chemo/gene therapy (Huang et al., 2014). Photodynamic
therapy (PDT) use photosensitizers (PS) to produce reactive oxygen species (ROSs) which could
selectively and irreversibly destroy cancer cells and tumor tissue without damaging adjacent healthy
ones. However, its clinical applications are mainly limited by its short tissue penetration depth,
easily aggregated PS molecules and insufficient generation of ROSs (Chatterjee et al., 2018). Under
the excitation of near infrared (NIR) light, upconversion nanoparticles (UCNPs) could emit Uv-Vis
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luminescence. Thus, UCNPs have the obvious merits of
high tissue-penetration depth, negligible auto-fluorescence
background, and low biotoxicity (Liu Y. et al., 2016). Under the
excitation of NIR, UCNPs as the energy donor could effectively
excite PS molecules (energy acceptor) to perform PDT via the
luminescence resonance energy transfer (LRET) strategy (Fan
et al., 2014; Liu et al., 2015; Chen et al., 2017). Nevertheless,
the quantum yield and luminescence efficiency of UCNPs are
relatively low due to the forbidden 4f-4f electronic transitions of
lanthanide ions, weak absorption ability for NIR light and low
doped concentration of the activators (below 2 mol%) (Ge et al.,
2017). Thus, UCNPs-based PDT efficacy is discounted, especially
for the deep-seated malignant tumors.

Recently, an interesting dye-sensitization strategy was
proposed to improve the absorption ability of UCNPs for NIR
and enhance their UCL intensity (Wei et al., 2006; Zou et al.,
2012, 2016; Chen et al., 2015; Wu et al., 2016; Lee et al., 2017;
Wang et al., 2017; Xu et al., 2017; Garfield et al., 2018). In this
sensitization system, organic dyes with strong NIR absorption
ability could harvest NIR energy, then transfer its excited-state
energy to sensitizer ions of UCNPs via multistep non-radiative
energy transfer process. Based on its sensitization ability, a
specific NIR organic dye was used as both the recognition unit
for targets and an effective sensitizer for UCL to develop a
target-modulated sensitizing switch to break through the signal-
to-background limit of upconversion nanoprobes. The reaction
between the dye and targets would switch on the sensitization
and afford a significantly increased LERT efficiency (Liang
et al., 2018). Herein, we tried to design a photosensitizers-
modulated sensitizing switch for UCNPs-based photodynamic
nanotheranostic agent. Among NIR organic dyes, indocyanine
green (ICG) could effectively sensitize Yb3+ and largely improve
the luminescence intensity of UCNPs via the Förster-type energy
transfer (Yan et al., 2016). Approved by the U.S. Food and Drug
Administration (FDA), and ICG could serve as an NIR agent
to achieve photothermal therapy (PTT)/PDT effect under the
excitation of 800 nm. As reported, UCNPs-based drug delivery
systems have been developed to solve the intrinsic problems of
ICG, including instability in aqueous solution, rapid clearance,
self-bleaching as well as absence of targeting (Yan et al., 2016),
and mainly applicated for PTT (Zheng et al., 2013, Huang et al.,
2014; Lv et al., 2017). Moreover, UCNPs with four colors have
not been studied for phototherapy. Herein, we developed a
feasible cooperative PDT nanotheranostic agent which used
four-color UCNPs as the core, a thin silica layer for loading triple
photosensitizer molecules [Hypocrellin A (HA), methylene blue
(MB) and ICG] as the medium layer and mitochondria targeting
ligand modified polyethylene glycol as the outer layer. Under
the excitation of NIR, UCNPs would excite ICG molecules,
which would further transfer their excited energy to emitters
ions, thus the luminescence efficiency of UCNPs was enhanced,
which was beneficial for the further excitation of PS molecules
and the improvement of the photodynamic efficacy. The thin
silica layer would assist the sensitization function of ICG and the
activation of triple PS molecules (Yue et al., 2018; Song et al.,
2019). Thus, ICG as PS molecules and NIR sensitizer could
effectively enhance PDT efficacy. The short half-life (<40 ns)

and restricted action distance (<20 nm) of the generated ROSs
usually limit the therapeutic efficacy of PDT (Thomas et al.,
2017; Purushothaman et al., 2019). In this study, under the drive
of mitochondria-targeting ligands, the obtained nanotheranostic
agent would selectively accumulate in the mitochondria where
ROSs were produced under the excitation of NIR laser and
then the mitochondria-mediated cell apoptosis was induced
(Scheme 1). Due to the enhanced luminescence intensity and
high tissue-penetration depth of NIR laser, the developed
multicolor upconversion nanotheranostic agent could achieve a
significant inhibition effect on the deep-seated tumor.

MATERIALS AND METHODS

Chemicals and Materials
Rare earth oxides, including Y2O3, Yb2O3, Tm2O3, and Ho2O3,
were provided by the Sigma-Aldrich Corp while 1-octadecene
(ODE), oleic acid (OA), and PS molecules were purchased from
the Aladdin Reagent, Ltd. (Shanghai, China). The Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) offered other
chemical reagents of analytical grade. An OKP purification
system (Shanghai Laikie Instrument Corp., China) was used to
prepare the aqueous solution. Mice were bought from Hubei
Biossci Biotechnology Co., Ltd. (Wuhan, China) and the animal
experiment was guided by the Animal Care and Use Committee
of Linyi University.

Characterizations
The size and morphology of the prepared nanoparticles
were observed under the transmission electron microscope
(TEM, model: JEM-2010, JEOL) and their crystalline phase
was determined by the X-ray powder diffractometer (D8
ADVANCE, CuKα radiation, λ = 1.5405Å). A fluorescence
spectrophotometer (mode: F-4600, Hitachi) equipped with an
external NIR laser was used to obtain the upconversion
luminescence spectra. The UV-Vis absorption spectra of the
prepared nanoparticles were characterized with an Agilent UV-
Vis spectrophotometer (model: Cary 60) and their ζ potentials
were acquired with the Zeta-size nano instrument (Zen 3600,
Malvern Instruments Ltd.). The two-photon laser scanning
confocal microscope (model: Leica TCS SP5) was used to
trace the fluorescence information and get the fluorescence
images. The in vitro cytotoxicity of the obtained nanotheranostics
was evaluated by the CCK-8 test which was performed on a
Microplate Reader (Thermo Scientific Multi-skan Mk3). Flow
cytometry (cytoflex, beckmancoulter, America) was used to
analyze the cellular fluorescence information and cell apoptosis.

Preparation of the Nanotheranostic Agent
Preparation of UCNPs
Based on the previously reported method, 0.05 mmol/L
Y(oleate)3 and Ln(oleate)3 were prepared in OA/ODE mixing
solution (v/v = 1:1) (Wei et al., 2006; Li et al., 2015). The molar
ratio of lanthanide ions was Y:Yb:Tm:Ho = 54.5:40:0.5:5. Then,
UCNPswith aNaYF4@NaYF4:Yb,Tm,Ho@NaYF4 structure were
prepared via the layer-by-layer seed-mediated shell growth
strategy (Song et al., 2017, 2018). Firstly, to prepare the NaYF4
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SCHEME 1 | Schematic image for the synthetic procedure of the UCNPs@SiO2/HA/MB/ICG@PEG-TPP nanotheranostic agent and its theranostic functions for the

photodynamic therapy.

core, 20.0mL Y(oleate)3 solution and 0.84 g NaF were mixed and
reacted at 110◦C under the protection of argon (Ar) for 1.0 h,
and then further reacted at 340◦C for another 2.0 h. Secondly,
8.0mL Ln(oleate)3 solution was slowly injected into the above
solution and reacted at 340◦C for 20min to grow the luminescent
shell on the surface of the NaYF4 core. Lastly, 12.0mL Y(oleate)3
solution was added and reacted for another 20min to prepare
the outer shell NaYF4. The prepared UCNPs were obtained by
precipitation in 2-fold volume of ethanol, centrifugally collected,
and washed with hexane/ethanol (v/v = 1:6) for several times.
The obtained UCNPs were finally dispersed in cyclohexane.

Preparation of UCNPs@SiO2/HA/MB/ICG
The silica layer grew on the surface of UCNPs via the water-in-
oil reverse microemulsion method (Liu et al., 2014). The detailed
preparation process was as follows: reverse micelles were first
formed by homogeneously mixing Igepal CO-520 (0.660mL)
into cyclohexane (10.0mL). Afterward, 0.450 mmol of the
prepared oleic acid protected UCNPs was added into the above
reverse micelles and strongly stirred for 1.0 h. Via the ligand
exchange between oleate ligand and Igepal CO-520, UCNPs were
entrapped in the water pool. Photosensitizer molecules including
HA solution (90 µL, 5.0 mg/mL, ethanol), equal amount of
ICG solution and MB aqueous solution were added in sequence.
Then, 60 µL ammonia (30%) was added dropwise and stirred
for 2.0 h to make the solution alkaline. Finally, 90 µL tetraethyl
orthosilicate (TEOS) was slowly added into the solution and
reacted for 24 h. Thus, the silica layer grew on the surface of
UCNPs via the classic hydrolysis and condensation. Based on the

proposed procedure, single PS molecules loaded nanoprobes and
the control nanoprobe, UCNPs@SiO2, were prepared.

Preparation of UCNPs@SiO2/HA/MB/ICG@PEG-TPP
To enhance dispersibility, the obtained
UCNPs@SiO2/HA/MB/ICG nanoprobe was modified
with amino-PEG. 10.0mg of the prepared
UCNPs@SiO2/HA/MB/ICG nanoprobe was added into
5.0mL of silance-PEG-NH2 and shook slowly for 12 h to
obtain the UCNPs@SiO2/HA/MB/ICG@PEG. Then, the
mitochondria-targeted ligand, 3-carboxypropyl triphenyl-
phosphonium bromide (CTPB), was attached onto the surface
of the prepared nanoprobe via the covalent reaction. 8.0mg
of the UCNPs@SiO2/HA/MB/ICG@PEG nanoprobe was
collected by centrifugation, then redispersed in 8.0mL
of CTPB solution (0.86 mg/mL, methanol) and reacted
for 12 h via the catalysis of 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, 3.46 mg/mL).
The obtained UCNPs@SiO2/HA/MB/ICG@PEG-TPP
nanotheranostic agent was washed with water several times
and then stored in PBS buffer solution for further use.

Evaluation of the Prepared
Nanotheranostic Agent
Detection of the Produced ROSs in Aqueous Solution
The commonly used fluorescence dye, 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA), could irreversibly react
with ROSs to induce the decrease in its fluorescence intensity
at 407 nm (Chen et al., 2016; Dong et al., 2016). Thus,
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the change of the fluorescence intensity of ABDA could be
used to evaluate the generated ROSs in aqueous solution.
ABDA (10µM, DMSO) was added into 1.0 mg/mL of the
prepared UCNPs@SiO2/HA/MB/ICG@PEG-TPP solution and
the mixture was irradiated with NIR laser (980 nm, 1.5 W/cm2)
for 21min. Every irradiation lasted for 3min with an interval
of 1min. After irradiation, ABDA was excited at 380 nm and
its fluorescence was recorded at 407 nm. Each time point was
operated five times (n= 5).

Cellular Uptake and Localization
To evaluate the cellular uptake and localization, MCF-7
cancer cells cultured in glass coverslips were incubated
with 70µg/mL of the UCNPs@SiO2/HA/MB/ICG@PEG-
TPP nanotheranostic agent for different times. MCF-7
cancer cells were washed with PBS buffer several times and
then imaged immediately with a two-photon laser confocal
scanning microscope. The fluorescence images of the prepared
UCNPs@SiO2/HA/MB/ICG@PEG-TPP nanotheranostic agent
were recorded at the wavelength range of 515–575 nm and
excited by the 980 nm laser while the mitochondria of MCF-7
cancer cells were stained with a commercial fluorescent dye, the
MitoTracker R©Deep Red. Fluorescence signal was recorded at the
wavelength range of 650–720 nm under the excitation of 633 nm.

In vitro ROSs Detection
The in vitro ROSs was detected with the flow cytometry
and laser confocal scanning microscope. For the flow
cytometry, the prepared UCNPs@SiO2/HA/MB/ICG@PEG-
TPP nanotheranostic agent (70µg/mL) was used to incubate

MCF-7 cancer cells for 12.0 h. Afterwards, MCF-7 cancer cells
were washed with PBS buffer and then divided into two parallel
subgroups, the experimental group, which was treated with
laser, and the control group without the excitation. After being
excited under the NIR laser (980 nm, 1.5 W/cm2) for 4min,
MCF-7 cancer cells were cultured for another 24 h. Then, the
two parallel subgroups were collected and resuspended in
2′,7′-dichlorofluorescin diacetate staining solution (DCFH-DA,
diluted with serum-free DMEM by 5,000-fold) for 30min,
washed with PBS and injected for flow cytometry. For in-
situ observation of ROSs, MCF-7 cancer cells were stained
with DCFH-DA solution (10µM, serum-free DMEM) in a
cell incubator for 30min after incubation with the prepared
nanotheranostic agent, and then excited under the laser. Then,
MCF-7 cancer cells were washed with PBS buffer several times to
remove excess dyes and then observed in 1.0mL of PBS buffer
under the scanning confocal microscope. Under an excitation
of 488 nm, the green channel (500–540 nm) was used to obtain
the fluorescence information of DCF which was the oxidization
product of DCFH-DA by ROSs.

Observation of the Changes of the Mitochondrial

Membrane Potential (19m)
The 19m changes were also detected with flow cytometry and
laser confocal scanning microscope. MCF-7 cancer cells were
treated with the procedure described for ROSs detection. After
irradiation and incubation for further 24 h, the collected MCF-7
cancer cells were resuspended in 1.0mL of serum-free DMEM
containing 25 µL JC-1 staining solution for 20min, washed
with cold JC-1 buffer solution and used for flow cytometry. For

FIGURE 1 | (A) XRD images of the prepared UCNPs; (B) TEM images of the prepared UCNPs; (C) TEM images of the prepared UCNPs@SiO2; (D) Zeta-potential of

the prepared UCNPs@SiO2.
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in-situ observation of the 19m changes, MCF-7 cancer cells
were incubated with 1.0mL of JC-1 staining solution in the cell
incubator for 20min, washed with cold JC-1 buffer solution and
then imaged under the laser scanning confocal microscope. The
fluorescence information of JC-1 was obtained at green channel
(λex = 488 nm, λem = 500–550 nm) and red channel (λex =

561 nm, λem = 580–640 nm), respectively.

PDT Efficacy Assay in Living Cells
In this experiment, the in vitro PDT efficacy of the obtained
nanotheranostic agent was examined with the CCK-8 assay and
flow cytometry. Four parallel experiments were chosen. MCF-
7 cancer cells were treated with (a) PBS, (b) the prepared
nanotheranostic agent only, (c) laser irradiation (980 nm, 1.5
W/cm2, 4.0min with an interval of 1.0min), (d) the prepared
nanotheranostic agent and laser irradiation. To process the CCK-
8 assay, MCF-7 cancer cells cultured in the 96-well-microtiter
plates were incubated with the obtained nanotheranostic agent
(70µg/mL). After 12 h, MCF-7 cancer cells were washed with
PBS buffer, excited under the NIR laser and then incubated for
another 24 h. Afterward, the CCK-8 agent (10 µL) was added
into each pore and incubated cells for 2 h. Finally, the microplate
reader was used to record the absorbance of MCF-7 cancer cells
at 450 nm (Yue et al., 2018; Song et al., 2019).

The effects of the prepared nanotheranostic agent and NIR
irradiation on the cytotoxicity were evaluated by the flow
cytometry. MCF-7 cancer cells were treated with (a) PBS, (b)

the prepared nanotheranostic agent (70µg/mL, 12 h), (c) laser
irradiation (980 nm, 1.5 W/cm2, 4.0min with an interval of
1.0min), (d) the prepared nanotheranostic agent and laser
irradiation. After treatment, MCF-7 cancer cells were collected,
stained with apoptosis staining solution for 5.0min (500 µL
binding buffer, 6 µL Annexin V-FITC staining solution and 7
µL PE staining solution) and then injected for flow cytometry
analysis. Based on the manufacturer’s instruction, the necessary
fluorescence compensation was adjusted (Song et al., 2019).

In vivo PDT Efficacy Assay
The in vivo PDT efficacy of the prepared
UCNPs@SiO2/HA/MB/ICG@PEG-TPP nanotheranostic agent
was evaluated via animal experiment. The animal study was
reviewed and approved by the Animal Care and Use Committee
of Linyi University. First, cancer cells at the density of 1 × 106

were injected into the Bald/c nude mouse (6 weeks, around 20 g).
Experiments were performed when the tumors grew to the tumor
volume of 100–130 mm3. To mimic the deep-seated tumor, a
piece of mouse tissue with a thickness of 7mm was covered
on the tumor surface. The tumor-bearing mice were injected
with the prepared nanotheranostic agent (0.6 mg/ml, 50 µL)
and then their tumor section irradiated with the NIR laser after
12 h (980 nm, 1.5 W/cm2, 4.0min with an interval of 1.0min).
Afterward, the tumor volume (V = length × width2/2) was
recorded every 2 days. On the seventh day, the same amount of
prepared nanotheranostic agent was injected into the mice again

FIGURE 2 | (A) Uv-Vis spectra of CTPB, UCNPs@SiO2/HA/MB/ICG@PEG-NH2, UCNPs@SiO2/HA/MB/ICG@PEG-TPP; Zeta-potential of (B)

UCNPs@SiO2/HA/MB/ICG; (C) UCNPs@SiO2/HA/MB/ICG@PEG-NH2; (D) UCNPs@SiO2/HA/MB/ICG@PEG-TPP.
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and then the tumor section was irradiated with the NIR laser.
After 13 days, the mice were sacrificed to obtain the main organs
for hematoxylin and eosin (H&E) staining and tumor section
for H&E staining, TUNEL staining and Caspase-3 staining. To
evaluate the PDT efficacy of the prepared nanotheranostic agent,
three other parallel control groups were, respectively, (a) only
injected with PBS, (b) laser irradiation alone, (c) only injected
with the nanotheranostic agent.

RESULTS AND DISCUSSION

Characterization of the
UCNPs@SiO2/HA/MB/ICG@TPP
Nanotheranostic Agent
Since the sensitization effects of the ICG dye could alleviate
the luminescence concentration quenching effect of Yb3+ (Wei
et al., 2006), the doping ratio of the luminescence layer
(Y:Yb:Tm:Ho = 54.5:40:0.5:5) was chosen to obtain multi-
color UCNPs (Figure S1). Based on the layer-by-layer seed
mediated shell growth strategy, UCNPs were obtained with
pure hexagonal phase (Figure 1A) and homogeneous particles
sizes (Figure 1B). Based on the modified water-in-oil reverse
microemulsion method (Purushothaman et al., 2019), dense

silica was homogeneously grown on the surface of UCNPs
with a thickness of 6.2–8.3 nm (Figure 1C) with the finial zeta-
potential of −5.6mv (Figure 1D). During the silanization, PS
molecules could be easily incorporated into the silica layer
without further modification with a concentration of 19.6–
26.8 µg/mg, which was confirmed by the UV-Vis analysis
(Figure S2A) and zeta-potential (Figure S2B). In addition, the
introduction of ICG could enhance the luminescence intensity of
UCNPs, which could further improve the photodynamic efficacy
(Figure S3).

In this experiment, the prepared UCNPs@SiO2/HA/MB/ICG

nanoprobe was coated with PEG-NH2 via the silanization

reaction and then the mitochondria recognition ligand, TPP, was
further attached through the carbodiimide reaction to obtain the
final nanotheranostic agent, UCNPs@SiO2/HA/MB/ICG@PEG-
TPP (Liu et al., 2014). As displayed in Figure 2A, the
obtained UCNPs@SiO2/HA/MB/ICG@PEG-TPP showed the
characteristic Uv-Vis peak of the TPP functional group,
proving the satisfactory modification. The Zeta-potential of
the UCNPs nanoprobe became positive when coated with
PEG-NH2 (Figures 2B,C), and the mitochondria-targeting
ligand, TPP, could further increase the Zeta-potential of the
nanoprobe, which could benefit their accumulation in the
mitochondria (Figure 2D).

FIGURE 3 | (A) Relative luminescence intensity of UCNPs@SiO2 and UCNPs@SiO2/HA/MB/ICG, relative absorbance value of HA, MB and ICG; (B) ROSs production

of HA, MB, ICG, UCNPs@SiO2, UCNPs@SiO2/HA/MB/ICG under the irradiation of NIR laser (1.5 W/cm2 ), and UCNPs@SiO2/HA/MB/ICG without the irradiation; (C)

ROSs production of the prepared nanoprobe under the irradiation of NIR laser; (D) ROSs production of the TPP modified nanoprobes under the irradiation of NIR

laser. Each time point was operated five times and error bars represent standard deviation (n = 5). The data was analyzed by the T-test. **p < 0.01 and ***p < 0.001.
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PDT Efficacy of the Prepared
Nanotheranostic Agent in Aqueous
Solution
The shortened energy transfer distance and the well-matched
spectra guaranteed a high energy transfer efficiency. As shown

FIGURE 4 | Upconversion luminescence imaging of MCF-7 cells treated with

70µg/mL of the prepared nanoprobe for (A) 3 h, (B) 7 h, and (C) 12 h. Green

channel was collected the 515–575 nm under the excitation of NIR laser to

obtain the UCNPs information; Bright field was used to obtain the

cell information.

in Figure 3A and Figure S4, with the concentration of PS
molecules increasing, the quenching yields increased to 91.4,
89.2, and 85.9% for luminescence peaking at 478, 648, and
808 nm, respectively. The ROSs indicator, 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA), was further used to
evaluate the ROSs generated in aqueous solution. As shown in
Figure 3B, only the prepared nanotheranostic agent under the
excitation of NIR laser could produce ROSs. By contrast, only PS
molecules and the prepared UCNPs@SiO2 nanoparticles played
a negligible effect on the fluorescence intensity of ABDA upon
NIR irradiation. Similarly, the finial nanotheranostic agent in the
absence of NIR irradiation did not have an obvious effect on the
fluorescence intensity of ABDA. Thus, the final nanotheranostic
agent and NIR were two indispensable parameters for the
ROSs generation. Due to the cooperative photodynamic
effects, ROSs produced by the prepared nanotheranostic
agent could quench 66.3% of the fluorescence intensity of
ABDA after 21.0min of irradiation, which was much more
than the corresponding single PS-involved nanoprobes and
other reported UCNPs-based PDT nanoprobes (Figure 3C;
Gnanasammandhan et al., 2016; He et al., 2016). After
modification with TPP, the constructed nanotheranostic agent,
UCNPs@SiO2/HA/MB/ICG@PEG-TPP, also showed obvious
advantages in the production of ROSs (Figure 3D).

Cellular Uptake and Localization
To validate the application of the prepared nanotheranostic
agent in the cell imaging and PDT, its cytotoxicity was first
studied with the CCK-8 assay. As shown in Figure S5, MCF-
7 cancer cells could keep above 95% of cell viability when
treated with 0–0.125 mg/mL of the prepared nanotheranostic
agent. The cell biocompatibility and distribution were observed

FIGURE 5 | Upconversion luminescence imaging of MCF-7 cells treated with 70µg/mL of (A) the prepared UCNPs@SiO2/HA/MB/ICG, (B)

UCNPs@SiO2/HA/MB/ICG@PEG-TPP. The nucleus information was collected at the blue channel from 420 nm to 480 nm under the excitation of 405 nm laser; the

UCNPs information was collected at the green channel from 515 to 575 nm under the excitation of NIR laser; the mitochondria information was collected at the red

channel form 650 to 720 nm under the excitation of 633 nm; overlaid image 1 consisted of the green channel and red channel; overlaid image 2 consisted of the blue

channel, green channel, and red channel.
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FIGURE 6 | Confocal lasers scanning microscope (CLSM) images of intracellular ROSs. MCF-7 cancer cells were incubated with 70µg/mL of the prepared

nanotheranostic agent for 12 h. The cell membrane information was collected at the red channel from 600 to 650 nm under the excitation of 561 nm laser. The nucleus

information was collected at the blue channel from 420 to 480 nm under the excitation of 405 nm laser; The ROSs information was collected at the green channel from

500 to 540 nm under the excitation of 488 nm. Overlaid images consisted of the three channels.

FIGURE 7 | (A) CLSM images of intracellular mitochondrial membrane potential stained with the JC-1 dye. MCF-7 cancer cells were incubated with 70µg/mL of the

prepared nanotheranostic agent for 12 h. The nucleus information was recorded at the blue channel from 420 to 480 nm under the excitation of 405 nm. The

fluorescence signal of the monomeric JC-1 dye was recorded at the green channel from 500 to 550 nm under the excitation of 488 nm; the fluorescence signal of the

aggregated JC-1 dye was recorded at the red channel from 580 to 640 nm under the excitation of 561 nm; overlaid images of the three channels; (B) flow cytometry

to evaluate the 19m change of MCF-7 cancer cells using JC-1 staining.
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FIGURE 8 | Cell viability (%) of the UCNPs@SiO2/HA/MB/ICG@PEG-TPP

nanotheranostic agent treated with (A) PBS, (B) nanoprobe, (C) NIR

irradiation, (D) nanoprobe and NIR irradiation.

under the two-photon confocal lasers scanning microscope. As
demonstrated in Figure 4, the prepared nanotheranostic agent
was firstly endocytosed into MCF-7 cancer cells and gradually
captured in the lysosome/endosome in the first 7 h. With the
incubation time prolonged to 12 h, the nanotheranostic agent was
successfully escaped and released into the cytoplasm.

The localization of the prepared nanotheranostic agent
within cells was further evaluated. As illustrated in Figure 5, the
prepared UCNPs@SiO2/HA/MB/ICG nanoprobe was mainly
distributed in the cytoplasm (Figure 5A). When compared
to the UCNPs@SiO2/HA/MB/ICG@PEG-TPP nanoprobe
treated groups (Figure 5B), the fluorescence signals of the
UCNPs and MitoTracker dye were overlapped well, proving
that the functional group, TPP, would drive the prepared
UCNPs@SiO2/HA/MB/ICG@PEG-TPP nanotheranostic agent
to accumulate in the mitochondria where the in-situ PDT
was achieved.

Intracellular ROSs Generation
We further investigated the ability of the internalized
nanotheranostic agent to produce ROSs in living cells with
the fluorescent dye, 2,7-dichlorofluorescin diacetate (DCFH-
DA). Once diffused into the cells, DCFH-DA as a cell-permeable
oxidant-sensing probe would be converted into DCFH by related
esterase, and then oxidized to DCF by ROSs which would emit
bright green fluorescence when excited (Kim et al., 2014; Hou
et al., 2016). Thus, the generation of ROSs would be reflected by

the fluorescence signal of DCF which was recorded and imaged
with the flow cytometry and confocal microscope (Figure 6
and Figure S6). As shown in Figure S6, MCF-7 cancer cells
did not display obvious increased green fluorescence when
only irradiated with the NIR laser or only incubated with the
nanoprobe, proving the applicability of the used NIR laser
(irradiation intensity: 1.5 W/cm2, irradiation time: 4min with
an interval of 1.0min) for PDT and negligible cytotoxicity of the
prepared nanotheranostic agent. By contrast, the internalized
nanotheranostic agent could produce intracellular ROSs under
the irradiation of NIR laser. As shown in the confocal laser
scanning microscope images (Figure 6), the irradiation of NIR
laser could activate the UCNPs@SiO2/HA/MB/ICG@PEG-TPP
nanoprobe distributed in the mitochondria of MCF-7 cancer
cells to produce ROSs which could oxidize DCFH into DCF with
bright green fluorescence when excited.

Mitochondrial Membrane Potential
Measurement
PDT was shown to induce mitochondrial-dependent cell
apoptosis which was related to the release of the pro-apoptotic
proteins and caspase activation. The mitochondrial membrane
potential (19m) plays an important role in the biological
activities in mitochondria and its decrease is an important
indicator to assess the dysfunction of mitochondria (Crompton,
1999; Liu et al., 2014; Liu Y. Y. et al., 2016). In this experiment, the
19m change could be studied with JC-1 fluorescence dye which
would tend to aggregate in red fluorescence with high 19m and
become monomeric in green fluorescence with low 19m. Thus,
the change of its fluorescence intensity (Fred/Fgreen) would reflect
the mitochondrial membrane status. As shown in Figure 7A,
JC-1 dye in the group only treated with the nanotheranostic
agent would display weak green and strong red fluorescence
while JC-1 dye in the group treated with the nanotheranostic
agent and NIR laser would display stronger green and weaker
red fluorescence, which was attributed to the decreased 19m

by the produced ROSs. The decrease in 19m was further
evaluated with flow cytometry (Figure 7B). In absence of NIR
laser irradiation, Fred/Fgreen was around 0.16 while about 56.13%
of MCF-7 cells were moved into the below quadrant with
a large decrease in Fred/Fgreen ratio (0.05) after excited with
NIR laser.

Cancer Cell Apoptosis Induced by the
Prepared Nanoprobe
Based on the generated ROSs and 19m impair, mitochondrial-
dependent cell apoptosis was expected. The cell apoptosis was
first evaluated with the CCK-8 assay. As demonstrated in
Figure S7, the NIR irradiation or the nanoprobe alone would
have no significant influence on the cell viability. However,
when treated with the designed photodynamic nanotheranostic
agent, MCF-7 cancer cells could only retain 17.3% of cell
viability. Moreover, the introduced triple PS molecules and
designed photosensitizers-modulated sensitizing switch would
improve the generation of ROSs and bring higher PDT efficacy.
Moreover, the cell apoptosis was further analyzed by the
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FIGURE 9 | (A) Time-dependent mice body weight curves and (B) tumor growth curves of different groups of mice with various treatments, (C) H&E staining, (D)

TUNEL staining, and (E) caspase-3 staining of the dissected tumor section on the thirteenth day with different treatments. Four parallel experiments were operated,

and error bars represent standard deviation (n = 4). The data was analyzed by the T-test. **p < 0.01.

flow cytometry which could distinguish the cells with high
viability, early apoptosis, late apoptosis, or necrosis. In the
control groups, more than 91% of cancer cells kept high
viability and were located in the lower left quadrant (Figure 8).
After being incubated with the prepared nanotheranostic agent
and excited by the NIR laser, around 51.71 and 33.64%
of cancer cells shifted from the high viability to early
apoptosis and late apoptosis, respectively. Thus, the apoptosis
was a major cell death modality induced by the prepared
nanotheranostic agent.

In vivo PDT Efficacy of the Prepared
Nanotheranostic Agent
Furthermore, the in vivo therapeutic effect of the developed
nanotheranostic agent was studied on xenograft mice. The
experiment began when the tumor-bearing nude mice displayed
tumor volumes of 100–130 mm3. Four groups with different
treatments were designed: (a) injected with PBS buffer solution,
(b) injected with the prepared nanotheranostic agent, (c)
irradiated with NIR laser, (d) injected with the prepared

nanotheranostic agent and then irradiated with the NIR laser.
Every 2 days, we measured and recorded the changes in animal
weight and tumor volume. There were no significant weight loss
(Figure 9A) nor obvious tissue abnormalities recorded in the
H&E staining in all groups (Figure S8), proving the minimal
systemic toxicity of the prepared nanotheranostic agent. As
expected, tumors in group b and group c increased by 6.2-
to 6.3-fold with a similar growth rate to those in group a
(Figure 9B and Figure S9). Due to the in-situ synergistic PDT
efficacy, the prepared nanotheranostic agent would remarkably
inhibit the tumor growth without recurrence which would
finally induce 66% decrease of the tumor volume. The PDT
efficacy of the prepared nanotheranostic agent was further
verified by the histological results. When compared, tumor
sections in group 4 displayed obvious blank areas as well as
nuclear shrinkage and fragmentation due to the PDT efficacy
(Figure 9C). Furthermore, the cell death mechanism induced by
the prepared nanotheranostic agent was further studied with the
TUNEL staining and Caspase-3 staining. As shown in Figure 9D,
most cancer cells in the tumor section of groups a-c kept their
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spherical nuclei intact, thus the corresponding treatment did not
affect the normal growth of the tumor. Contrarily, an increased
amount of cancer cells displayed TUNEL positive nuclei in
group d due to DNA fragmentation. The tumor section was
further analyzed with the Caspase-3 staining. Consistent with
TUNEL staining, cancer cells in the tumor section of group
d also displayed positive Caspase-3 staining, implying that the
produced ROSs could induce Caspase-mode cell apoptosis which
involved the release of cytochrome c from the mitochondria to
the cytosol, caspase activation, and other relative events leading
to apoptosis (Figure 9E).

CONCLUSIONS

Herein, we have developed a multi-color UCNPs-based
nanotheranostic agent. Attributed to the ICG sensitization,
multi-color UCNPs with high doping ratio of activators
were prepared and used for loading triple PS molecules. The
controlled thin silica layer could shorten the energy transfer
distance, assist the sensitization function of ICG and activation
of photosensitizer molecules. Thus, ROSs generated by the
prepared nanotheranostic agent could quench 66.3% of the
fluorescence intensity of ABDA after 21.0min of irradiation.
The modification of mitochondria-targeting ligand, TPP,
drove the prepared nanotheranostic agent to accumulate in
the mitochondria where ROSs were generated in-situ, and
a high mitochondria-mediated cancer cells apoptosis (cell
apoptosis ratio, 85.3%) was induced. Since the designed
photodynamic nanotheranostic agent could produce increased
intracellular ROSs, make the mitochondria dysfunction and
induce cell apoptosis, it showed an obvious suppression effect
on the deep-seated malignant tumors which would finally
induce a 66% decrease of the tumor volume without obvious
normal tissue impair and biotoxicity. Therefore, the developed
nanotheranostic agent would act as an effective UCNPs-PDT
nanoplatform and has great potential for the treatment of the
deep-seated malignant tumors.
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A novel polymer of poloxamer188-b-PCL was synthesized via a ring-opening

polymerization. Fourier transform infrared spectroscopy (FTIR), Raman, and 1H nuclear

magnetic resonance (1H NMR) spectra were used to study the structures of obtained

poloxamer188-b-PCL. The thermo-stability of poloxamer188 -b-PCL was carried out

with a thermal gravimetric analyzer (TGA), and cytotoxicity was obtained using the

CCK8 method. Cargo-free and curcumin (CUR)-loaded poloxamer188-b-PCL NPs were

fabricated via the solvent evaporation method. The morphology, particle size distribution,

and stability of cargo-free NPs were studied with a scanning electron microscope (SEM)

and laser particle analyzer. The in vitro radioprotection activity of CUR-loaded NPs was

performed. FTIR, Raman, and 1H NMR spectra confirmed that poloxamer188-b-PCL

was obtained. TGA curves suggested poloxamer188-b-PCL had better thermo-stability

than original poloxamer188. Cell tests suggested that the cargo-free NPs had no

cytotoxicity. SEM image showed that the cargo-free NPs were spherical with a diameter

of 100 nm. Free radical scavenging experiments proved that CUR-loaded NPs had

better antioxidant activity than CUR solutions. CUR-loaded NPs could be detected in

all tissues, including liver, kidneys and lung. In summary, this work demonstrated a

feasibility of developing an injective formulation of CUR and provided a protection agent

in caner radiotherapy.

Keywords: poloxamer188-b-PCL, nanoparticles, antioxidant activity, curcumin, caner radiotherapy

INTRODUCTION

Curcumin (CUR), a natural chemical, is first extracted from the rhizomes of zingiberaceae or
araceae plants (Zhao et al., 2015). CUR is an infrequent diketone pigment which is distributed
in plants. Because of the low toxicity, CUR is applied as a colorant in the field of foods (Mishra
and Daswal, 2007; Epstein et al., 2010; Lüer et al., 2014), which is approved by the World
Health Organization (WHO), the Food and Drug Administration (FDA), and many countries.
In recent years, CUR is been one of the top-selling natural edible pigments. Furthermore, CUR
has broad clinical application, i.e., antioxidant activity (Esatbeyoglu et al., 2015; Llano et al., 2019;
Wang et al., 2019), anti-tumor (Ohtsu et al., 2002; Kunnumakkara et al., 2007; Yan et al., 2017),
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anti-inflammatory (Aggarwal and Harikumar, 2009; Fadus
et al., 2017; Hussain et al., 2017), and anti-hyperlipidemia
(Huang et al., 2018; Panahi et al., 2018; Wang et al., 2018),
and so on. In particular, bioactivities of curcumin as an
effective chemopreventive agent, chemo-/radio-sensitizer for
tumor cells, and chemo-/radio-protector for normal organs, are
of extraordinary research interests in the literature (Farhood
et al., 2018).

However, in their clinical applications, CUR molecules show
certain drawbacks, e.g., low solubility (Lim et al., 2018; Peng
et al., 2018), poor stability (Kharat et al., 2017; Luo et al., 2017),
low absorptivity (Gopi et al., 2017), and short half-life (Hussain
et al., 2017). These weaknesses lead to the low bioavailability of
CUR and limit its further applications. It is reported that CUR
can be detected in the body when the oral dosage is up to 10–
12 g. Administrating 10 mg/kg of CUR by intravenous injection,
the peak plasma concentration of a rat is only 0.36µg/ml. After
15min of gavage (1.0 g/kg CUR), the concentration of CUR in
rat plasma is only 0.13µg/ml, and 1.0 h later, the peak plasma
concentration is only 0.22µg/ml (Akinyemi et al., 2017). Six
hours later, CUR cannot be detected in rat blood. After gavage,
90% CUR is found in the stomach and small intestine, and few
CUR molecules can be detected in the blood, liver, and kidneys.
Therefore, improving the stability and bio-availability of CUR
will be important for future directions.

It has been reported that polymeric nanoparticles (NPs)
can be used to improve the water solubility and stability
of hydrophobic drugs (Levard et al., 2012; Krull et al.,
2017). Therefore, CUR-loaded polymer NPs can prevent these
molecules from being oxidized and improve their stability as well
as their bioavailability. For biological applications, the matrix of
NPs should have good biodegradability, biocompatibility, and
no cytotoxicity. Poloxamer188, a non-ionic surfactant, is the
block copolymer of polyoxyethylene and polypropylene oxide
(Armstrong et al., 1995). Due to its excellent biocompatibility and
low bio-toxicity, poloxamer188 is widely used in pharmaceuticals
to improve the solubility of hydrophobic molecules (Ofokansi
et al., 2012), enhance the stability of model drugs (Huang et al.,
2008), and accelerate the absorbance of bioactive components.
Furthermore, Poloxamer188 has a terminal hydroxyl group,
which can be modified for further application. Caprolactone
(CL) is a non-toxic chemical intermediate, which is usually
used as monomers to fabricate Polycaprolactone (PCL) which
is a high performance polymer. Due to its excellent bio-
compatibility, PCL can be used as the material support growth
of cells (John and Qi, 2008). In addition, good bio-degradability
allows PCL to be completely degraded within 12 months in the
natural environment.

Poloxamer 188 (Pluronic F68, F68) employed as a surfactant,
can cause sensitization ofmultiple drug resistance (MRD) tumors
to various anticancer agents and enhance drug transport across
blood brain and intestinal barriers. Poloxamer188 blended into
PCL could affect the microspheres’ morphology and control drug
release (Ma and Song, 2007). In this study, a novel copolymer was
prepared via a ring-opening polymerization with poloxamer188
and ε-CL as monomers. Hydrogen nuclear magnetic spectra
(1H NMR), Fourier transform infrared spectroscopy (FTIR),

Raman spectra were used to confirm the obtained poloxamer188-
b-PCL. CUR was selected as a model drug and loaded into
the poloxamer188-b-PCL NPs to improve the stability of CUR.
The morphology, size distribution, and stability of obtained
NPs were studied. The in vitro free-radical-scavenging ability
and antioxidant activity were also investigated to preliminarily
evaluate its radioprotection ability.

EXPERIMENTAL

Materials and Methods
Poloxamer188 was the product of BASF (Germany). ε-CL, Tin(II)
2-ethylhexanoate, and CUR were bought from Energy chemical
(Shanghai, China). Tetrahydrofuran (THF, CP) was obtained
from Sinopharm Chemical Reagent Co., Ltd. 2, 2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-
2- picrylhydrazyl (DPPH) were the products of Energy chemical
(Shanghai, China). Trichloroacetic acid, potassium ferricyanide,
and ferric trichloride were obtained from Aladdin Industrial
Corporation (Shanghai, China). Other organic reagents were
bought from Tianjin Beichen chemical reagent Co., Ltd (Tianjin,
China), and used as received without any further purification.

Synthesis of Poloxamer188-b-PCL
Poloxamer188-b-PCL was prepared via a ring-opening
polymerization with Poloxamer188 and ε-PCL as monomers
(as shown in Figure 1A). 1.60 g of poloxamer188 and 200 µl
of Tin(II) 2-ethylhexanoate were dissolved into 3.20 g of ε-CL.
Next, air in the reaction tube was removed by a vacuum pump,
and then the tube was sealed up in nitrogen atmosphere. After
being reacted at 130◦C for 10.0 h, the crude poloxamer188-b-
PCL was synthesized. Then 1.0ml methylene chloride was used
to dissolve the crude products, and the refined polymers were
obtained by dropwise adding the above mentioned solution
into 50ml ice-cooled methyl alcohol. After filtering, refined
poloxamer188-b-PCL dried at 40◦C for 24 h.

Characterization on Copolymers
The FTIR spectra of poloxamer188, ε-CL, and PCLwere obtained
from an FTS-135 (BIO-RAD, USA) spectrometer, scanning from
4,000 to 500 cm−1. KBr pellets were prepared under a hydraulic
pressure of 400.0 kg at the KBr and specimen ratio of 10:1 (m/m).
Meanwhile, Raman spectra were also used to study the structure
of final copolymers. All spectra were recorded on aMetage OPAL
Portable Raman System (ProRoman L-785, EVWAVEOptronics.
lnc), covering a range of 3,200–3250 cm−1 at a spectral resolution
of 4 cm−1, and each sample was scanned for 10 times.

1H NMR spectrum was used to analyze the structure of the
obtained copolymers. 1HNMR spectra were recorded on a Bruker
400 MHZ nuclear magnetic resonance instrument with CDCl3.

Mettler-Toledo TGA/DSC-2 (Switzerland) was sued to study
the thermo-stability of poloxamer188 and poloxamer188-b-PCL.
About 5.0mg of samples were loaded into ceramic pans (50 µl),
and their TGA curves were recorded under the atmosphere of
high purity nitrogen (flow rate of 20 ml/min) heating from 25 to
500◦C at the rate of 10◦C/min.
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FIGURE 1 | Synthetic process of poloxamer188-b-PCL polymers (A). The block polymers were synthesized via the ring-opening polymerization with poloxamer188

and ε-CL as starting materials; FTIR spectra of ε-CL, poloxamer188, and poloxamer188-b-PCL polymers (B). The absorption peak of –C=O group was found in the

spectrum of final polymer, which confirmed the obtaining of the poloxamer188-b-PCL polymers; Raman spectra of ε-CL, poloxamer188, and poloxamer188-b-PCL

polymers (C); 1H NMR spectrum of poloxamer188-b-PCL polymers (D). The 1H NMR spectrum also confirmed the obtaining of poloxamer188-b-PCL polymers; GPC

curve of poloxamer188-b-PCL polymers (E). The Mw of obtained polymer was 12,276 D; TGA curves of poloxamer188 and poloxamer188-b-PCL polymers (F). TGA

curves indicated that the poloxamer188-b-PCL polymers improved the thermo-stability of poloxamer188.

The molecular weight of poloxamer188-b-PCL was
measured with Waters 1515 GPC (Waters Company,
USA). THF was selected as the mobile phase, and

the flow rate was set as 1.0 ml/min. Polystyrene with
the molecular weights of 100–500,000 were used as
reference substances.
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Fabrication of Poloxamer188-b-PCL NPs
Poloxamer188-b-PCL NPs were fabricated by a solvent
evaporation method (Alshamsan, 2014). One hundred
milligrams of poloxamer188-b-PCL was dissolved into 3.0ml
THF. Under magnetic stirring (350 rpm), the polymer/THF
solution was slowly added into 100ml deionized water. Then, the
solution was stirred for another 12 h. After removing the residual
THF, the poloxamer188-b-PCL NPs were fabricated. The CUR-
loaded NPs were fabricated with the same method. 10.0mg CUR
and 100mg poloxamer188-b-PCL were dissolved into 3.0ml
THF, and the other steps were the same as described above.

Stability of Cargo-Free NPs
Six test tubes each with 4.0ml cargo-free NPs solutions were
incubated in a 80◦C water bath. At the time points of 0min,
10min, 20min, 30min, 40min, and 60min, one tube was fetched
to measure the size distribution of the cargo-free NPs. 2.0ml
NPs solution was loaded into a cuvette, and the size distribution
was measured with a Malvern Zatasizer (Nano-ZS90, UK) under
room temperature. Each sample was measured for three times.

10% of Bovine Serum Albumin (BSA) was added into a cargo-
free NPs solution to study their colloidal stability (Zuo et al.,
2015). The NPs solution without BSA was used as a control. At
the time points of 0, 2, 4, 6, 8, 10, 12, and 24 h, the hydrodynamic
diameters and PDI of NPs solutions were measured with a
Malvern Zatasizer (Nano-ZS90, UK).

Cytotoxicity
The cytotoxicity of cargo-free poloxamer188-b-PCL NPs was
carried out with a CCK8 method. KYSE520 cells were seeded
in 96-well plates at a density of 8.0 × 103 cells/ml. These cells
were incubated at 37◦C for 48 h with 10.0 µl of cargo-free
NPs solutions with the concentrations of 30.0, 60.0, 250, and
1,000µg/ml, respectively. Before harvest, 10.0µl CCK8 solutions
were added into the wells. After additional 4 h incubation at
37◦C, the absorbance was measured at 450 nm using a microplate
reader (Bio-Rad Model 680, UK).

Cells Uptake
KYSE520 cells were seeded in 6-well plates at the density of
10, 000 cells per well. The culture medium was kept at 37◦C
and maintained in a humidified atmosphere containing 95% air
and 5% CO2. Forty-eight hours later, 100µg/ml CUR/DMSO
solution and CUR-NPs suspension (containing 100µg/ml CUR)
were added into the culture medium. The cells were incubated
for another 8 h, and then the cells were washed with 1.0ml
phosphate buffer solution (10mM, pH 7.4) three times to remove
the free CUR and CUR-NPs. The fluorescence intensities of cells
were observed with a laser scanning confocal microscope (LSCM,
Leica AF 6500, Germany).

In vitro Antioxidant Activity
ABTS Free Radical (ABTS·

+) Scavenging

Experiments (Li et al., 2017; Rashed et al., 2018)
38.4mg of ABTS was dissolved into 10ml deionized water to
prepare the ABTS base solution (7mM). K2S2O8/H2O solution
(4.9mM) was used as K2S2O8 base solution. Both solutions were

mixed together and stayed for 12–16 h to be used as the ABTS·+

stock solution. Before usage, the absorbance of stock solution was
diluted to A734 = 0.7± 0.02 with phosphate buffer (PBS, pH =

7.4), which was used as operating fluid.
The test fluids were CUR-loaded NPs solutions and

CUR/alcohol solutions with the CUR concentrations of 0,
1, 5, 10, 20, 25, and 50 µg/L, respectively. One hundred and
forty microliters of test fluids were added into 4.0ml ABTS·+

operating fluid (A734 = 0.7± 0.02). After a 6 h reaction in a 30oC
water bath, the absorbance of the above mentioned solutions
was measured with a UV-2700 ultraviolet spectrophotometer
(734 nm). PBS (pH = 7.4) was selected as the blank control. The
clearance rate of ABTS·+ was calculated following Equation (1):

CABTS·+ =
Ac − As

Ac
× 100 (1)

Where: CABTS·+ was the clearance of ABTS·+; As and Ac were
absorbance of samples and blank controls, respectively. When
the absorbance of ABTS·+ clearance was 50%, the sample
concentrations were recorded as SC50.

DPPH Free Radical Scavenging Experiments (Ju

et al., 2011; Ullah et al., 2017)
1.9716 g of DPPH was dissolved into 50ml alcohol to be used
as a stock solution, which was kept in a dark place under
room temperature. CUR-loaded NPs solutions and CUR/alcohol
solutions with concentrations of 0, 1, 5, 10, 20, 25, and 50
µg/L were selected as test solutions. 2.0ml of the test solution
was added into the isopycnic DPPH solution, and the mixture
was kept in a dark place for 30min. The absorbance of the
above mentioned solution was then measured with a UV-2700
ultraviolet spectrophotometer at 517 nm. The clearance rate of
ABTS·+ was calculated following Equation (2):

CDPPH =
Ac − As

Ac
× 100 (2)

Where: CDPPH was the clearance of ABTS·+; As and Ac were
absorbance of samples and blank controls, respectively. When
the absorbance of clearance of DPPH was 50%, the sample
concentrations were recorded as SC50.

Reducing Power (Shabbir et al., 2013)
The mixture of 2.0ml test solution, 2.5ml potassium ferricyanide
solution and 2.5ml PBS (pH 6.82) was incubated in a 50◦C
water-bath for 20min. When the mixture was cooled in an
ice-water bath, another 2.5ml trichloroacetic acid solution (10
w/w%) was added into the above mentioned mixture. After
centrifugation (3,000 r/min, 10min), 2.5ml supernate was
added into the mixture of 2.5ml deionized water and 0.5ml
ferric trichloride solution (0.1 w/w%). Ten minutes later, the
absorbance of the mixture was measured with a UV-2700
ultraviolet spectrophotometer at 710 nm.
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In vivo Distribution of

Poloxamer188-b-PCL NPs
In the animal experiment, rhodamine B (RhB) was used as
a fluorescence probe. RhB-loaded Poloxamer188-b-PCL NPs
were prepared following the method which was described above
(section Fabrication of Poloxamer188-b-PCLNPs). C57 rats were
treated with 200 µl RhB-loaded Poloxamer188-b-PCL NPs (10
mg/ml) by intraperitoneal injection. At proper intervals, the
rats were sacrificed and their viscera (i.e., heart, liver, spleen,
lungs, and kidneys) removed. The fluorescence intensity of all
the viscera was examined using the CRI Maestro in vivo imaging
system (CRI Corporation, Woburn, MA, USA) at 523 nm.

All of rats were housed in individual cages in a controlled
environment with free access to food and water. The experiment
was carried out in accordance with the People’s Republic of China
national standards (GB/T16886.6-1997).

RESULTS AND DISCUSSION

Characterization on Poloxamer188-b-PCL
FTIR spectra of the obtained polymer were shown in Figure 1B.
In the spectrum of ε-CL, the absorption peak observed at 1742.9
cm−1 was due to the stretching vibration of carbonyl groups
(Yin et al., 2017). By contrast, this peak was not observed in
the spectrum of poloxamer188. However, such peak was found
in final polymers. Further, the peak at 3,515.5 cm−1 could be
attributed to the stretching vibration of –OH (Barka et al.,
2013), which was observed in the spectra of poloxamer188-b-
PCL. These data indicated that the esterification reaction was
performed between poloxamer188 and ε-CL. Raman spectra
gave the similar results (as shown in Figure 1C). The diffraction
maximum at 1,720 cm−1 (-C=O) was observed in the spectra of
ε-CL and final polymers. Besides, another diffraction maximum
at 1,250 cm−1 was assigned to the vibration of -C-O groups.
Therefore, it could be speculated that new ester bonds generated
in the final polymers.

The 1H NMR spectrum of final polymers is shown in
Figure 1D. It can be seen that bands assigning to the protons
of PCL chains were observed at 2.3 ppm (-CO-CH2-, f), 1.6
ppm (-CH2-, g+i), 1.4 ppm (-CH2-, h), and 4.0 ppm (-O-
CH2-, j), respectively (Ali et al., 2017). The bands of H atoms
assigned to poloxamer188 were observed at 1.0 ppm (-CH3,
c), 3.7 ppm (-O-CH2-CH-, d+e), and 3.5 ppm (-CH2-CH2-
O-, a+b), respectively (Jacobsson, 2005). Figure 1E provides
the GPC results of poloxamer188-b-PCL. It can be seen that
the GPC curve was a single summit structure which was
symmetrically distributed. The PDI (Mw/Mn) of poloxamer188-
b-PCL was 1.24, which suggested that the molecular weight
distribution was narrow. In conclusion, these studies confirmed
that poloxamer188-b-PCL was obtained.

The thermo-stability of poloxamer188-b-PCL was studied
and the TGA results are shown in Figure 1F. The initial
decomposition temperature of poloxamer188 was observed at
340◦C with a mass loss of 74%, which could be attributed to
the breaking of ether bonds and –OH groups. By contrast,
two decomposition events were found in the TGA curve of
poloxamer188-b-PCL. The first event was observed at 300–350◦C

with amass loss of 50%, which was assigned to the decomposition
of poloxamer188 chains (Abdelrazek et al., 2016). The event at
370–410◦C (mass loss of 15%) was due to the thermal rupture
of PCL chains (Nadal et al., 2016). The differences between both
curves indicated that poloxamer188-b-PCL had better thermo-
stability than original poloxamer188.

Stability of Poloxamer188-b-PCL NPs
In ultrapure water, the amphipathic polymer poloxamer188-
b-PCL could self-assemble into NPs with hydrophobic cores
and hydrophilic shells. The obtained cargo-free NPs showed
a diameter of 119.9 ± 0.5 nm with a PDI of 0.03 ± 0.02
(Figure 2A), which suggested that the particle size distribution of
obtained NPs was narrow and well-proportioned. Furthermore,
it can be seen from SEM image (Figure 2A insert, left) that the
obtained NPs were spherical with a diameter of about 100 nm,
which is consistent with the results obtained from the laser
particle analyzer. Similarly, the concentrations of NaCl did not
influence the size distribution of cargo-free NPs (as shown in
Figure 2B).

Heating could increase the energy of NPs, and conglomeration
would happen among NPs. The thermo-stability of cargo-
free NPs was studied in a 80◦C water-bath, and results were
shown in Figure 2C. It could be seen that the cargo-free
NPs showed excellent thermo-stability. During the water-bath
(80◦C), the NPs’ diameters were fluctuated between 110 and
120 nm, and the PDIs were all in the range of 0.02–0.2.
These data indicate that the obtained NPs had a good
thermodynamic stability.

After adsorption by protein, it was difficult for the NPs
to be delivered to the targets, and the drug-loaded NPs
would not be effective. Therefore, the NPs should have
protein resistance. As shown in Figure 2D, although the
particle size distribution of the NPs solution with 10%
BSA was slightly bigger than that of the original NPs
solution, their diameters still fluctuated between 110 and
120 nm. This phenomenon illustrates that the poloxamer188-
b-PCL NPs could not be adsorbed by BSA, and had good
protein resistance.

Furthermore, the biomaterial should be non-toxic. The
cytotoxicity of poloxamer188-b-PCL NPs was reflected by cell
viability. In Figure 2E, in incubation with the NPs solutions
(30.0, 60.0, 250, and 1,000µg/ml, respectively), the viability of
KYSE520 cells were over 90%. The high viability of all cells
indicates that the cargo-free poloxamer188-b-PCL NPs had no
cytotoxicity, and could be used as a biomaterial.

In vitro Antioxidant Activity
After 24 h, the ABTS.+ scavenging experiments were carried out,
and their scavenging rates can be seen in Figure 3A. In different
concentrations, CUR-loadedNPs gave higher ABTS.+ scavenging
rates. After a t-test analysis, significant differences were found
between CUR-loaded NPs and CUR/alcohol solutions (∗∗∗P
< 0.001). As shown in Figure 3B, the CS50 of CUR/alcohol
solutions and CUR-loaded NPs were 62.3 ± 2.9 and 47.5 ±

2.6 mg/ml, respectively (∗∗P < 0.01). Similarly, CUR-loaded
NPs exhibited excellent DPPH scavenging effects (Figure 2C).
Twenty-four hours later, most CUR-loaded NPs solutions had
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FIGURE 2 | Size distribution of poloxamer188-b-PCL NPs (A), SEM image of cargo-free NPs (insert, left), and poloxamer188-b-PCL NPs solution (insert, right). The

average diameter of the obtained NPs was 119.9 ± 0.5 nm with a PDI of 0.03 ± 0.02; the different stability of cargo-free NPs in various NaCl solution (B). The

cargo-free NPs showed an excellent stability in NaCl solutions; the thermo-stability of cargo-free NPs (C). The size distribution of poloxamer188-b-PCL NPs in BSA

solution (D). After 60min incubation under 80oC, the cargo-free NPs had good stability; the stability of cargo-free NPs in 10% BSA solution; Cytotoxicity of the

cargo-free NPs (E). Cell results indicated that the poloxamer188-b-PCL NPs did not show obvious cytotoxicity.

higher DPPH scavenging rates than those of CUR/alcohol
solutions (∗P < 0.05) (as shown in Figure 3C). The CS50 of
CUR-loaded NPs and CUR/alcohol solutions were 15.0 ± 0.8
and 10.3 ± 1.1 mg/ml, respectively (∗∗∗P < 0.001) (as shown in
Figure 3D). These differences could be attributed to the various
stabilities of CUR. In CUR/alcohol solutions, CUR molecules
were easily oxidized by oxygen, while the CUR-loaded NPs were
difficult to destroy. Therefore, the new prepared CUR/alcohol

solutions had better antioxidant activities than those of CUR-
loaded NPs (Figure 1S). However, 24 h later, with the oxidization
of CUR/alcohol solutions, their antioxidant activities decreased.

It was reported that the antioxidant activities of substances
were proportional to their reducing power. The reducing
materials provided H atoms with the ability to break the
free radial chains, which generated antioxidant activities.
In this study, the H atoms from CUR reduced Fe3+ into
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FIGURE 3 | ABTS·+ scavenging experiments of original CUR and CUR-loaded poloxamer188-b-PCL NPs (A). The CUR-loaded NPs had better ABTS·+ scavenging

rate than that of original CUR powder; The SC50 of original CUR and CUR-loaded poloxamer188-b-PCL NPs (B); DPPH· scavenging experiments of original CUR and

CUR-loaded poloxamer188-b-PCL NPs (C). The CUR-loaded NPs had better DPPH• scavenging rate than that of original CUR powder; The SC50 of original CUR and

CUR-loaded poloxamer188-b-PCL NPs (D); the reducing power of original CUR and CUR-loaded poloxamer188-b-PCL NPs (E). *p < 0.05; **p < 0.01; ***p < 0.001.

Fe2+, which prevented the generation of peroxide. This
process is a Prussian blue reaction, and the products had
a maximum absorbency of 700 nm. The higher absorbency
suggested the sample had better reducing power. The
reducing powers of CUR-loaded NPs and CUR/alcohol
solutions are shown in Figure 3E. Most CUR molecules

were encapsulated in NPs, and newly prepared CUR/alcohol
solutions had better reducing powers than CUR-loaded
NPs (Figure 2S). However, 24 h later, both materials
had similar reducing powers. In general, CUR-loaded
NPs had better in vitro antioxidant activity than that of
CUR/alcohol solutions.
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FIGURE 4 | Fluorescence microscopy of KYSE520 cells incubated with free CUR and CUR-loaded NPs at equivalent CUR concentrations. It could be seen that the

CUR-loaded NPs could be ingested by KYSE520 cells. (a) The cytoplasm of KYSE520 cells after 2 h of treating with CUR; (b) The cell nucleus of KYSE520 cells after

2 h of treating with hoechst33258; (c) The merge image of (a,b); (d) The cytoplasm of KYSE520 cells after 2 h of treating with CUR NPs; (e) The cell nucleus of

KYSE520 cells after 2 h of treating with hoechst33258; (f) The merge image of (d,e); (g) The cytoplasm of KYSE520 cells after 4 h of treating with CUR NPs; (h) The

cell nucleus of KYSE520 cells after 4 h of treating with hoechst33258; (i) The merge image of (g,h).

The information on curcumin suggests that the
radioprotective effect might be mainly due to its ability to
reduce oxidative stress after exposure ionizing radiation.
Therefore, CUR-loaded NPs will have better clinical
efficacy than a curcumin drug during radiotherapy
of cancer.

Cell Uptake
Usually, cells uptake CUR molecules via free diffusion, while
CUR-loaded NPs enter cells via endocytosis. Therefore,
CUR-loaded NPs provided lower fluorescence intensity than
that of CUR molecules. Figure 4 shows the fluorescence
photographs of KYSE520 cells incubated with CUR solutions
and CUR-loaded NPs, respectively. At 2 h, more CUR
molecules were up-taken by cells. Therefore, KYSE520 cells
treated with CUR molecules showed stronger fluorescence
intensity than those treated with CUR-loaded NPs. However,
with time, more CUR-loaded NPs entered into cells and
more CUR molecules were decomposed by cells, and both
batches of cells had a similar fluorescence intensity. These
phenomena illustrate that the CUR-loaded NPs could
be endocytosed by Cells, and had better stability than
CUR solutions.

Bio-Distribution of RhB-Loaded

Poloxamer188-b-PCL NPs
The in vivo distribution of the Poloxamer188-b-PCL NPs was
carried out with RhB as a fluorescence probe. Figures 5a,b

displays the RhB levels in various viscera, i.e., heart, liver,
spleen, lungs, and kidneys. After intraperitoneal injection, the
RhB-loaded NPs could distribute fast in all tissues. The RhB-
loaded NPs were mainly distributed in liver, lungs, and kidneys
(Figure 5a). The highest fluorescence intensity was found in liver,
which was over 2000A.U., and the spleen showed the lowest
intensity at 135A.U. (as shown in Figure 5c). Similar results were
observed after 2 h of injection (Figure 5b), but all fluorescence
intensity decreased. The result revealed NPs selective distribution
in different tissues. The presence of NPs in the kidney and lung
is of special interest because protection of these tissues from
radiation damage is key to recovery and host survival during
caner radiotherapy.

CONCLUSIONS

A novel block polymer of poloxamer188-b-PCL was synthesized
via the ring-opening polymerization. 1H NMR, Raman,
and FTIR spectra confirmed that poloxamer188-b-PCL
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FIGURE 5 | Representative fluorescent images of rat’s viscera (i.e., heart, liver, spleen, lungs, and kidneys) after 1 h (a) and 2 h (b) of intraperitoneal injection of

RhB-loaded NPs; the fluorescent intensity of heart, liver, spleen, lungs, and kidneys (c).

polymers were obtained. The GPC curve showed that the
Mw of poloxamer188-b-PCL polymers was 12,000 D. The
poloxamer188-b-PCL NPs were fabricated using a solvent-
evaporation method. The obtained NPs showed an average
diameter of about 100 nm. The cargo-free NPs showed a high
stability in different NaCl solutions and temperature conditions.
Cell tests indicated that the poloxamer188-b-PCL NPs did not
have obvious cytotoxicity. As a potential radioprotection agent,
CUR-loaded poloxamer188-b-PCL NPs improved the in vitro
antioxidant activity of the crude CUR powder. Importantly,
the CUR-loaded poloxamer188-b-PCL NPs could be ingested
by KYSE520 cells. The animal experiment showed that RhB-
loaded NPs could bio-distribute into the liver, kidney, and
lung. Therefore, the poloxamer188-b-PCL NPs improved the
stability and antioxidant activity of CUR. Furthermore, such
CUR loaded NPs provided a potential protector against damage
from radiotherapy cancer treatment.
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Modulation of hypoxia is an essential factor for enhancing the effects of antitumor

therapies, especially sonodynamic therapy and chemotherapy. To improve the efficacy

of combination therapy by reversing the hypoxic tumor microenvironment, we developed

shell-core structured PPID-NPs, which were designed with a polymer shell onto the

sonosensitizer and a chemotherapeutic drug were loaded and a perfluorocarbon core

loaded with oxygen. The perfluorocarbon core provides sufficient oxygen not only for

causing the sonosensitizer to produce more singlet oxygen to induce cell apoptosis

but also for reducing drug resistance to enhance therapeutic efficacy. Furthermore,

the release of chemotherapeutic drugs at the tumor site can be controlled. Thus,

PPID-NPs can efficiently inhibit the growth of breast cancer by synergistic therapy under

ultrasound exposure. We believe that our oxygen-sufficient nanoplatform could be an

ideal therapeutic system for hypoxic tumors.

Keywords: chemo-sonodynamic therapy, perfluorocarbon, tumor hypoxia microenvironment, reactive oxygen

species, oxygen sufficient nanoplatform

INTRODUCTION

Tumor hypoxia results from deteriorating diffusion geometry, structural abnormalities of tumor
vessels, and disturbed microcirculation (Hockel and Vaupel, 2001). It is widely accepted that
hypoxia can promote tumor propagation and malignant progression (Unruh et al., 2003; Vaupel
and Mayer, 2007). Moreover, hypoxia can induce resistance to therapy, such as chemotherapy
(Unruh et al., 2003; Cheng et al., 2015; Chen et al., 2017) and sonodynamic therapy. In
sonodynamic therapy, which was developed from photodynamic therapy, a sonosensitizer
can translate energy absorbed from ultrasound (US) into oxygen to produce reactive oxygen
species (ROS). The insufficient oxygen supply in tumors greatly hinders the efficacy of
sonodynamic therapy. Moreover, during the SDT process, a large amount of oxygen is
consumed, which worsens the hypoxic tumor microenvironment. Therefore, it is essential
to develop ways of overcoming this obstacle. Hyperbaric oxygen (HBO) therapy was first
exploited to modulate tumor hypoxia (Al-Waili et al., 2005); however, HBO causes lung
injury and neurotoxicity, significantly limiting its clinical application (Saugstad, 2012). To date,
nanomaterials have been synthesized to deliver or produce oxygen, including calcium peroxide
(CaO2), manganese dioxide (MnO2), hemoglobin, and hydrogen peroxide (H2O2)- or catalase-
loaded nanoparticles (Chen et al., 2016; Liu et al., 2017; Gu et al., 2018; Jia et al., 2018;
Xu et al., 2018; Yang et al., 2018; Zhu et al., 2018; Sun et al., 2019), which hold promise
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for improving therapeutic outcomes. Among these methods,
some studies have taken advantage of endogenous H2O2 in the
tumor, which reacts with either catalase or MnO2 nanoparticles
to produce oxygen. However, these methods are restricted by
the amount of H2O2 available in tumors (Song et al., 2016), the
poor biocompatibility ofMn2+ itself and their insufficient oxygen
delivery efficiency. There are some other alternatives proposed
as “blood substitutes,” such as hemoglobin-based oxygen carriers
and perfluorocarbon-based oxygen carriers. Hemoglobin-based
oxygen carriers are able to load oxygen under a high oxygen
partial pressure (pO2) in the lungs and release it under the
lower pO2 in the tissue (Luo et al., 2018). However, without
undergoing a reduction, free Hb in circulation rapidly becomes
the met form and releases toxic free heme, causing kidney
tubule damage and even renal failure (Buehler et al., 2007,
2010), vasoconstriction and systemic hypertension (Bialas et al.,
2019). Therefore, more efforts should be made to search for
effective and highly biosafe oxygen carriers. Perfluorocarbon
(PFC) compounds are chemically and biologically inert synthetic
materials with high oxygen solubility. Compared to Hb, PFCs can
dissolve large amounts of oxygen without saturation instead of
reversibly binding oxygen. In particular, PFCs are stable under
processing, storage, and usage conditions and are not prone to
oxidation. Moreover, with the augmented fraction of inspired
oxygen (FiO2), PFC can load more oxygen in circulation and
rapidly diffuse to tissues via an O2 gradient (Cabrales et al., 2004;
Bialas et al., 2019). Surprisingly, in addition to the characteristics
mentioned above, perfluorotributylamine (PFTBA), one type
of PFC, has a platelet inhibition effect that can enhance RBC
infiltration at tumor sites to promote oxygen delivery (Zhou
et al., 2018). Therefore, PFTBA holds great potential in delivering
oxygen to tumors.

To date, many studies on tumor therapy have focused
on designing combination therapies, especially SDT and
chemotherapy (Qian et al., 2016; Lin et al., 2019). In the
combination therapy between SDT and chemotherapy, ROS are
generated under US irradiation, which can exert killing cell
ability (Bai et al., 2012; Pan et al., 2018). With the help of US
exposure, the release of a chemotherapeutic drug at the tumor
would be promoted, and the chemo-drug resistance of cancer
cells would be reversed (Wu et al., 2019). However, although in
vivo results have shown a better therapeutic effect comparable to
that of single therapy, hypoxia is still an obstacle that weakens
the therapeutic efficacy (Shen et al., 2015; Wu et al., 2019). In this
study, encouraged by the outstanding characteristic of PFTBA,
we built an oxygen nanoplatform (PPID-NPs) to augment the
efficacy of sonodynamic-chemotherapy against breast cancer. In
this nanoplatform, we designed core-shell nanoparticles with a
polymer shell and a PFTBA core, in which the sonosensitizer
IR780, doxorubicin hydrochloride (DOX) and oxygen were
loaded (Figure 1). The shell of these NPs was composed of
an FDA-approved polymer, poly(lactic-co-glycolic) acid (PLGA),
with high biodegradability and excellent biocompatibility. The
core of these NPs was composed of PFTBA as the oxygen carrier.
DOX, as a broad-spectrum antitumor drug, was encapsulated in
these NPs to enhance the efficacy of sonodynamic-chemotherapy.
The sonosensitizer IR780, as a prototypical near-infrared (NIR)

heptamethine cyanine agent, has been greatly explored for
anticancer therapy, including sonodynamic and photodynamic
therapy (Thomas et al., 2017; Zhang et al., 2019). However,
its poor solubility in biological fluids, fast clearance, and acute
toxicity (at high doses) hinder the further use of IR780. To
address these critical limitations, IR780 can be loaded into our
nanoplatform to achieve high solubility, low toxicity, and long
residence time (Alves et al., 2018). In this work, we successfully
prepared the oxygen-sufficient nanoplatform PPID-NPs, and in
vitro and in vivo experiments verified their wonderful oxygen-
loading capacity and excellent anticancer performance. Thus,
PPID-NPs can be applied as useful agents for enhancing the
efficacy of chemo-sonodynamic therapy against hypoxic tumors.

MATERIALS AND METHODS

Materials
IR-780 iodide, PLGA, and polyvinyl alcohol (PVA) were
purchased from Sigma-Aldrich (USA). Liquid PFTBA was
obtained from BioRike (China). DOX was purchased from
Solarbio Co. Ltd. (China). A reactive oxygen species assay
kit DCFH-DA was purchased from Beyotime Biotechnology
(China), and the singlet oxygen sensor green (SOSG) probe
was provided by Thermo Fisher (USA). Other reagents were of
analytical purity and were used without further purification.

Preparation of PPID-NPs
Nanoparticles were prepared using a single emulsion evaporation
method based on our group’s previous study (Wang et al., 2018).
Briefly, 25mg of PLGA was completely dissolved in chloroform,
and then 1mg of IR780, 1mg DOX of (dissolved in 100 µL of
deionized water) and 100 µL of PFTBA were added to the PLGA
solution. Finally, 8mL of 4% w/v PVA solution was added to
the PLGA solution and emulsified for 2min with an ultrasonic
processor in an ice bath. The resulting emulsion was mixed in
10mL of deionized water and stirred for 3 h. Next, the resulting
NPs were washed with deionized water (10 000 rpm, 20min)
until the supernatant became colorless. When the precipitate
was resuspended with PBS, PPID-NPs were pre-saturated with
a medical oxygen cylinder for 15min in an ice bath and stored
at 4◦C. We termed the NPs as PPID-NPs. All procedures were
performed in the dark. The same procedure was used to prepare
PPI-NPs without DOX, PI-NPs without DOX and PFTBA, and
PLGA/PFTBA NPs without DOX and IR780. These NPs were
used as controls.

Characterizations
The morphology of the PPID-NPs was observed by transmission
electron microscopy (TEM, Jem-1400 plus). The size
distribution, polydispersity, and zeta potential were analyzed
by a Malvern size analyzer (ZEN3600, Malvern Instruments,
US). Stability experiments of the NPs were performed in 1×
PBS or in 10% fetal bovine serum (FBS) with a dynamic laser
scattering (DLS) instrument over 7 days. The presence of IR780
in the NPs was verified on a UV–vis–NIR spectrophotometer
(UV-2450, Shimadzu, Japan). The presence of DOX in the NPs
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was identified using a fluorescence spectrophotometer (F-4600
FL, Hitachi, Japan).

Determination of IR780/DOX Entrapment
Efficiency and Loading Efficiency
A 10 mg/mL nanoparticle solution was subjected to
lyophilization. After 24 h, they were weighed, dissolved in
DMSO, and diluted to a suitable concentration, and the
absorbance values at the maximum absorption peak positions
of IR780 and DOX were measured by ultraviolet-visible
spectrophotometry. The concentration was calculated using the
corresponding standard curve.

Encapsulation efficiency(%) = WE/WO×100(%)

Drug loading efficiency(%) = WE/WN× 100(%)

WE: weight of IR780 (DOX) in nanoparticles after lyophilization
WO: original input of IR780 (DOX)
WN : weight of the nanoparticles after lyophilization.

DOX Release From PPID-NPs With US
Irradiation
The drug release experiment was divided into two groups: (1)
PPID-NPs without US irradiation and (2) PPID-NPs with US
irradiation. First, PPID-NPs (25mg) were reconstituted in 1ml of
PBS (PH = 7.4) and loaded into a dialysis bag (Mw = 8,000 Da).
Group 2 was subjected to US irradiation (2.0 W/cm2) for 5min.
The two groups were placed on a shaker whose speed was 100
rpm. At the desired time points, 1mL of dialysate was removed,
and then fresh buffer was added back to the reservoir. Each DOX
concentration in the dialysate was obtained by a fluorescence
spectrometer, and the accumulative amount of DOX released was

calculated according to the standard curve. Each group was tested
in triplicate, and the data are given as the mean± SD.

Measurement of ROS in the Cell-Free
System
The production of 1O2 wasmeasured using SOSG as a fluorescent
probe. This experiment was divided into three groups: (1) PPI-
NPs, (2) PI-NPs (10 mg/mL), and (3) PBS. For each group, 100
µL of solution was added to 1ml of PBS. Then, 1 µL of SOSG
(2.5mM) in methanol was mixed in a quartz cuvette. The US
irradiation time (1 MHz, 1 W/cm2, 40% duty cycle) using a US
transducer (WED-100, WELLD Medical Electronics, China) was
0, 30, 60, 90, 120, or 150 s. The fluorescence spectra of SOSG
were acquired on a fluorescence spectrometer with an excitation
wavelength of 504 nm.

Relative 1O2 production efficiency : F/F0

F: fluorescence intensity of the three groups under US irradiation
F0: fluorescence intensity of the three groups before
US irradiation.

Oxygen Storage and Release of PPID-NPs
The oxygen delivery experiment was divided into three groups:
(1) PPID-NPs, (2) PID-NPs, (3) Water. First, 1mL of each group
were oxygenated by a medical oxygen cylinder for 5min in a
gas bottle. Second, 4mL of degassed water was loaded into the
glass bottle with a rubber topper, and a 50ml syringe was used to
exhaust the gas in the bottle to simulate a hypoxic environment.
Then, the oxygenated solution was rapidly transferred into the
bottle. The real-time oxygen concentration in the bottle was
measured by a portable oxygen analyzer (AMT08 DO Meter).
The oxygen concentration was recorded every 10 s.

FIGURE 1 | Schematic illustration of the structure of PPID-NPs, ROS production and drug release process under ultrasound exposure.
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Cell Culture
For cell culture under hypoxic and normoxic conditions,
4T1 breast cancer cells and MCF-7 cells were cultured in
1,640 medium in an atmosphere of 21% O2 and 5% CO2 at
37◦C to mimic a normoxic environment. For comparison, an
atmosphere of <5% O2 at 37

◦C was used to mimic the hypoxic
tumor microenvironment.

Cellular-Level ROS Generation
A cellular level ROS assay kit, DCFH-DA, was used to detect
intracellular ROS production. 4T1 cells (1 × 105 cells per well)
were seeded in six-well plates and randomly divided into five
groups: (1) PBS, (2) US-only, (3) PPI-NPs, (4) PI-NPs+ US, and
(5) PPI-NPs+ US. After 24 h of incubation, DCFH-DA (10µM)
was added to each well. Then, the corresponding treatments
were administered to each group. Finally, ROS production
was determined by fluorescence microscopy after three washes
with PBS.

Cellular Apoptosis Experiment
4T1 cells (1 × 105 cells in each well) and MCF-7 cells were
seeded in 6-well plates, cultured overnight, and then divided into
five groups: (1) PBS, (2) US-only (1.0 W/cm2, 2min), (3) PPI-
NPs, (4) DOX, (5) PPID-NPs + US (1.0 W/cm2, 2min). The
volume of all NP solutions was 150 µL (10 mg/mL), and the

content of free DOX was equal to that in the NPs (13.2 µg).
Then, all 4T1 cells and MCF-7 cells were washed twice with PBS,
stained with propidium iodide (PI) and DAPI, and imaged by
fluorescence microscopy.

In vitro Biocompatibility of PPID-NPs
The vitro biocompatibility of PPID-NPs was tested on 4T1 and
MCF-7 cells using a standard CCK-8 assay. Cells were seeded in
two of 96-well plates with a density of 7 × 103 cells per milliliter
and cultured in normoxic and hypoxic environments overnight.
The hypoxic environment was created by an AnaeroPack
(Mitsubishi Gas Chemical Co, Inc.) and a 2.5 L sealable culture
tank; when the color of the oxygen indicator changed from purple
to pink, a hypoxic environment was successfully formed, and
PPID-NPs in cell culture medium at different concentrations
(0, 75, 150, 300, 600, or 800µg/mL) were added. After 24 h of
incubation, the cell viability was measured by a cell counting
kit-8 (CCK-8).

In vitro Antitumor Study
4T1 cells and MCF-7 cells were seeded into two 96-well plates (1
× 104 cells) and cultured overnight under normoxic or hypoxic
conditions. The cells were randomly divided into six groups: (1)
PBS, (2) US-only, (3) DOX, (4) PI-NPs +US, (5) PPI-NPs +

US, and (6) PPID-NPs +US. Then, the cells were cultured with

FIGURE 2 | (A) TEM images of PPID-NPs (scale bar, 100 nm). (B,C) Size and zeta intensity distributions of PPID-NPs. (D) Average size of PPID-NPs in 1× PBS or

10%FBS for 7 days. (E) UV-vis-NIR absorption spectra of free IR780, DOX, PLGA/PFTBA NPs, and PPID-NPs. (F) Fluorescence spectra of PPID-NPs and DOX.
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NPs (300µg/mL) in 1,640 medium for 4 h. After discarding the
above culture medium, the cells were washed three times with
PBS, and complete mediumwas added to each well. Then, groups
(2), (4), (5), and (6) were exposed to US (1 MHz, 1 W/cm2) for
2min. To carry out US irradiation, the space between the probe
and plate was full of an ultrasonic coupling agent. After 24 h
of incubation, the cell viability was determined using a CCK-8
cytotoxicity assay kit.

In vivo Tumor Hypoxia Environment After
Different Treatments
BALB/c mice (5 weeks, female) were obtained from the
Laboratory Animal Center of Central South University (China)
and maintained in accordance with the guidelines of the
Department of Laboratory Animals, Central South University,
China. Breast tumor-bearing mice were established by the
subcutaneous injection of 4T1 cells (2 × 106) into the right
flank, and the tumor volume was calculated according to formula
1/2 a × b × c (a, tumor long diameter; b, tumor short diameter;
c, tumor height). When the tumor volume reached 100 mm3,
the breast tumor-bearing mice (n = 3) were divided into
three groups: (1) saline, (2) PI-NPs, and (3) PPI-NPs. After
the NPs were intratumorally injected, all mice were sacrificed,

and tumor tissues were immunohistochemically stained with
an antibody against hypoxia-inducible factor-1α (HIF-1α)
after 24 h.

Combination Therapy Between SDT and
Chemotherapy in vivo
Breast tumor-bearing mice were randomly divided into 5 groups
(n = 5) when the tumor volumes reached 60 mm3: (1) saline,
(2) US-only, (3) DOX, (4) PPI-NPs + US, (5) PPID-NPs +

US; for each group, 75 µL of the corresponding treatment
solution was intratumorally injected into the mice every 2 days.
All NPs were at a concentration of 25 mg/mL, with a DOX
concentration of 0.22 mg/mL. The tumors of the mice in groups
(3), (4), and (5) were exposed to US (2 W/cm2, 5min) after
injection. Body weight and tumor volume were recorded every
other day for 14 days. One day later, the tumors of the mice
were harvested, and hematoxylin and eosin (H&E) staining was
performed. A terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling kit (TUNEL, Promega, Madison, WI)
was used to observe cell apoptosis. Tumor cell proliferation
was analyzed by tumor immunohistochemical staining with
Ki-67 antibody.

FIGURE 3 | (A) After 72 h, DOX release from PPID-NPs with or without US irradiation (1 MHz, 1.0 W/cm2 ). (B) Oxygen content of water and PPID-NPs. (C)

Time-dependent 1O2 generation of PPI-NPs as irradiated by US (1 MHz, 1.0 W/cm2). The concentration of IR780 was 21.6µg/mL. (D) The time-dependent

fluorescence increment of SOSG under ultrasound irradiation.
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Pharmacokinetics and Biodistribution
Tumor-bearing BALB/c mice were injected with 200µL of PPID-
NPs and PI-NPs (the concentration of IR780 was 2.0 mg/kg)
through the tail vein. For biodistribution study, submandibular
vein blood of the mice was collected at different time points
(0, 4, 12, 24, 48, and 72 h) for UV-Vis-NIR spectrophotometry
analysis. After injection of NPs 24 h, a portion of the major
organs and the tumors of the mice were collected, lysed in DMSO
and homogenized to test the IR780 contents with a UV-Vis-NIR
spectrophotometer. The NPs content was calculated from the
IR780 content in the blood or organs from a standard curve.

RESULTS AND DISCUSSION

Characterization
PPID-NPs were prepared by a single emulsion evaporation
method. The TEM image in Figure 2A showed that the NPs were
spherical. The average size from DLS analysis was 320 nm, and
the surface charge was −2.0mV (Figures 2B,C). The stability
of the NPs in PBS and FBS solution were monitored by
dynamic light scattering (Figure 2D). The average hydrodynamic
diameter of the NPs in PBS solution increased from 323 to
340 nm in a week, accompanied by a polydispersity index (PDI)

increase from 0.033 to 0.23. By contrast, the NPs in the FBS
solution showed a slight change in hydrodynamic diameter,
which increased by approximately 10 nm, and the change in
PDI was negligible. This result implied that the PPID-NPs were
so stable that they could be studied in vivo. From the UV–
vis–NIR absorption spectra of PPID-NPs, the PLGA/PFTBA
nanoparticles show no absorption intensity in the range of 400–
900 nm, free IR780 solution has an absorption peak at 780-
795 nm, and DOX has an absorption peak at approximately
480 nm (Figure 2E). The spectrum of the PPID-NPs showed an
absorption peak at 780-790 nm, indicating the successful loading
of IR780. The fluorescence spectrum of the PPID-NPs showed the
same peak of DOX (Ex: 480 nm), which confirmed that DOX was
successfully loaded in the NPs (Figure 2F). At a concentration
of 25 mg/mL, the IR780 encapsulation efficiency was 54.08%,
the drug loading efficiency was 2.0%, the DOX encapsulation
efficiency was 22.22%, and the drug loading efficiency was 1.0%.

DOX Release From PPID-NPs Under US
Exposure
To investigate the DOX release profile from the PPID-NPs, we
explored whether US irradiation promoted the release of DOX
from the NPs. Compared with PPID-NPs alone (Figure 3A),

FIGURE 4 | (A,B) Cell viability of 4T1 and MCF-7 cells incubated with different concentrations of PPID-NPs under normoxia environment (A) and hypoxia environment

(B) (*p < 0.05, compared with the 0.075 mg/mL nanoparticles concentration group). (C,D) Cell viability of 4T1 and MCF-7 cells under different treatments in normoxia

environment (C) and hypoxia environment (D) (*p < 0.05, compared with the control group).

Frontiers in Chemistry | www.frontiersin.org 6 April 2020 | Volume 8 | Article 35848

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Huang et al. Oxygen-Sufficient Nanoplatform

PPID-NPs with US irradiation exhibited considerably higher
DOX release, and the release rate of DOX approached 53%within
72 h. However, for the NP-alone group, the drug release rate was
only 12%, revealing that the DOX release rate was quite slow.
Furthermore, when the NPs were combined with US irradiation,
the DOX release from the NPs was sharply accelerated in 12 h.
Hence, US irradiation could greatly enhance the DOX release rate
from the NPs.

Oxygen Delivery Ability of PPID-NPs
The oxygen loading and release profiles of PPID-NPs were
analyzed under hypoxic conditions. After oxygen loading, the
oxygen concentration in the PPID-NPs group was 18.0 mg/mL,
while the oxygen concentration in the degassed water group
was only 14.8 mg/mL and PID-NPs only 14.5 mg/mL. In the
following 240 s, the oxygen concentration in the PPID-NPs
group was obviously higher than that in the degassed water
group and PID-NPs group at every time point (Figure 3B).
These results verified the good oxygen-loading capacity and

sustained oxygen release property of PPID-NPs in a hypoxic
environment. Thus, PPID-NPs hold high promise for alleviating
hypoxic conditions in tumors and enhancing oxygen-dependent
SDT efficacy.

Singlet Oxygen Production Experiments
The 1O2 generation by PPI-NPs under US irradiation was
measured using SOSG as a probe. At a final IR780 concentration
of 21.6µg/mL, the fluorescence intensity of SOSG at 540 nm
increased drastically with prolonged irradiation duration (1.0
W/cm2), indicating the excellent 1O2 generation ability of PPI-
NPs (Figure 3C) and further SDT potential against cancer. As
shown in Figure 3D, for the PI-NP group (not containing
PFTBA) under US irradiation, the fluorescence intensity of
SOSG was increased by 320%. Surprisingly, for the PPI-
NP group (containing PFTBA) under the same conditions,
the fluorescence intensity of SOSG was increased as high as
400%. Therefore, more 1O2 generation is produced, which
can be attributed to the extra oxygen provided by PFTBA in

FIGURE 5 | (A) Fluorescence microscope images of DCFH-DA stained 4T1 cells subjected to various treatments (scale bar, 100µm). (B) Fluorescence microscope

images of DAPI and PI costained 4T1 cells after various treatments (scale bar, 100µm).
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the SDT process. The outstanding oxygen-loading capacity of
PFTBA in the NPs conferred enhanced SDT efficiency in the
following study.

In vitro Biocompatibility of PPID-NPs
The viabilities of 4T1 cells and MCF-7 cells in normoxic and
hypoxic environments were measured via CCK-8 assay. As
shown in Figures 4A,B, there was no obvious decrease in cell
viability when the NPs concentration was 75µg/mL under
both normoxic and hypoxic conditions, PPID-NPs showed the
little toxicity. As the NPs concentration increased, the 4T1 cell
viabilities under normoxic conditions gradually decreased to
90.0, 74.2, 62.3, and 43.2%, and the cell viabilities under hypoxic
conditions gradually decreased to 87.7, 77.7, 48.7, and 32.3%
due to the increasing amount of DOX in the NPs, and MCF-7
cells showed the similar result. To explore the SDT efficiency, we
used 300µg/mL PPID-NPs as an optimum concentration for our
subsequent cell experiments.

In vitro Antitumor Activity
The antitumor effect was assessed via a CCK-8 assay under
normoxic and hypoxic conditions. As shown in Figure 4C, in
the normoxic environment, the 4T1 cell viabilities of the DOX
group and US-only group were 82.2 and 86.1%. For MCF-7cell,

the cell viabilities of both groups were 83%, which means that
both DOX and US exposure had slight toxicity to cells. In the
PI-NP or PPI-NP group combined with US exposure, the cell
viabilities further decreased to 47.5 and 38.2%, respectively. Due
to the SDT effect of the sonosensitizer IR780 in both NPs, ROS
are generated and directly kill cells. Compared with the PI-
NP + US group, the PPI-NP + US group obviously induced
more cell apoptosis, which verified that the PFTBA in the PPI-
NPs could load more oxygen into the NPs and thus produce
more 1O2 under US exposure, resulting in much more cell
apoptosis. Furthermore, with the help of DOX, the PPID-NP
+US group induced apoptosis in a large majority of cells because
of the high efficiency of the combinatorial therapy. As shown
in Figure 4D, the cell viabilities of the DOX group and US-
only group were 85.1 and 83.3%, respectively, in the hypoxic
environment. Combined with US exposure, the cell viabilities
of the PI-NP group, PPI-NP group and PPID-NP group were
59.5, 46.7, and 21.8%, respectively. These results showed that the
cell viabilities determined with the CCK-8 assay in a hypoxic
environment were almost consistent with those in a normoxic
environment. And the similar result from MCF-7cell was
further proved that. Therefore, the oxygen-rich nanoplatform
PPID-NPs with US can achieve desirable cytotoxicity in
in vitro experiments.

FIGURE 6 | Representative immunofluorescence images of tumor slices stained by the HIF-1α under different treatments (scale bar, 200µm).
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Intracellular ROS Generation
The intracellular sonodynamic activity of PPID-NPs was
examined using DCFH-DA as a probe for intracellular oxidative
stress. To illustrate the ability of the NPs to produce 1O2(one
type of ROS), we used PPI-NPs without DOX in the following
experiments. Cells were randomly divided into five groups:
(1) PBS, (2) US-only, (3) PPI-NPs, (4) PI-NPs + US, and
(5) PPI-NPs + US. As shown in Figure 5A, 4T1 cells treated
with PPI-NPs alone or US irradiation had intracellular green
fluorescence as low as that of the blank control. In contrast,

green fluorescence was observed in groups 4 and 5, which
illustrated that both the sonosensitizer and US exposure
were necessary for 1O2 production. Compared with group
4, group 5 exhibited obviously stronger green fluorescence
intensity, which suggested that the PPI-NPs containing PFTBA
could carry more oxygen and produce more 1O2 under
US exposure than could PI-NPs without PFTBA loading.
Therefore, with the addition of PFTBA, oxygen-loaded NPs had
significantly enhanced sonodynamic activity due to the sufficient
oxygen supply.

FIGURE 7 | (A) The digital photos of representative mice before and after different treatments. (B) The digital photos of tumor from mice after treatments at day 14.

(C) Tumor growth curves of different groups of mice (n = 5) after various treatments (values are the mean ± SD, n = 5, *p < 0.05, compared with saline, Dunnett’s

multiple comparisons test). (D) The weight growth curves of different groups of mice (n = 5) after various treatments.
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Cellular Apoptosis Experiment
To explore the potent anticancer activity of the PPID-NPs, a
live/dead staining assay was carried out. As shown in Figure 5B,
all cells were stained with DAPI, and dead cells were stained
with PI. There were a few dead cells (red fluorescence) in the
US-only group, suggesting that US irradiation alone could not
lead to cell death. When exposed to DOX, some dead cells
were observed. Compared with the other groups, the PPID-NP
+US group exhibited mainly cells that were destroyed by the
combination effect of chemo-sonodynamic activity. This result
further confirmed that sonodynamic-chemotherapy has better
anticancer efficacy than each single therapy by itself.

In vivo Tumor Hypoxia Environment After
Different Treatments
Hypoxia-inducible factors (HIFs) are transcription factors that
are expressed in the hypoxic tumor microenvironment (Ajith,
2018). PFTBA was used to store and deliver oxygen to overcome
hypoxia in the tumor site. To verify the anti-hypoxic efficacy
of the NPs in vivo, a HIF-1α probe was applied to evaluate the
hypoxia status in the tumor tissues after different treatments: (1)

saline, (2) PI-NPs without PFTBA, and (3) PPI-NPs containing
PFTBA. As shown in Figure 6, DAPI stained the cellular nuclei
blue, and the HIF-1α probe stained the hypoxic cells green.
The tumor tissue treated with PBS and PI-NPs displayed
strong green fluorescence with high expression of HIF-1α,
which indicated hypoxic tumor conditions. Comparatively, for
the group treated with PPI-NPs, much weaker and less green
immunofluorescence corresponding to HIF-1α expression was
observed, demonstrating that tumor hypoxia was significantly
ameliorated by PPI-NPs.

In vivo Antitumor Effect
Encouraged by the excellent in vitro performance of the PPID-
NPs, then the in vivo performance on 4T1 tumor-bearing mice
were investigated. The tumor-bearing mice were divided into
5 groups: (1) saline, (2) US irradiation, (3) DOX, (4) PPI-NPs
+ US, (5) PPID-NPs + US. Digital photographs of tumor-
bearing mice at day 0 and day 14 are shown in Figure 7A.
The ex vivo tumors at day 14 are shown in Figure 7B. After
14 days, compared to the original tumor volume, the tumor
volumes increased 9.0-fold for the control group and 8.5-fold for

FIGURE 8 | H&E staining and TUNEL and Ki-67 assays of tumor tissue slices after various treatments (scale bar, 50µm).

FIGURE 9 | (A) in vivo pharmacokinetic curves over a span of 72 h after intravenous injection of PPID-NPs or PI-NPs. (B) Biodistribution of PPID-NPs or PI-NPs at

24 h after the injection.
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the US group, indicating that US irradiation had no significant
antitumor effect (Figure 7C). Compared with the original tumor
volume on day 0, the tumor volume on day 14 was increased
4.2-fold for the DOX-only group and 4.0-fold for the PI-NP
+ US group, which suggested that both DOX and PPI-NPs +
US have an obvious antitumor effect in vivo. When the mice
were treated with PPID-NPs and US irradiation, compared to the
original tumor volume, the tumor volume slowly increased 2.0-
fold. The ex vivo tumors also showed that the tumor size after
combination therapy was much smaller than that after the other
therapies (Figure 7B). This result indicated that combination
therapy could effectively inhibit tumor growth and that the
antitumor effect of combination therapy was better than that each
therapy separately. The curves for the mouse body weight relative
to time after different treatments are shown in Figure 7D. The
body weights of themice in the five groups weremeasured during
the treatments, and no significant weight loss was discovered,
implying the good biosafety of our treatments.

Tissue histological analysis, including H&E staining and
the TUNEL and Ki-67 assays was carried out to confirm the
therapeutic effect (Figure 8). According to the H&E staining
and TUNEL assay results, almost none of the tumor cells
were dead in the saline or US-only group, suggesting that US
has no obvious antitumor activity. In contrast, the DOX and
PPI-NP + US groups showed considerable cell death in the
H&E staining and TUNEL assay result, indicating that either
chemotherapy or SDT by itself has a significant antitumor
effect. However, the PPID-NP combined with US irradiation
group exhibited better antitumor efficacy than each of the single
therapy groups. The H&E staining and TUNEL assay results
confirmed that most of the tumor cells were destroyed. For
the Ki-67 assay, the saline and US-only group showed many
proliferative cells stained with green fluorescence. By contrast,
fewer proliferative cells were observed in the other three groups.
Compared with the DOX or PPI-NP + US group, the PPID-NP
+ US group had weaker green fluorescence intensity, indicating
that most tumor cells had reduced proliferation and decreased
malignancy. These pathology assays showed that PPID-NP with
US treatment was more effective than treatment with PPI-NPs+
US or DOX alone, suggesting that synergistic chemotherapy and
sonodynamic therapy could provide greatly enhanced antitumor
therapeutic efficacy.

Pharmacokinetics and Biodistribution
To investigate the in vivo metabolism of the NPs, tumor-bearing
BALB/c mice were injected with 200 µL of PPID-NPs or PI-
NPs (the concentration of IR780 was 2.0 mg/kg) through the
tail vein. At different time points (0, 4, 12, 24, 48, and 72 h),
submandibular vein blood of the mice was collected for UV-
Vis-NIR spectrophotometry analysis. As shown in Figure 9A,
after the first 24 h, the concentration of PPID-NPs in blood was
decreased to 35.6% of the injected dose per gram of tissue (ID/g),
and after the 3th 24 h, the concentration of PPID-NPs in blood
was down to 12.5% ID/g. Similarly, the concentration of PI-NPs
in blood was 36.0% ID/g in the first 24 h and 15.5% ID/g in the
3th 24 h, there was no significantly difference between two groups
at each tested time point.

For the in vivo biodistribution analysis of the NPs, the
major organs and tumors of the mice were collected, lysed
in DMSO and homogenized to test the IR780 contents
with a UV-Vis-NIR spectrophotometer. After injection of
NPs for 24 h, three mice in each group were euthanized to
measure the NPs distribution in the major organs. As shown
in Figure 9B, the majority of the NPs accumulated in the
lung due to the enriched RES uptake, the concentration
of PPID-NPs and PI-NPs in lungs were 29.3 and 32.7%,
respectively, which has no significant different between
two groups. The concentration of PPID-NPs and PI-NPs
in tumors were 16.2 and 17.3%, respectively, which was
higher than other RES organs, such liver, spleen. That
maybe contribute to the mitochondria-targeted ability of
IR780, which were reported by other published articles
(Zhang et al., 2018, 2019; Yang et al., 2020).

CONCLUSION

In summary, we successfully developed an oxygen-sufficient
nanoplatform, PPID-NPs, to enhance the efficiency of synergistic
sonodynamic-chemotherapy in hypoxic tumors. On the
one hand, PPID-NPs can deliver oxygen to tumors and
enhance the efficacy of oxygen-dependent SDT. On the
other hand, PPID-NPs used as a drug delivery system could
accelerate DOX release under US exposure. Importantly,
the in vitro and in vivo results confirmed that chemo-
sonodynamic therapy possesses high efficiency for anticancer
therapy. Therefore, PPID-NPs, as an oxygen-sufficient
nanoplatform, could be used as an ideal therapeutic system for
hypoxic tumors.
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Zirconia nanoparticles (ZrO2 NPs) are widely applied in the field of biomedicine.

In this study, we constructed a nanoplatform of ZrO2 NPs coated with a platelet

membrane (PLTm), named PLT@ZrO2. PLTm nanovesicles camouflage ZrO2 NPs,

prevent nanoparticles from being cleared by macrophage, and target tumor sites.

Compared to ZrO2 alone, PLT@ZrO2 is better at inhibiting the invasion and metastasis

of Hela cells in vitro and in vivo. In vitro, PLT@ZrO2 inhibited the growth and proliferation

of Hela cells. Scratch-wound healing recovery assay demonstrated that PLT@ZrO2

inhibited Hela cells migration. Transwell migration and invasion assays showed that

PLT@ZrO2 inhibited Hela cells migration and invasion. In vivo, PLT@ZrO2 inhibited the

tumor growth of Xenograft mice and inhibited the lung and liver metastasis of Hela

cells. Immunofluorescence and Western blotting results showed that anti-metastasis

protein (E-cadherin) was upregulated and pro-metastasis proteins (N-cadherin, Smad4,

Vimentin, E-cadherin,β-catenin, Fibronectin, Snail, Slug, MMP2, Smad2) were down-

regulated. Our study indicated that PLT@ZrO2 significantly inhibits tumor growth,

invasion, and metastasis.

Keywords: platelet membrane, zirconia, invasion, metastasis, anticancer

INTRODUCTION

Zirconium oxide nanoparticles (ZrO2 NPs) possess many good electrochemical properties, such as
non-toxicity, thermal stability, wide band gap, and excellent electrical and surface performances
(Yang et al., 2007). ZrO2-based biosensors for oral cancer drug detection (Kumar et al., 2016),
and electrochemical sensors for anticancer drugs by ZrO2 NPs-decorated nanocomposite (Venu
et al., 2018), have also been implemented. Sulphated zirconia nanoparticles have been studied in
anticancer applications (Mftah et al., 2015) and sulfated zirconia nanoparticles doped by iron-
manganese are cytotoxic to cancer cells (Al-Fahdawi et al., 2015). Moreover, ZrO2 NPs have
exhibited cytotoxicity against human carcinoma cell lines (Balaji et al., 2017), but their antitumor
activity and mechanism has not been explored thoroughly.
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Current studies have indicated that tumor metastasis is
facilitated by blood platelets (PLTs) (Karpatkin and Pearlstein,
1981; Gasic, 1984; Tanaka et al., 1986; Chen et al., 1992; Honn and
Tang, 1992a,b; Nieswandt et al., 1999), and platelets and tumor
cells are bound by P-selectin and the CD44 receptor (Borsig
et al., 2001; Hu et al., 2015a) with capture based on structure
(Sabrkhany et al., 2018). Previous studies have indicated that
platelet-membrane-camouflaged black phosphorus quantum
dots could target tumor sites (Shang et al., 2019), but it
has not been studied whether platelet-membrane-camouflaged
nanoparticles can target tumor metastasis.

Although surgical techniques and chemotherapy regimens
have improved, metastasis remains a serious barrier to the
effective treatment for patients with cervical cancer (Li
et al., 2016), and the prognosis of patients suffered from
metastatic cervical cancer is poor (Peng et al., 2016). To
address these challenges, we constructed platelet-membrane-
camouflaged ZrO2 NPs (PLT@ZrO2) to investigate targeting of
metastatic tumors and anti-metastasis activity.

MATERIALS AND METHODS

Materials
Zirconia nanoparticles (XF101) were prepared by the XFNANO
Materials Tech Co., Ltd. (China). Yeasen Biotechnology (China)
provided Cy5, Rhodamine B (RhB), Hoechst 33342, and distearyl
phosphatidyl ethanolamine-fluorescein isothiocyanate (DSPE-
FITC). Solarbio (China) provided dialysis membranes (2 kD).
Whatman (USA) provided polycarbonate porous membrane
syringe filters (200 nm). Life Technologies (USA) provided
RPMI-1640, Dulbecco’s modified Eagle medium (DMEM)
(high glucose), fetal bovine serum (FBS), and trypsin EDTA.
Servicebio Technology Co., Ltd. (China) supplied One Step
TUNEL Apoptosis Assay Kit, DAPI, Calcein-AM, crystal violet,
hematoxylin and eosin (HE), anti-N-cadherin, anti-Vimentin,
anti-E-cadherin, anti-β-catenin, anti-Fibronectin, anti-Snail,
anti-Smad4, anti-Slug, anti-MMP2, anti-Smad2, anti-β-actin,
anti-GAPDH antibodies, horseradish peroxidase (HRP) goat
anti-rabbit IgG secondary antibodies, cy3 goat anti-IgG and
FITC goat anti-IgG secondary antibodies, and a prestained
protein ladder.

Cells and Animals
The Cancer Research Institute of Central South University
gifted the Hela human cervical cancer cell line. The Hela cells
were cultured in DMEM (high glucose) containing 10% FBS.
RAW264.7 macrophages were cultured in RPMI-1640 medium
containing 10% FBS. All cells were incubated at 37◦C in a 5%
CO2 incubator. Hunan SJA Laboratory Animal Co., Ltd provided
6 week old female Balb/c nude mice.

PLTm Vesicles Preparation
PLTs were obtained by centrifugation (1,500 rpm, 5min) and
double washing with PBS of whole blood from female Balb/c
nude mice. PLTm vesicles of∼150 nmwere prepared by repeated
freezing (at−80◦C, 2 h) and thawing (at 37◦C, 10min) PLTs, and
ultrasonic treatment (2min, 42 kHZ, 100W) of PLTs (Hu et al.,
2015b).

Construction of PLT@ZrO2
Ultrasonic treatment (5min, 42 k Hz, 100W) of ZrO2 NPs with
an equal volume of PLTm vesicles promoted camouflage of the
nanoparticles. After filtration with porous syringe filters (200 nm)
and centrifugation (2,500 rpm, 10min), PLTm vesicles which
did not camouflage ZrO2 NPs were settled out and the PLT@
ZrO2 were obtained. Generally, 300 µL ZrO2 NPs (50µg/mL)
were mixed with 300 µL PLTm vesicles to pr2Eepare 300
µL PLT@ZrO2.

Characterization of PLT@ZrO2
A transmission electron microscope (TEM) (Tecnai G2 Spirit,
FEI, USA) was used to check the morphology and size of
PLT@ZrO2. We could observe the size of the nanoparticles as
well as identify whether the nanoparticles were encapsulated
into PLTm vesicles. A silicon chip dipped in anhydrous
ethanol containing PLT@ZrO2 was examined with atomic force
microscopy (AFM) (MFP-3D-S, Asylum Research, USA) to
detect the heights of nanoparticles. Zetasizer Nano ZS (Malvern
Nano series, Malvern, U.K.) was used to measure the particle
sizes and surface charges. UV/vis spectroscopy (ScanDrop,
Analytik Jena, Germany) was applied to detect the absorbance
of PLT@ZrO2.

Cell Viability of Hela Cells Assessed
Through Crystal Violet Staining
Hela cells were inoculated into 35mm dishes (2 × 105/dish).
After 24 h, the cells were treated with new medium, ZrO2, PLTm
vesicles or PLT@ZrO2. The concentration of ZrO2 NPs used in
this study was 50µg/mL. After 24 h, crystal violet 300 µl was
added into each well and then washed with PBS to assess the
viable cells.

Scratch-Wound Healing Recovery Assays
Hela cells were seeded in a 6-well plate (1×105/well). After 24 h,
the culture medium was removed, straight incisions were made
by a 10 µl pipette tip, and then cells were washed with PBS
to remove detached and suspended cells. The remaining cells
were given new medium, ZrO2, PLTm vesicles, or PLT@ZrO2,
respectively. The concentration of ZrO2 NPs used in this study
was 50µg/mL. After 24 h, pictures of the scratches were taken
under an inverted phase contrast microscope (Axio Observer,
ZEISS, Germany), and the extent of wound healing recovery was
assessed by the wound area in each group.

Migration and Invasion Assays
Transwell Permeable Supports (Corning Inc., USA) were used
to assay cell migration and invasion. Hela cells (about 1 ×

104/well) suspended in 200 µl serum-free medium with ZrO2,
PLTm vesicles, or PLT@ZrO2, were plated onto Transwell filter
inserts in 24-well plates for migration assays. The concentration
of ZrO2NPs used in this study was 50µg/mL. The corresponding
cell suspensions plated onto Transwell filter inserts coated
with Matrigel were used for invasion assays. We used 500 µl
DMEM containing 10% FBS plated in the lower chambers as a
chemoattractant. After incubation for 24 h, a cotton swab was
used to remove the cells in the upper chamber. Cells on the
bottom side were stained with Calcein-AM (Jang et al., 2012)
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and photographed under an inverted fluorescence microscope
at excitation wavelength of 530 nm and emission wavelength of
590 nm. Pictures were quantified and analyzed using MetaXpress
software (Molecular Devices).

Biocompatibility of PLT@ZrO2
Hemolytic rates and RAW 264.7 macrophages phagocytosis
were conducted to estimate the biocompatibility of PLT@ZrO2.
After incubating ZrO2 NPs or PLT@ZrO2 (from 0.1 to 0.8
mg/mL) with 5% red blood cell suspension at 37◦C for 2 h, the
mixture was centrifuged (3,500 rpm, 5min), and the absorbance
at 545 nm of the supernatant was measured by a microplate
reader. Ultra-pure water and PBS incubated with 5% red
blood cell suspension was used as a positive and negative
control, respectively. We calculated the hemolytic ratio as
follows: hemolytic rate% = (experimental sample absorbance—
negative control absorbance)/(positive control absorbance—
negative control absorbance) × 100%. RAW 264.7 macrophages
(1×105/well) were seeded into a 6-well plate and treated with
2mL PLT@ZrO2-RhB or ZrO2-RhB for 24 h to assess the
ability of PLT@ZrO2 to evade the immune response. In the
nanocomposite, the concentration of ZrO2 NPs was 50µg/mL.
After staining the cell nuclei with Hoechst 33342 (Crowley

et al., 2016), pictures taken from a laser confocal fluorescence
microscope (LCFM) (TCS SP8 CARS, Leica, Germany) were used
to assess the phagocytosis of PLT@ZrO2 by macrophages and the
fluorescence intensity.

PLT@ZrO2 Distribution Assay In vivo
Hela tumor-bearing mice were injected through the tail vein with
the Cy5-labeled PLT@ZrO2 or Cy5-labeled ZrO2 to evaluate the
targeting capability of PLT@ZrO2 in vivo. The dosage of Cy5 in
the nanocomposite was 3µg/kg. After administration, a Xenogen
IVIS Lumina XR imaging system (Caliper Life Sciences, USA)
was applied to detect the fluorescence intensity of the mice at
6, 24, and 48 h, respectively. The mice were then euthanized,
and tumor tissues and visceral tissues were harvested for further
imaging. Then the tumor tissues were made into frozen sections
and observed under an inverted fluorescence microscope.

PLT@ZrO2 Treatment in Cervical
Cancer-Bearing Mice
To explore in vivo anticancer effect, we injected Hela cells
(1 × 106) in 100 µL PBS through the hypodermic and tail
vein, to establish subcutaneous tumors and metastasis tumors,
respectively. Tumor volume was calculated as follow: V = 1/2 ×

FIGURE 1 | Characterization of PLT@ZrO2. (A) TEM images of ZrO2, PLTm vesicles, and PLT@ZrO2. Scale bar: 100 nm. a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2. (B)

SDS-PAGE protein assessment. M, Marker; a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2. (C) The heights of ZrO2, PLTm vesicles, and PLT@ZrO2 observed under AFM.

a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2; d, Quantitative assay of heights of ZrO2, PLTm vesicles, and PLT@ZrO2. (D) The particle size of ZrO2, PLTm vesicles, and

PLT@ZrO2. a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2. (E) Zeta potential of ZrO2, PLTm vesicles, and PLT@ZrO2. a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2. (F) UV-Vis

spectra of ZrO2, PLTm vesicles, and PLT@ZrO2.
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D × L2, where V refers to volume, D refers to the longitudinal
diameter and L refers to the latitudinal diameter. Day 0 (D0)
represents the first day when subcutaneous tumor volumes
exceed 100 mm3. Fifteen mice were randomly assigned to 3
groups (n = 5) and injected with 100 µL of PBS, PLTm, or
PLT@ZrO2 through tail vein once a day for 3 consecutive days.
The dosage of ZrO2 was 50 mg/kg/d. The tumor sizes and body
weights of the mice were measured, and tumor volumes were
calculated once every 4 days. All mice were euthanized on day
14 (D14). Whole blood, tumors, and internal organs (hearts,
livers, spleens, lung, and kidney) were collected. Whole blood
was collected andmeasured by a five-part differential hematology
analyzer (BC-5390, Mindray, China). After centrifugation
(3,000 rpm, 10min), an automatic biochemical analyzer (7100,
HITACHI, Japan) and an immunology analyzer (Cobas 6000
e601, ROCHE, USA) were applied to detect the serum enzyme
levels. All collected organs and tumors were fixed in 4%

paraformaldehyde and frozen at −80◦C. The frozen tumor
tissues were used for Western blotting analysis. The fixed tissues
were embedded in paraffin, sliced into sections, and then stained
for HE and immunofluorescence.

Immunofluorescence Analysis
Immunofluorescence analysis was performed by
immunofluorescence staining of TUNEL, N-cadherin, Vimentin,
E-cadherin, β-catenin, and Fibronectin according to standard
protocols (Hseu et al., 2019). The sections were then
counterstained with DAPI (Chazotte, 2011), observed under an
inverted fluorescence microscope, and photographed.

Western Blotting Analysis
Proteins were extracted from tumor tissue lysates using RIPA
buffer. The concentrations of total proteins were quantified with
a BCA protein assay kit. Protein expressions were assessed by

FIGURE 2 | In vitro antitumor effects of PLT@ZrO2. (A) Cell viability assay after treated with ZrO2, PLTm vesicles, or PLT@ZrO2. Ctl, control; a, ZrO2; b, PLTm

vesicles; c, PLT@ZrO2; d, Semi-quantitative assay of cell viability after treated with ZrO2, PLTm vesicles, or PLT@ZrO2. (B) Scratch-wound healing recovery assays

after treated with ZrO2, PLTm vesicles, or PLT@ZrO2, respectively. Ctl, control; a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2; d, Semi-quantitative assay of migration rate

after treated with ZrO2, PLTm vesicles, or PLT@ZrO2. (C) Transwell migration assay after treated with ZrO2, PLTm vesicles, or PLT@ZrO2, respectively. Ctl, control; a,

ZrO2; b, PLTm vesicles; c, PLT@ZrO2; d, Semi-quantitative assay of migration rate after treated with ZrO2, PLTm vesicles, or PLT@ZrO2. (D) Transwell invasion

assays after treated with ZrO2, PLTm vesicles, or PLT@ZrO2, respectively. Ctl, control; a, ZrO2; b, PLTm vesicles; c, PLT@ZrO2; d, Semi-quantitative assay of invasion

rate after treated with ZrO2, PLTm vesicles, or PLT@ZrO2. Data are mean ± SD (n = 3). Compared to the control group: ***p < 0.001 and ****p < 0.0001; compared

to the ZrO2 group: ##p < 0.01 and ###p < 0.001.

Frontiers in Chemistry | www.frontiersin.org 4 May 2020 | Volume 8 | Article 37759

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Shang et al. PLT@ZrO2 Inhibits Invasion and Metastasis

immunoblot analysis of tumor tissue lysates (40 µg) in the
presence of rabbit antibodies against Snail, Smad4, Vimentin,
Slug, N-cadherin, MMP2, Smad2, GAPDH (1:1,000, Servicebio
Technology, China), and mouse antibodies against E-cadherin
and β-actin (1:1,000, Servicebio Technology, China), according
to standard protocols (Hseu et al., 2019).

Statistical Analysis
SPSS Software 20.0 was used for statistical analysis. Data are
expressed as the mean ± SD. One-way ANOVA was used to
assess the differences between groups, and Tukey’s posttest was
performed (∗ indicates p < 0.05, ∗∗ indicates p < 0.01, ∗∗∗

indicates p < 0.001, and ∗∗∗∗ indicates p < 0.0001).

RESULTS AND DISCUSSION

Characterization of the PLT@ZrO2
Nanocomposite
ZrO2 NPs were monodispersed with diameters averaging 25 nm
(Figure 1Aa), larger than the spherical shaped ZrO2 NPs (of
∼9–11 nm) extracted from E. globulus leaf (Balaji et al., 2017).
The diameter of PLTm vesicles was about 150 nm (Figure 1Ab),
consistent with the previous report (Shang et al., 2019).
Ultrasonic treatment facilitated encapsulation of ZrO2 NPs by

PLTm vesicles to form PLT@ZrO2 nanocomposites. As shown
in Figure 1Ac, several ZrO2 NPs were camouflaged by one
PLTm vesicle. The SDS-PAGE results (Figure 1B) indicated that
the proteins of PLT@ZrO2 nanocomposites were almost the
same as PLTm nanovesicles. The heights of ZrO2 NPs, PLTm
nanovesicles and PLT@ZrO2 nanocomposites observed under
an AFM were 30.0 ± 7.2, 150 ± 21.1, and 142 ± 20.2 nm
(Figure 1C). Dynamic light scattering (DLS) data (Figure 1D)
showed that the average size of PLT@ZrO2 nanocomposites were
140 nm, slightly smaller than PLTm nanovesicles and consistent
with the data from AFM. Zeta potential of ZrO2 NPs was −51.5
± 3.1mV. After encapsulation, Zeta potential of PLT@ZrO2 was
−34.5 ± 2.7mV, similar to that of PLTm nanovesicles (−27.8
± 2.4mV) (Figure 1E), indicating successful camouflage. Results
from UV-vis spectrometry (Figure 1F) showed that PLT@ZrO2
possesses absorption peaks at 210 and 200 nm, consistent with
those of ZrO2 NPs and PLTm nanovesicles detected alone. These
findings demonstrated the successful preparation of PLT@ZrO2.

In vitro Antitumor Effects of PLT@ ZrO2
In vitro Effects of PLT@ZrO2 Nanocomposite on Hela

Cells Viability
Before investigating the anti-metastatic potential of PLT@ZrO2,
we used crystal violet staining to assess the viability of Hela cells

FIGURE 3 | Biocompatibility of PLT@ZrO2. (A) Pictures of RBC suspensions after treatment with various concentrations of ZrO2 or PLT@ZrO2. (B) Hemolytic rate

after treatment with various concentrations of ZrO2 or PLT@ZrO2. (C) Images of RAW264.7 cells upon culture with ZrO2-RhB or PLT@ZrO2-RhB for 24 h taken by a

LCFM. Scale bar: 100µm. (D) Average fluorescence intensity of RAW264.7 cells after cultured with ZrO2-RhB or PLT@ZrO2-RhB for 24 h. Data are presented as

mean ± SD (n = 3). Compared to the ZrO2 group: **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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after treatment with ZrO2, PLTm vesicles and PLT@ZrO2. Our
results showed that compared with ZrO2, PLT@ZrO2 greatly
inhibited viability, indicating that PLT camouflaging enhanced
the inhibitory effect of ZrO2NPs (Figure 2A). This may be due to
increased local concentration of ZrO2 when PLTm vesicles bind
to tumor cells (Shang et al., 2019).

PLT@ZrO2 Potently Inhibits Hela Cells Migration and

Invasion
In the scratch-wound healing recovery assay (Figure 2B), ZrO2
NPs partly inhibited wound healing of Hela cells. PLT@ZrO2
greatly inhibited Hela cell migration, while PLTm did not inhibit
Hela cells migration.

As shown in Figure 2C, treatment with ZrO2 NPs alone
inhibited the migration of Hela cells by ∼30%, and PLT@ZrO2
exerted significant additional anti-migration effect. The
Transwell invasion assay (Figure 2D) revealed that PLT@ZrO2
dramatically inhibited cells invading through Matrigel-coated
filters, thus significantly decreasing the metastasis of Hela cells.
The above results demonstrated that PLTm vesicle camouflaging
improved the inhibitory effect of ZrO2 NPs on the migration and
invasion of Hela cells.

Biocompatibility of the PLT@ZrO2
Nanocomposite
We evaluated the toxicities of ZrO2 NPs and PLT@ZrO2
by observing their hemolytic effects on RBCs. As shown
in Figure 3A, the hemolytic rate after treatment with ZrO2
NPs, even in the concentration of 0.8 mg/mL, was <4.5%.
PLT@ZrO2 had a value (0.5 ± 0.29%) significantly lower than
that of ZrO2 NPs (Figure 3B), indicating that PLTm vesicle
camouflaging improved the biosafety and hemocompatibility
of ZrO2 NPs.

ZrO2 NPs and PLT@ZrO2 labeled with RhB (red fluorescent
signals) were applied to detect the anti-phagocytosis effect.
After incubation with ZrO2-RhB for 24 h, RAW264.7
macrophages showed strong red fluorescent signals (Figure 3C),
demonstrating phagocytosis. However, weak fluorescent signals
were observed after treatment with PLT@ZrO2-RhB, indicating
that phagocytic activity was significantly weakened. Macrophages
treated with PLT@ZrO2-RhB showed lower average fluorescence
than that of cells treated with ZrO2-RhB (Figure 3D). The above
results suggested that PLTm nanovesicle camouflaging prevents
phagocytosis of ZrO2 NPs by macrophages, thus reducing their
clearance and extending the circulation time.

FIGURE 4 | In vivo distribution of PLT@ZrO2 through intravenous injection. (A) In vivo fluorescent images of nude mice at 6, 24, and 48 h upon intravenous treatment

with ZrO2-Cy5 or PLT@ZrO2-Cy5. (B) Bioluminescent images of tumors and visceral tissues at 48 h post-treatment with ZrO2-Cy5 or PLT@ZrO2-Cy5. (C)

Semi-quantitative assay of fluorescent intensities of tumor and other tissue samples. a, Tumor; b, heart; c, liver; d, spleen; e, lung; f, kidney. (D) Fluorescent images of

tumors from nude mice 48 h upon administration of ZrO2-Cy5 or PLT@ZrO2-Cy5. Scale bar: 100µm. Data are presented as the mean ± SD (n = 3). Compared to the

ZrO2 group: *p < 0.05.

Frontiers in Chemistry | www.frontiersin.org 6 May 2020 | Volume 8 | Article 37761

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Shang et al. PLT@ZrO2 Inhibits Invasion and Metastasis

FIGURE 5 | Anticancer effects of ZrO2 and PLT@ZrO2 on Hela cells bearing BALB/c nude mice. (A) The scheme of experiment process. (B) The representative

picture of tumors after treated with ZrO2 or PLT@ZrO2. (C) The changes of tumor volume after treated with ZrO2 or PLT@ZrO2. (D) The representative cell

morphology of tumor tissues after treated with ZrO2 or PLT@ZrO2, and HE staining. (E) TUNEL assay after treated with ZrO2 or PLT@ZrO2. (F) Changes of body

weight after treated with ZrO2 or PLT@ZrO2. Ctl, Control; Z, ZrO2; PZ, PLT@ZrO2. Scale bar: 100µm. Data are presented as the mean ± SD (n = 3). Compared to

the control group: **p < 0.01 and ***p < 0.001; compared to the ZrO2 group: #p < 0.05.

The above results suggested that PLT@ZrO2 nanocomposite
outperformed ZrO2 NPs in biocompatibility.

In vivo Distribution of PLT@ZrO2 Through
Intravenous Injection
Due to the ability of PLTm vesicles to escape phagocytosis
by immune cells and bind to tumor cells (Shang et al.,
2019), PLT@ZrO2 has the potential to accumulate in tumors
that have metastasized. To verify this hypothesis, we assessed
biodistribution of PLT@ZrO2 using PLT@ZrO2 conjugated by
Cy5. We used ZrO2 NPs conjugated by Cy5 as a control.
As shown in Figure 4A, after administration of PLT@ZrO2-
Cy5, we observed increased fluorescent intensity at tumor sites
compared to ZrO2-Cy5, demonstrating increased retention of
PLT@ZrO2. At 48 h after intravenous injection, PLT@ZrO2-
Cy5 retentions in tumor, liver and lungs were greater than
those of ZrO2-Cy5 (P < 0.05) (Figures 4B,C), and more
intense red fluorescence in tumor tissue in the PLT@ZrO2
group was observed (Figure 4D), suggesting that retention
of PLT@ZrO2-Cy5 in tumor sites exceeded that of ZrO2-
Cy5 and PLT@ZrO2 nanocomposites have excellent tumor
targeting efficiency.

Antitumor Effects of PLT@ZrO2 In vivo
To further explore the anticancer effect of PLT@ZrO2, we
conducted in vivo assays in tumor-bearing mice that underwent
Hela cells injection (Figure 5A). Compared to the ZrO2
group, tumor volumes in the PLT@ZrO2 group were smaller
(Figures 5B,C), indicating that PLT@ZrO2 significantly
inhibited tumor growth. As shown by HE (Figure 5D) and
TUNEL staining (Figure 5E), we observed more necrotic and
apoptotic cells in tumor tissues with PLT@ZrO2 compared to
ZrO2. The above findings demonstrate that PLT@ZrO2 induced
stronger anticancer effects than ZrO2 alone. The body weights of
mice in PLT@ZrO2 group did not decline, indicating no obvious
systemic toxicity (Figure 5F).

Tumor metastasis, an important feature of malignant tumors,
is a complex and multistep process, regulated by genetic, and
epigenetic changes (Gupta and Massagué, 2006; Tiwari et al.,
2013). It is recognized that epithelial-mesenchymal transition
(EMT) plays an important role in invasion and metastasis (van
Zijl et al., 2009). EMT initiates the early steps of tumor metastasis
and spread of tumor cells by endowing them greater motility and
invasiveness (Thiery et al., 2009).

Wnt/β-catenin signaling plays a vital role in accelerating the
process of EMT andmetastasis (Zhou et al., 2016; Liu et al., 2017).
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FIGURE 6 | Immunofluorescence pictures of tumor sections after treated with ZrO2 or PLT@ZrO2 and stained with N-cadherin, Vimentin, E-cadherin, β-catenin, and

Fibronectin. Ctl, Control; Z, ZrO2; PZ, PLT@ZrO2. Scale bar: 20µm.

Constitutive activation of the Wnt/β-catenin pathway results in
the reduction of E-cadherin and induction of EMT (Goto et al.,
2017), thereby enabling metastasis and invasion by reducing cell-
to-cell contact (Onder et al., 2008). Moreover, downregulation
of E-cadherin followed by EMT plays an important role in
metastasis initiation (Shu et al., 2019). Previous studies have
demonstrated that upregulation of N-cadherin is associated with
tumor invasion and metastasis (Watson-Hurst and Becker, 2006;
Hao et al., 2012; Mrozik et al., 2018). As shown in Figure 6,
compared to ZrO2 NPs alone, treatment with PLT@ZrO2
downregulated N-cadherin and β-catenin (red fluorescence),
and upregulated E-cadherin (red fluorescence), indicating that
PLT@ZrO2 potentially inhibits tumor invasion and metastasis.

Reduction of epithelial proteins, such as E-cadherin (Onder
et al., 2008), and increase of mesenchymal proteins, such as
vimentin (Huber et al., 2005), are hallmarks of EMT. Vimentin,
a 57 kDa type III intermediate filament protein, is critical for
cell adhesion, migration, and signaling (Ivaska et al., 2007),
and is essential to the progression and prognosis of cancer
through EMT (Gugnoni et al., 2016; Sun and Fang, 2016).
Fibronectin, a tumor-associated extracellular matrix protein,
facilitates polymerization of fibrillar components on adherent
and suspended tumor cell surfaces and maintains structure and
motility in cell migration (Cheng et al., 1998; Huang et al.,
2008; Shi et al., 2010; Knowles et al., 2015). As shown in
Figure 6, compared with ZrO2 NPs, treatment with PLT@ZrO2,
reduced Fibronectin and Vimentin (red fluorescence), indicating
that PLT@ZrO2 could significantly inhibit tumor invasion
and metastasis.

The EMT program is regulated by 3 EMT-inducing
transcription factors families: Snail, Twist and Zeb (Ansieau
et al., 2014; Puisieux et al., 2014). Slug (termed Snail2), can
inhibit E-cadherin expression and promote EMT (Wang et al.,
2009). Previous study has demonstrated that Slug regulates
malignant transformation and metastasis of various cancers
(Alves et al., 2009). WNT, TGF-β, NOTCH, and SHH signaling
pathways play crucial roles in activation of EMT-related
transcription factors, including Snail, Slug, Zeb1/2, and Twist
(Nieszporek et al., 2019).

The adhesion molecule, N-cadherin, is related to invasive
ability in cancers, and its overexpression facilitates motility
and invasion (Nakajima et al., 2004). Slug and Snail inhibit E-
cadherin expression; thus their overexpression promotes EMT
(Hotz et al., 2007; Grzegrzolka et al., 2015). As shown in
Figure 7, compared with ZrO2 NPs, treatment with PLT@ZrO2
downregulated N-cadherin, Slug, and Snail and upregulated E-
cadherin, indicating that PLT@ZrO2 strongly inhibited EMT.

Matrix metallopeptidases (MMPs) degrade the extracellular
matrix and basement membrane (Lengyel et al., 2001), enhancing
the spread of cancer cells to distant sites (Shen et al., 2017).
MMP2 and MMP9 degrade collagen IV in the extracellular
basement membrane (Roomi et al., 2010) and rearrange
the extracellular matrix during invasion and migration of
cancer cells (Nabeshima et al., 2002; Alaseem et al., 2019).
Moreover, active level of MMP2 in cancer cells is related to
invasion and metastasis (Celentano et al., 2020). As shown in
Figure 7, compared with ZrO2 NPs, treatment with PLT@ZrO2,
significantly downregulated MMP2.
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FIGURE 7 | Invasion and metastasis associated protein expressions. (A) Invasion and metastasis associated protein expressions in tumor tissues at 14th day after

intravenous injection of ZrO2 or PLT@ZrO2. (B) Semi-quantitative assay of invasion and metastasis associated protein expressions in tumor tissues at 14th day after

intravenous injection of ZrO2 or PLT@ZrO2. Ctl, Control; Z, ZrO2; PZ, PLT@ZrO2. Data are mean ± SD (n = 3). Compared to the control group: *p < 0.05, **p < 0.01,

and ***p < 0.001.

Vimentin promotes the stemness of cancer cells by
phosphorylation of Slug to initiate EMT (Virtakoivu et al.,
2015). Additionally, Vimentin is essential for membrane
localization and appropriate activation of MT1-MMP,
which is essential for endothelial sprouting (Kwak et al.,
2012). As shown in Figure 7, Vimentin was down-regulated
after treatment with PLT@ZrO2, indicating inhibition of
EMT initiation.

The TGF-β1 receptor, Smad, forms a heteromeric complex
with Smad2 and Smad4. The activated Smad factor enters
the nucleus and regulates the transcription of target genes
to promote cell biological behaviors, such as proliferation,
invasion, and EMT (Liu et al., 2016; Li et al., 2018). As
shown in Figure 7, compared with ZrO2 NPs, after treated with
PLT@ZrO2, Smad2, and Smad4 were downregulated, indicating
that PLT@ZrO2 strongly inhibited tumor proliferation, invasion,
and EMT.

We observed lung and liver metastasis in the control and
ZrO2 groups, while metastasis in the PLT@ZrO2 group was
absent (Figure 8A). The maximum cross sections of lungs and
livers stained by HE showed that the size of lungs and livers
metastasis foci were larger in the control group compared to
the ZrO2 group, while no metastasis foci were found in the
sections of lungs and livers in the PLT@ZrO2 group (Figure 8B),
indicating that PLT@ZrO2 could inhibit metastasis to the lungs
and liver.

Toxic and Side Effects of Vital Tissues and
Organs
After treatment with PLT@ZrO2, white blood cell (WBC), RBC
and PLT counts did not decrease (Table 1), indicating that
PLT@ZrO2 did not induce hematological toxicity. To assess
the effects of PLT@ZrO2 on visceral organs, serum enzyme
level detection and histological assessment were performed.
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FIGURE 8 | Effects of PLT@ZrO2 on lung and liver metastasis of tumor. (A) The representative picture of lungs and livers after treated with ZrO2 or PLT@ZrO2. (B) The

maximum cross sections of lung and liver sections stained by HE. The circles indicate the metastatic focuses in lungs and livers. Ctl, Control; Z, ZrO2; PZ, PLT@ZrO2.

TABLE 1 | The blood cell counts, the enzyme level and myocardial enzyme

spectrum analysis of tumor bearing mice after treated with ZrO2, and PLT@ZrO2.

Control ZrO2 PLT@ ZrO2

Blood cell count

WBC (109/L) 7.4 ± 0.3 7.3 ± 0.5 7.4 ± 0.5

RBC (1012/L) 11.3 ± 1.2 11.3 ± 1.2 11.3 ± 1.0

HGB (g/dL) 14.6 ± 0.5 14.5 ± 0.4 14.5 ± 0.6

HCT (%) 49.2 ± 1.4 49.2 ± 1.3 49.0 ± 1.5

PLT (1011/L) 8.6 ± 0.4 8.5 ± 0.5 8.4 ± 0.6

Serum enzyme level

ALT (U/L) 25.5 ± 2.4↑ 19.8 ± 1.8↑ 9.5 ± 0.6

AST (U/L) 108.8 ± 2.3↑ 97.9 ± 2.2↑ 48.2 ± 2.4

Urea (mmol/L) 2.1 ± 0.2 2.1 ± 0.2 2.2 ± 0.3

CRE (µmol/L) 6.7 ± 0.3 6.7 ± 0.4 6.8 ± 0.4

Myocardial enzyme spectrum

TNT-HS (pg/ml) 48.7 ± 3.6 48.4 ± 3.7 48.8 ± 4.1

CK (U/L) 3780.0 ± 121.5 3785.3 ± 127.1 3791.4 ± 125.8

LDH-L (U/L) 7690.5 ± 120.2 7692.5 ± 122.3 7700.4 ± 131.8

CK-MB (U/L) 3770.9 ± 86.3 3782.7 ± 103.4 3792.9 ± 115.1

Myo (ng/mL) 72.9 ± 2.9 73.6 ± 2.5 73.9 ± 3.5

Data are mean ± SD (n = 3).

As shown in Table 1, there were no alterations in blood
urea nitrogen (BUN) and creatinine (Cr), indicating that
PLT@ZrO2 did not result in kidney dysfunction. Due to

tumor invasion and metastasis, alanine transaminase (ALT),
and aspartate amino-transferase (AST) in the control group
and ZrO2 group were significantly elevated, but levels in
the PLT@ZrO2 group were normal, indirectly indicating that
PLT@ZrO2 inhibited the liver invasion and metastasis of
Hela cells. Indicators of cardiac function, such as Lactate
dehydrogenase (LDH), hypersensitive troponin T (TNT-HS),
creatinine kinase (CK), creatinine kinase-MB (CK-MB), and
myoglobin (Myo), were not elevated in the PLT@ ZrO2 group
(Table 1). Histological images of heart, spleen, and kidney
did not show abnormalities in both ZrO2 and PLT@ZrO2
groups (Figure 9). These results indicated that PLT@ZrO2
could inhibit the elevation of ALT and AST and exhibit fewer
side effects.

CONCLUSION

In this study, we have shown PLT@ZrO2, a PLTm vesicle-
encapsulated ZrO2 nanocomposite, targeted subcutaneous and
metastatic tumor sites, enhanced the anticancer effects of ZrO2,
and inhibited tumor invasion and metastasis. ZrO2 NPs coated
with PLTm vesicles escaped phagocytosis by immune cells,
extended their retention, and targeted tumor sites. Additionally,
we did not observe systemic toxicity after treatment with
PLT@ZrO2. The PLT@ZrO2 nanocomposite has potential as a
non-toxic and efficient targeted anticancer platform capable of
inhibiting tumor growth, invasion and metastasis.
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FIGURE 9 | Histological images of heart, spleen, kidney, brain and skeletal muscle after ZrO2 or PLT@ZrO2 treatment and HE staining. Ctl, Control; Z, ZrO2; PZ,

PLT@ZrO2. Scale bar: 20µm.
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Fluorescence imaging in the second near infrared window (NIR-II, 1,000–1,700 nm) has

been widely used in cancer diagnosis and treatment due to its high spatial resolution

and deep tissue penetration depths. In this work, recent advances in rare-earth-doped

nanoparticles (RENPs)—a novel kind of NIR-II nanoprobes—are presented. The main

focus of this study is on the modification of RENPs and their applications in NIR-II in vitro

and in vivo imaging and cancer theranostics. Finally, the perspectives and challenges of

NIR-II RENPs are discussed.

Keywords: NIR-II, rare-earth-doped nanoparticles, modification, in vitro and in vivo imaging, cancer theranostics

INTRODUCTION

Cancer is one of the world’s most lethal diseases, and there are no particularly effective treatments
to date. Cancer patients must endure chemotherapy and radiotherapy, followed by long-term
medications, which are a great burden on their body and mind. For people not to be afflicted
by cancer, it is necessary to diagnose the disease in an early stage and personalize treatments
based on each patient’s individual variability and medical profile (Rubin et al., 2014). Molecular
imaging modalities can be useful for the comprehensive evaluation of essential biomolecules and
can facilitate the non-invasive visualization of cell function and biochemical processes in biological
systems (Kuimova et al., 2009; Weissleder et al., 2016; Yang et al., 2017a). They are well-recognized
as powerful techniques that provide more comprehensive anatomical, physiological and functional
information in early cancer detection, drug delivery, as well as monitoring treatment effectiveness
(Quon and Gambhir, 2005; Weissleder and Pittet, 2008; Willmann et al., 2008). Currently,
varieties of molecular imaging techniques are widely used in the medical field, including magnetic
resonance imaging (MRI), X-ray computed tomography (CT), positron emission tomography
(PET), single-photon emission tomography (SPECT), and optical fluorescent light imaging (FLI)
(Figure 1). However, these methods have some disadvantages. For example, CT and MRI often
require high doses of contrast agents; PET and SPECT require radioactive tracers that can put both
patients and operators in danger (O’Leary et al., 1999; Mariani et al., 2001, 2002; Tsien, 2003). Also,
they need to be optimized to obtain more accurate information due to their long scanning time and
low sensitivity/spatial resolution (Toussaint et al., 1996; Paulus et al., 2000).

In recent years, optical imaging has attracted much attention in various fields, predominantly
preclinical research because it provides excellent real-time visualization, high sensitivity and spatial
resolution, especially in early detection and diagnosis of cancer. Generally, most of the conventional
imaging agents operate in the short-wavelength region (e.g., the ultraviolet (UV) and visible
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FIGURE 1 | Overview molecular imaging techniques. The main imaging methods are (A) magnetic resonance imaging (MRI), X-ray computed tomography (CT),

positron emission tomography (PET), single-photon emission tomography (SPECT), and (B) optical fluorescent light imaging (FLI). While MRI, PET, CT, and SPECT are

widely used in the clinics, FLI techniques are mainly used in biomedical preclinical research in vitro and in vivo, with the exception of fluorescence image-guided

surgery, a medical imaging technique used to detect fluorescently labeled structures during surgery. This review, we will focus on introducing FLI from both in vitro and

in vivo imaging.

regions). In these regions, light signals are easily absorbed
and scattered by certain biological tissues (such as muscle,
skin and body fluids). This leads to high autofluorescence,
low signal-to-background ratio and low tissue penetration
(Yang et al., 2017b,c). Besides, high-energy light can lead to
photo-toxicity damage in biological tissues. To circumvent
these problems, optical imaging in the near-infrared (NIR)
region, which is located in the so-called “biological window,”
has gained much attention (Figure 2). Imaging agents in the
first near-infrared window (NIR-I, 700–900 nm) are gradually
being known by researchers, and can provide deep and
sensitive bioimaging. However, their limited tissue penetration
depth (less to 1 cm) and large photon scattering losses in
biological samples still restrict their use further in biomedical
diagnosis and therapy. To address these challenges, novel
materials that enable fluorescent imaging in the NIR-II
window (10,00–1,700 nm) for biomedical applications have been
developed. They show better resolution because they have deeper
penetration (∼1.8 cm) and lower autofluorescence. Therefore,
there is need to synthesize the novel NIR-II agents with high
efficiency and resolution for biological imaging application
(Fan and Zhang, 2019).

So far, many types of fluorescent agents with emission in
the NIR-II region have been extensively applied for effective
bio-sensing and real-time in vitro and in vivo imaging of
living species (Figure 2). They include single-walled carbon
nanotubes (SWNTs) (Gong et al., 2013; Liang et al., 2014),
organic dyes (Lei et al., 2019; Wang et al., 2019a), conjugated

polymers (Hong et al., 2014), quantum dots (QDs) (Li C.
et al., 2014), and rare-earth-doped nanoparticles (RENPs) (Fan
et al., 2019; Wang et al., 2019b). However, most of them have
some disadvantages, such as the broad emission bandwidths
of SWNTs, short accumulation time of organic dyes, high
toxicity, low quantum yield and low solubility of QDs. These
disadvantages will vastly inhibit their further applications in
NIR-II imaging. RENPs are good candidates for NIR-II optical
imaging, because they show minimal photo-bleaching, superior
luminescent lifetimes, excellent tunable emission wavelengths
and low biotoxicity (Rocha et al., 2014; Wang et al., 2014; Dong
et al., 2015; Hemmer et al., 2016; Jiang et al., 2016; Kamimura
et al., 2017).

Rare earth elements constitute a class of lanthanide ions
found in the 6th row of the periodic table (La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), as well as two
other elements closely related to the lanthanides—yttrium (Y)
and scandium (Sc). Due to the incompletely filled 4f shell and
the spin-orbital coupling of 4f free ions, they possess extremely
complex optical properties. One of the most interesting features
of these ions is their photoluminescence. The luminescence of
the trivalent lanthanide ions arises from f-f transitions of the 4f
shell and f-d transitions in the 4f-5d shell. The f-f transitions
also provide the lanthanide elements with rich energy level
structures in the UV, VIS and NIR ranges. As they can be tuned
from the UV to the NIR region, most nanomaterials made of
rare-earth elements can be classified into two major categories:
Upconversion nanoparticles (UCNPs) and downconversion

Frontiers in Chemistry | www.frontiersin.org 2 June 2020 | Volume 8 | Article 49670

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Yu et al. Recent Advances in Rare-Earth-Doped Nanoparticles

FIGURE 2 | Spectral overview fluorescence imaging techniques. (A) Spectral ranges of traditional fluorescence imaging techniques, including the near-infrared (NIR)-I

region, and the deep NIR-II region. (B) Imaging probes commonly used in the NIR-II region: Single walled nanotubes (SWNTs), rare-earth-doped nanoparticles

(RENPs), organic dyes, conjugated polymers, and quantum dots (QDs). (C) Neodymium (Nd)-, thulium (Tm)-, praseodymium (Pr)-, holmium (Ho)-, and erbium

(Er)-containing RENPs have attracted wide attention.

nanoparticles (DCNPs). DCNPs can downconvert a high energy
photon into two or more low-energy photons. In contrast,
UCNPs can convert long-wavelength light (low energy) to short
wavelength (high energy). Unfortunately, due to the unique
anti-Stokes optical properties of UCNPs, most of the NIR-II
nanoprobes belong to the category of DCNPs. Until now, a
large number of studies have shown that by using suitable
sensitizers, UCNPs can obtain longer excitation wavelength for
NIR-II imaging (Zhang et al., 2020). For example, emissions in
the NIR-II region of Ho3+ and Nd3+ could be obtained from
Er3+ sensitized UCNPs (Liu et al., 2018).

Based on the excellent characteristics of rare-earth ions,
such as their low photobleaching, various absorption and
emission wavelengths, and low energy losses, NIR light-
mediated RENPs have been widely used in in vitro and
in vivo imaging of biomolecules. Commonly, this kind of
downconverting nanoparticle combines rare-earth ions and an
inorganic crystalline host lattice (e.g., NaYF4, NaLuF4, and
CaF2). The host can also provide an environment for energy
transfer from a sensitizer to a rare-earth dopant resulting in
NIR-II fluorescence.

This review mainly introduces the recent advances in
RENPs fluorescent imaging in the NIR-II region. In particular,
we focus on the modification of these nanoparticles by
lipids or dyes, and their use in cancer diagnosis and
therapy. Then, the challenges and prospects of RENPs
are discussed.

MAIN KINDS OF RENPs

Based on the energy level of the rare earth elements, most
RENPs possess upconversion and downconversion properties.
Up to date, thanks to the effort of many researchers, five of
them are reported and extensively explored as activators emitting
in NIR-II regions, having excellent downconversion emission
(1,060/1,300 nm for Nd3+, 1,470 nm for Tm3+, 1,310 nm for
Pr3+, 1,185 nm for Ho3+, and 1,525 nm for Er3+) (Liu et al.,
2016) (Figure 2).

Nd-Doped Nanoparticles
According to recent studies, Nd3+ has gained attention for
bioimaging applications due to its special illumination at 808 nm
and deep tissue penetration (Wang et al., 2013). With strong
absorption at 730 nm, 808 nm or 860 nm, Nd3+ can transfer
photons with the generation of electrons from the 4I9/2 ground
state to the 4F7/2,

4F5/2, or
4F3/2; then the electrons move back to

the 4F3/2 state, which can reduce the overheating effect of tissues
usually caused by 980 nm light. As a result of the two transitions,
the emission corresponds to 1,060 nm (4F3/2→

4I11/2) and
1,330 nm (4F3/2→

4I13/2) in the NIR-II region. Thus, it provides
a good way to avoid autofluorescence of tissue.

Earlier attempts of using Nd-doped nanomaterials as NIR-
II biomedical imaging agents have been described (Villa et al.,
2015; Yu et al., 2018). In 2002, Stouwdam et al. first realized
that Nd3+ doped LaF3 nanoparticles can be utilized as a
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polymer-based optical component under 514 nm laser excitation
(Stouwdam and van Veggel, 2002). Then, Wang et al. developed
the synthesized method of LaF3: Nd3+. It was carried out
in aqueous solution at low temperature, and showed great
NIR-II emission under 802 nm laser excitation (Wang et al.,
2006). In 2014, LaF3: Nd

3+ nanoparticles were used to obtain
both in vitro and in vivo images in cancer cells and mice by
Rocha et al. The results showed that LaF3: Nd

3+ nanoparticles
are a very promising fluorescent nanoprobe for bioimaging in
the second NIR window (Rocha et al., 2014). One year later,
Villa and his group did an exciting work on high-contrast in
vivo imaging in the second biological window (Villa et al.,
2015). This work showed how to produce autofluorescence
free, high contrast in vivo fluorescence imaging with 1340 nm
emission band of SrF2: Nd

3+ nanoparticles. They found that
autofluorescence of animal diet can extend up to about 1,100 nm,
which demonstrated that food-related infrared autofluorescence
has an impact on the study of reliable biodistribution. In the
past 3 years, some new host matrices have been reported,
such as LiYF4 (Jiang et al., 2016), GdPO4 (Yang et al., 2018),
CaTiO3 (Li et al., 2015), and NaDyF4 (Liu et al., 2017). As
we know, higher Nd3+ doping will result in severe quenching
of concentration, so to induce great fluorescence signals, the
concentration of Nd3+ should be controlled between 1 and
5%. Thanks to intensive research, most of these new Nd3+

doped systems are nowadays not only used in vivo NIR-II
imaging but also in X-ray CT bioimaging or MRI. Owing
to the large X-ray absorption coefficient of Gd3+, Dy3+,
dual-mode molecular imaging has become a new trend in
bioimaging, such as NIR-II imaging/CT, NIR-II imaging/MRI,
NIR-II imaging/PET.

Despite the efforts made so far as seen above, low optical
effects are still a major drawback. However, sensitizers and core-
shell structures that can be used to increase the signal-to-noise
ratio are gradually becoming more known in the field of NIR-
II bioimaging, disease detection and treatment. For example,
NaGdF4: Nd

3+, Yb3+, Tm3+ is a novel nanomaterial which
uses Gd3+ as bridge ions and finally traps energy by the initial
activator ions (Nd3+) (Zhang et al., 2015). Other previous studies
also showed that co-doping with Y3+ effectively reduced the
aggregation of Nd3+ in CaF2, resulting in a greater luminescence
enhancement of Nd3+ (Yu et al., 2018). Chen et al. synthesized
high quantum yield core/shell NaGdF4: 3%Nd3+@NaGdF4
nanoparticles with an average size of 15 nm. An in vitro and
in vivo NIR-II bioimaging was obtained by loading HeLa cells
with NaGdF4: 3%Nd3+@NaGdF4 nanoparticles and transferring
NaGdF4: 3%Nd3+@NaGdF4 nanoparticles in a nude mouse
model (Chen et al., 2012). CaF2 was also used as the shell
material to make NaYF4: Yb, Nd@CaF2 core/shell nanoparticles,
which resulted in high contrast multiplexed in vivo imaging in
the NIR-II region (Ortgies et al., 2018). In 2018, inspired by
Chen’s work, Wang et al. fabricated NaGdF4: 5%Nd3+@NaGdF4
by the successive layer-by-layer (SILAR) method. To obtain
DCNPs-L1-FSHβ nanoprobes via an EDC/NHS reaction, image-
guided surgery for metastatic ovarian cancer could be improved.
Utilizing these novel nanoprobes, metastases with ≤1mm can
be completely resected under the guidance of NIR-II imaging

(Wang P. et al., 2018). A recent report showed that the ultra-small
NaGdF4: 5 %Nd@NaGdF4 (4.38 ± 0.57 nm) nanoparticles
can be applied in the precise inflammation bioimaging by
ROS (reactive oxygen species)-responsive cross-linking after
modification with GSH (Glu-Cys-Gly) (Wang et al., 2014; Zhao
et al., 2019). An interesting work based on supramolecular self-
assembly strategy is developed for NIR-II imaging assembly and
disassembly through NaGdF4: 10%Y, 25%Yb, 0.5%Tm@NaGdF4
UCNP@azobenzene and NaGdF4: 5%Nd@NaGdF4 DCNP@β-
cyclodextrin. The new strategy allows flexible assembly and
disassembly of nanoparticles by controlling different NIR-lasers,
which can reduce the background of biological imaging and
long-term cytotoxicity, while providing technical support for
further accurate image-guided tumor surgery (Zhao M. et al.,
2018). As only a few NIR-II fluorophores can be used directly
for bone imaging without linking to targeted ligands, He et al.
demonstrated DSPE-mPEG encapsulated with β-phase NaYF4:
7%Nd@NaYF4 can be used for bone and vascular imaging, even
real-time image-guided lymph node mapping and resection (He
et al., 2019) (Table 1).

Er-Doped Nanoparticles
With the rapid development of the RENPs, Er3+ doped
nanoprobes are mainly synthesized as upconversion
nanomaterials and applied in the VIS and NIR-I regions.
In 2011, Y2O3: Yb, Er nanoparticles modified by PEG-b-PVBP
and PEG-PO3H2 showed NIR emission at 1,550 nm in organs of
live mice (Kamimura et al., 2011). Then people considered Er3+

as a better dopant since it can exhibit strong downconversion
luminescence in NIR-IIb region. Nanoprobes employed in the
NIR-IIb region are better for bioimaging, owing to their deeper
tissue penetration, higher spatial and temporal resolution and
lower autofluorescence than those in the NIR-IIa region; but
rare-earth based nanoprobes with high spatial and temporal
resolution imaged in NIR-IIb region are still very scarce. There
is no doubt that the special characteristic of Er3+ solves the
main problem that has plagued researchers for a long time. Two
years later, Naczynski et al. first used NaYF4: Yb, Ln (Ln: Er, Ho,
Tm or Pr) for in vivo imaging of tumors. They demonstrated
that Er3+ doped nanoprobes were the brightest one. Especially,
by encapsulating RENPs with albumin, they provided a good
method to improve tumor accumulation (Naczynski et al., 2013).
Then, Er3+ codoped Yb3+ nanoprobes have attracted increasing
attention due to their special application potential. Polyacrylic
acid (PAA) modified NaYF4: Gd/Yb/Er nanoprobes have been
synthesized and have opened the opportunities for NIR-IIb in
vivo imaging, non-invasive brain vessel imaging and tiny tumor
detection guided by optical imaging (Xue et al., 2018). In 2016,
Dang et al. used the well-established technology, Layer-by-Layer
(LbL) to design a NIR-II based theranostic platform by NaYF4:
Yb, Er-PLA/DXS/PLA/HA nanoprobes, which can accumulate
in diseased sites and demonstrate diagnostic capabilities within
an ovarian tumor mouse model. This study demonstrated that
these nanoprobes can serve as a promising theranostic platform
to monitor the progression and treatment of serous ovarian
cancer (Dang et al., 2016). Indeed, core-shell is well known for
its unique ability to enhance the Er3+ emission at NIR-II region.
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TABLE 1 | Typical of Nd-RENPs NIR-II nano-composites.

NIR-II compositions Excitation

wavelength

(nm)

Emission wavelength

(nm)

Ligands Applications

SrF 2: Nd
3+ 808 900–1,500 − In vitro and in vivo NIR-II imaging

CaF2: Y
3+, Nd3+ 808 1,058 − In vivo NIR-II imaging

LaF 3: Nd
3+ 808 910, 1,050, 1,330 − In vitro and in vivo NIR-II imaging

LiYF4: 5%Nd3+ 808 900, 1,050, 1,330 EDTMP Bio-imaging and biodetection

GdPO4: Nd
3+ 808 1,050, 1,330 DOX Dual-modal in vivo NIR-II/X-ray bioimaging and

pH-responsive drug delivery

NaDyF4: 10%Nd 808 1,050, 1,330 Gallic acid-Fe(III) NIR-II imaging, MRI imaging, PTT

NaGdF4: Nd
3+, Yb3+, Tm3+ 800 980, 1,060 − NIR-II imaging, MRI imaging

NaGdF4: Nd
3+@NaGdF4 740/900 1,050, 1,300 − In vitro and in vivo NIR-II imaging

NaYF4: Yb,Nd@CaF2 808 980, 1,350 Poly(acrylic acid) Lifetime-gated in vivo multiplexed imaging

NaGdF4: 5%Nd@NaGdF4 808 1060 DSPE-PEG-NH2-DNA-

FSHβ

Image-guided surgery for metastatic ovarian

cancer

NaGdF4: 5%Nd@NaGdF4 808 − GSH (Glu–Cys–Gly) In vivo inflammation Imaging

β- NaYF4: 7%Nd@ NaYF4 808 1064, 1345 DSPE-mPEG NIR-II imaging of bone, vascular tissue and

thrombi

This special structure does not only delay the degradation of
dopant but also decreases the quenching effects and strengthens
fluorescence. Simple NaYF4: Yb/Er@NaYF4 nanoprobes have
been prepared to realize real-time surveillance of metastatic
lesions (Kantamneni et al., 2017). Deng et al. proposed Sc-based
probes (KSc2F7: Yb

3+/Er3+), which are significantly different
from the traditional NaYF4 host. After modification with PAA,
they showed a ∼1.70-fold stronger fluorescence than the PAA-
NaYF4 nanocrystals under 980 nm excitation. On this basis, they
performed the first case of through-skull fluorescence imaging of
brain vessels with KSc2F7: Yb

3+/Er3+ probes (Deng et al., 2018).
Normally, Yb3+ can transfer energy to Er 4I11/2 level to release
non-radiative photons to the 4I13/2 level, and then radiate to the
4I15/2 level to produce the 1,550 nm downconversion emission.
During this process, upconversion and quenching effects will
decrease the intensity of Er3+ downconversion emission. As an
alternative, Ce3+ is developed as a doping element in Er-doped
nanoparticles to improve the NIR-II downconversion emission
by efficiently accelerating non-radiative relaxation of Er 4I11/2
→4I13/2. NaYbF4: 2%Er, 2%Ce@NaYF4 nanoparticles have been
made to prove Ce3+ can highly suppress the upconversion
with the downconversion pathway boosted by about 9-fold.
This can lead to fast NIR-II cerebral-vasculatures imaging
by modified PMF-PEG (Zhong et al., 2017). The synthesis
of NaCeF4: Er/Yb@NaCeF4 has further verified the efficient
energy transfer of Yb3+-Er3+-Ce3+. Surface modification
with DSPE-PEG2000-COOH proved to be a useful method to
detect uric acid and can be a key approach in a physiological
survey and clinical diagnosis (Lei et al., 2018). Interesting
research has been done to design and implant QR codes into
a mouse by incorporating NaYF4: Tm3+/Er3+@NaYF4 into
polydimethylsiloxane (PDMS) matrices. The QR code consists of
black squares arranged in a square grid on a white background
according to certain rules, and the imaging device can read

the data from the horizontal and vertical components of the
image. It provides a possibility for NIR-II in vivo information
storage and decoding (Zhang et al., 2019). A core/multishell
structure (NaGdF4@NaGdF4: Yb/Er@NaYF4: Yb@NaNdF4: Yb)
has also been used for breast cancer diagnostics in vivo (Fan
et al., 2018). Recent progress has focused on the diversification
of Er-doped rare-earth nanoparticles. NaYF4: Er nanoparticles
conjugated with the indocyanine green dye (ICG) have been
applied to bioimaging in the NIR-II window because of their
high spatial resolution. Due to high absorption cross-section
of ICG, excitation efficiency of Er3+ is increased by the
energy transfer mechanism and has proved the potential of
ICG-NaYF4: Er nanoconjugates for multimodal theranostics
(Wang D. et al., 2018) (Figure 3). Since NIR-II imaging-guided
photothermal therapy (PTT) is rarely explored, Liu et al. have
successfully developed a core-shell structured NaLuF4: Gd/Yb/Er
NRs@PDA as a nanoplatform that can simultaneously be
used to diagnose and treat tumors. It can not only be used to
realize NIR-II imaging but also to enable image-guided PTT
(Li X. et al., 2019).

SYNTHESIS AND MODIFICATION

At present, RENPs are synthesized by a solvothermal method,
which is technically mature. Solvothermal synthesis is a solution
chemistry method that crystallizes nanomaterials of different
sizes and morphologies directly from solution under a certain
temperature and pressure. To synthesize RENPs with uniform
size and morphology, good dispensability and high luminous
efficiency, the size and morphology have to be controlled by
adjusting the ratio of raw materials, temperature and solvents
(Mai et al., 2007; Zhang et al., 2007; Tan et al., 2009, 2013;
Wang et al., 2010; Yuan et al., 2013). On the other hand,
because this process cannot precisely control the distribution
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FIGURE 3 | Preclinical application of Er-RENPs in the NIR-II region. (A) NIR-II brain vessel imaging, (B) NIR-II QR code imaging and (C,D) dual mode MRI imaging/

NIR-II fluorescence imaging.

of dopants, the local relative enrichment of the dopants usually
occurs, resulting in the reduction of luminescent efficiency. In
order to avoid the deficiency, one pot successive layer-by-layer
(SLBL) strategy is used to synthesize homogeneous doping core
(HOC) nanoparticles by growing uniform shells (Li X. et al., 2014,
2019). However, RENPs prepared with oleic acid as reagent are
hardly soluble in water and difficult to attach to biomolecules.
This limits their application in cell labeling and fluorescent
imaging. It is therefore necessary to convert a hydrophobic
group into a hydrophilic group by surface modification (for
example, -COOH, -NH2, or -SH). Alternatively, Dong et al.
have reported the oleate ligands attached to the UCNPs surface
can be replaced by nitrosonium tetrafluoroborate (NOBF4)
(Dong et al., 2011). Currently, the main surface modification
methods used are ligand oxidation, ligand exchange and layer-
by-layer self-assembly (Wang and Liu, 2009; Li and Lin, 2010).
The nanoparticle size does not increase after the water-soluble
modification using the ligand exchange method, and it is not
easy to control the exchange efficiency and effect of water
solubility. After using ligand oxidation for modification, due to
the shortening of the ligand carbon chain, polar solvent water
cannot be effectively suppressed not to quench the fluorescence,
and also the fluorescence intensity is much weaker. This
method is only suitable for the oxidation of ligands containing
carbon-carbon double bonds (C=C). Therefore, it is still a hot
Research Topic to select effective water-soluble modification
methods to obtain RENPs with small particle size, good water
solubility and high fluorescence intensity. The following is a brief
summary to the currently used surface modification methods
(Figure 4).

Ligand Oxidation
The ligand oxidation method requires a strong oxidizing agent
(Lemieux-von Rudloff reagent, etc.) to oxidize the carbon-carbon
double bond to a carboxyl group, which is on the surface-
coated oleic acid ligand. This reaction can obtain hydrophilic,
carboxylic acid-functional RENPs. Thus, the RENPs not only
have good water solubility, but also can be directly coupled with
diverse biomolecules.

Ligand Exchange
The ligand exchange method is used to replace an organic ligand
having weak coordination and hydrophobicity with a strong
hydrophilic organic ligand on the surface of the material. This
process makes the RENPs hydrophilic and water-soluble.

Layer-by-Layer Self-Assembly Method
The principle of the layer-by-layer self-assembly method (Wang
et al., 2002) is to first wrap a layer of polymer compound with a
certain charge on the surface of hydrophobic RENPs. When it is
added to a solution of an opposite charged polymer compound,
another opposite charged polymer compound can be attracted
to the first layer. In this way, the layers are adsorbed, and the
upper fluorescent group can be converted, which is possible by
alternating self-assembled layers into a polymer layer on the
surface of the RENPs. The thickness of the polymer layer can
be regulated by changing the number of self-assembled layers
so that the RENPs can be stably dispersed in water and have
good biocompatibility.
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FIGURE 4 | Surface modification methods of RENPs. (A) The ligand oxidation method requires a strong oxidizing agent (Lemieux-von Rudloff reagent, etc.) to oxidize

the carbon-carbon double bond to a carboxyl group. (B) The ligand exchange method is used to replace an organic ligand having weak coordination and

hydrophobicity with a strong hydrophilic organic ligand. (C) The layer-by-layer self-assembly method relies mainly on the attractive force between oppositely charged

molecules, alternately deposits dense monolayers of charged molecules onto oppositely charged surfaces.

CANCER THERANOSTICS WITH NIR-II
RENPs

Currently, clinically approved indocyanine green (ICG) and
methylene blue (MB) have been used as contrast agents
to depict tumor margins in preclinical cancer models and
human patients (Winer et al., 2010; Vahrmeijer et al., 2013;
Wang et al., 2015). However, these rapidly excreted probes
possess short tumor retention times and affect the process
of cancer treatment. Due to the renal filtration threshold of
∼40 kD, most fluorescent probes accumulate largely in the
organs of reticuloendothelial system, such as the liver and
spleen, leading to long-term safety concerns. Therefore, NIR-
II RENPs probes with long tumor retention times, high signal-
to-background ratio and deep tissue penetration have aroused
great interest in investigating their applications for cancer
theranostics. To reduce the retention time of nanoparticles in
the reticuloendothelial system, excretable NIR-II nanoparticles,
RENPs@Lips, have been developed for medical imaging and
surgical navigation. Under the guidance of NIR-II imaging,
RENPs@Lips showed excellent performance in intraoperative
identification of orthotopic tumor vessels and embolization
surgery, and could be used in sentinel lymph node biopsies
in tumor-bearing mice (Li D. et al., 2019). CXCR-4-targeted
functional nanoprobes (fReANC) have been demonstrated to

detect up to 10.5mm of deep-seeded subtissue microlesions in
lung metastatic models of breast cancer, providing a reliable
platform for the detection of targeted subtissue cancerous lesions
(Zevon et al., 2015). At the same time, Dang et al. compared
several available LbL NIR-II probes, found that rare-earth-based
down-conversion nanoparticles can define vascular and skeletal
structures, and were evaluated as diagnostic probes for high-
grade serous ovarian cancer with the highest resolution out of
all tested probes (Dang et al., 2016). NIR-II RENPs, with the
least interference from scattering and autofluorescence, seemed
to represent a promising tool for photothermal therapy (PTT)
and photodynamic therapy (PDT). He et al. have designed
a unique NaGdF4: Nd@NaGdF4@NaGdF4: Yb, Er@NaGdF4:
Yb@NaNdF4: Yb (LDNPs-5) structure by attaching Au25 clusters
and poly(ethylene glycol) (PEG) molecules on nanostructure.
Under 808 nm light irradiation, the special LDNPs can efficiently
kill tumor cells in vitro and in vivo due to a synergistic effect
arising from the combination of PTT effect generated fromNd3+

with PDT (He et al., 2016). In addition, a three-layer core-shell-
shell nanocomposite (NaYF4: Nd

3+@NaLuF4@PDA18) showed
an excellent PTT effect in ablation tumors (Dai et al., 2017).
Recently, dual-mode SWIR imaging and MRI guided PTT was
performed in a nude mouse model by using NaErF4@NaGdF4
(Er@Gd), which can effectively be used to ablate tumors and
provide a new way for cancer theranostics (Ma et al., 2018).
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NaErF4@NaYF4@NaNdF4@Prussian blue (PB) encapsulated in a
phospholipid PEG micelle (PEG-CSS@PB) served as an efficient
theranostic agent for NIR-II-image guided PTT. In this study,
tumors treated with PTT shrank ∼12-fold compared with
untreated tumors (Wang et al., 2019c). To achieve accurate
tumor localization and a high cancer therapeutic efficacy, Liu
et al. developed an ultrasmall pH-responsive photothermal gallic
acid-iron complex-modified NaDyF4: Nd nanoprobe to enhance
cancer theranostic by in situ aggregation (Liu et al., 2017). In
addition, a theranostic nanoparticle based on RENPs has been
developed for gene therapy. Polyethylenimine (PEI) coated β-
NaY0.78F4:Yb0.20,Er0.02@NaYF4 was designed to deliver genetic
cargo in an in vitro cancer model and detected tumor lesions in
a lung metastases model of breast cancer. This strategy will make
it possible to develop a nanotheranostic platform based on NIR-
II RENPs for gene therapy (Zhao Z. et al., 2018). In summary,
NIR-II RENPs have great potential in cancer theranostics.

DISCUSSION

Overall, RENPs are promising candidates for NIR-II biomedical
imaging due to their low toxicity, high photostability, deep tissue
penetration, and tunable pharmacokinetic behavior. Despite
these successful gains, challenges still remain in the bioimaging
applications of NIR-II RENPs. One of them is the limitation of
the emission center, which is the fluorescence core of the RENPs.
As we know, five rare earth elements (Nd3+, Tm3+, Pr3+, Ho3+,
Er3+) can be the emission centers in NIR-II RENPs, which are
excited by 808 nm or 980 nm lasers. However, the RENPs that
have been developed are still mainly based on Nd3+ and Er3+

as the emission centers, which greatly limits the development
and application of near-infrared probe types. Although other rare
earth elements have also been presented, such efforts should be
devoted to design novel NIR-II RENPs probes. For example, Liu
et al. used Er3+ as a sensitizer and Ho3+ as an emitter to make
a core-shell structured NaErF4: Ho@NaYF4 nanoparticle, which
emitted at 1,180 nm (Liu et al., 2018). Besides that, the size of the
RENPs has always been a concern in bioimaging. Smaller size

nanoparticles can effectively enter biological tissues, even cells,
but the luminescence intensity of nanomaterials will decrease.
Although the commonly used core-shell structure can enhance
the luminescence intensity, it will increase the size, making it
difficult for the nanoparticles to gain entry into biological tissues
and the digestion time will become longer. Designing suitable
size nanoparticles is still an essential task to promote the NIR-II
bioimaging applications of RENPs. All of these studies in the past
decades have pointed out that RENPs will play an important role
in drug delivery tracking and multispectral molecular imaging in
the near future.
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Cancer poses a serious threat to human health. To enhance the efficacy of tumor

chemotherapy, it is urgent to develop novel and effective nanocarriers with the

ability to efficiently load and deliver anticancer drugs. Covalent organic frameworks

(COF)-based nanocarriers (CONs) have exhibited great potential for drug loading due

to their porous structure and high surface area. However, the function of tumor

intracellular-triggered drug release has barely been integrated. Herein we first synthesized

a kind of hydrazide and disulfide bonds containing building block (4,4’-Dihydrazide

diphenyl disulfide, DHDS), which was used to develop a PEGylated pH and redox

dual-sensitive CONs (denoted HY/SS-CONs) for efficiently loading and delivering

doxorubicin (DOX). The obtained HY/SS-CONs can achieve a very high loading content

of DOX and very low premature leakage at physiological condition. However, under tumor

intracellular microenvironment, HY/SS-CONs with acid-cleavable hydrazone bonds, and

GSH-exchangeable disulfide bonds will undergo rapid disintegration, and efficiently

release DOX to kill tumor cells. The COFs-based dual-sensitive nanocarriers provide a

promising solution to the dilemma of extracellular drug loading and tumor intracellular

drug release.

Keywords: covalent organic frameworks, nanocarriers, dual-sensitive, drug delivery, doxorubicin

INTRODUCTION

Cancer has posed a lethal threat to humans around the world. As a major treatment modality,
chemotherapy by use of anticancer drugs has achieved obvious success in prolonging patient
survival. Nevertheless, the clinical efficacy of chemotherapy is still far from satisfactory and severely
limited by the intrinsic limitations of anticancer drugs, including poor stability, lowwater solubility,
nonspecific drug distribution, and terrible side effects to healthy tissues (Chabner and Roberts,
2005). Over the past several decades, a great number of nanoparticulate drug delivery systems,
such as liposomes (Bozzuto and Molinari, 2015), polymer-based micelles (Kamaly et al., 2016),
inorganic and metal nanocarriers (Huang et al., 2011; Zhang H. et al., 2018; Vines et al., 2019;
Xu et al., 2019), and nanogels (Zhang et al., 2015; Yu et al., 2018; Zhao X. et al., 2018), as well as
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hybrid nanoplatforms (Raemdonck et al., 2014), have been
designed and applied to overcome the drawbacks associated with
conventional drug formulations. Apparently, these nanocarriers
have demonstrated their ability to protect the drugs from
premature degradation, increase the drug solubility, improve
the drug accumulation within tumors, and enhance the tumor’s
intracellular distribution of drug, thus leading to a higher
efficiency and lower toxicity. However, the potential of these
nanocarriers is far from being fully exploited and there are still
some issues and improvements that need to be addressed (Mura
et al., 2013; Dawidczyk et al., 2014; Blanco et al., 2015; Shi et al.,
2017).

One of major limitations for most traditional nanocarriers is
their low capacity for loading drugs (Blanco et al., 2015; Shi et al.,
2017). For example, the drug loading of conventional liposomes
and polymeric micelles is often below 1 and 5%, respectively. The
low drug loading content always results in insufficient efficacy.
Therefore, to achieve an ideal therapeutic outcome, it demands
an increase in dosage and/or frequency of administration, often
leading to a higher risk of adverse effects caused by the drugs
and pharmaceutical excipients. In addition, some nanocarriers,
especially those derived from assembly process, often suffer from
premature drug leakage, thus causing poor therapeutic efficacy
and severe systemic toxicity (Blanco et al., 2015; Shi et al.,
2017). Apparently, it is imperative to develop more sophisticated
nanocarriers with the ability to effectively load drugs and stably
retain the payloads in the bloodstream.

During the last decade, covalent organic frameworks (COFs),
as a class of newly emerged crystalline porous polymers, have
attracted enormous attention. COFs were linked by dynamic
covalent bonds such as imine, imide, azine, hydrazone, and
boronate ester, and made from building blocks that were
mainly consisted of lightweight elements (H, B, C, N, and
O) (Diercks and Yaghi, 2017). COFs possess some desirable
and unique features, including tunable pore geometry, large
surface area, outstanding crystallinity, intrinsic adaptability, and
excellent flexibility in molecular architecture, and functional
design, thus exhibiting great potential for various applications
(Sakaushi and Antonietti, 2015; Waller et al., 2015; Kandambeth
et al., 2018; Song et al., 2019; Zhao et al., 2019). Recently,
these porous frameworks opened up a new avenue for exciting
opportunities in biomedical and pharmaceutical fields, especially
for drug delivery (Fang et al., 2015; Bai et al., 2016; Vyas et al.,
2016; Mitra et al., 2017; Wu and Yang, 2017; Hashemzadeh
and Raissi, 2018; Zhao F. et al., 2018; Liu et al., 2020).
The COFs as drug carriers have demonstrated some unique
advantages. Some COFs-based drug delivery systems were
proven to possess high loading capacity and minimized drug
leakage due to the porous structure, high surface area, and
π-π stacking interactions between COFs and drugs (Liu H.
et al., 2019; Wang et al., 2019). However, the high and stable
drug loading usually signifies slow drug release, leading to
insufficient drug accumulation at the target site. These intrinsic
limitations often cause treatment failure and even multidrug
resistance, which severely impeded the practical applications
of COFs-based carriers in anticancer drug delivery (Blanco

et al., 2015; Fang et al., 2015; Shi et al., 2017; Zhao F. et al.,
2018).

The physiological pH of blood and normal tissues is about 7.4,
but the tumor intracellular endo/lysosomal pH ranges from 4.0 to
6.5. In addition, the glutathione concentration (GSH, 2–10mM)
within tumor cells is substantially higher than extracellular levels
(1–2µM) in plasma. The difference in pH value and GSH level
between tumor intracellular and extracellular microenvironment
is advantageous for the specifically targeted and controlled drug
release (Cheng et al., 2011; Lee et al., 2013; Mura et al., 2013;
Blanco et al., 2015; Du et al., 2018). Moreover, pH- and/or
GSH-stimulus-sensitive nanocarriers have been widely reported
for the controllable drug release in tumor cells (Zhang et al.,
2013; Deng et al., 2015; Ma et al., 2018; Liu F. et al., 2019),
which are based on the tumor cell microenvironment-sensitive
bonds, such as acid-cleavable hydrazone, or acetal bonds and
GSH-exchangeable disulfide bonds. Nevertheless, the function
of intracellular-triggered drug release has barely been integrated
into the COFs-based drug delivery systems.

In this study, we designed and prepared a kind of pH and
redox dual-sensitive covalent organic framework nanocarriers
(CONs) for efficiently loading and delivering doxorubicin
(DOX). As shown in Scheme 1, we first synthesized a kind of new
building block (4,4’-Dihydrazide diphenyl disulfide, DHDS),
which has both two hydrazide bonds and a disulfide bond.
Then, the hydrazone and disulfide-containing COFs (HY/SS-

COFs) were prepared by use of a versatile Schiff-base reaction
between DHDS and benzene-1,3,5-tricarbaldehyde (BTA). After
ultrasound exfoliation and co-assembly with Poloxamer 188
(PEG-PPG-PEG, an FDA-approved pharmaceutic adjuvant), the
pH and redox dual-sensitive nanocarriers (denoted as HY/SS-

CONs) were prepared. HY/SS-CONs can efficiently load DOX
due to their porous structure and high surface area, as well
as the hydrophobic and π-π stacking interactions between
HY/SS-CONs and DOX. Moreover, HY/SS-CONs can undergo
structural disintegration under tumor cell microenvironment
and rapidly release the payload in response to low pH and high
GSH level in tumor cells. The PEG chains of Poloxamer 188
anchored on the outer surface of HY/SS-CONs can improve the
dispersion stability in water and long-circulation capacity. The
designed HY/SS-CONs have the ability to balance extracellular
drug loading and intracellular drug release, thus holding great
promise for anticancer drug delivery.

MATERIALS AND METHODS

Materials
1,3,5-benzenetricarboxaldehyde (BTA), 4-sulfhydryl benzoic acid
methyl ester (SBME), and glutathione (GSH) were purchased
from Aladdin Reagent Limited Company (Shanghai, China).
Poloxamer 188 with an average molecular weight of about 8,400
daltons was purchased from Jiaxing Sicheng Chemical Co., Ltd.
(Zhejiang, China). Doxorubicin (DOX) was purchased from
Meilunbio Company (Dalian, China). All other reagents were
commercially available without further purification.
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SCHEME 1 | Schematic illustrations of the preparation process of DOX-loaded HY/SS-CONs and their intracellular responsive drug release.

Synthesis and Characterizations of
4,4’-Dihydrazide Diphenyl Disulfide (DHDS)
The hydrazide groups were firstly introduced to prepare 4-
sulfhydryl benzoic acid hydrazide (SBH). Briefly, 4-sulfhydryl
benzoic acid methyl ester (SBME) (1 g, 5.6 mmol) was dissolved
in anhydrous methanol, and then the hydrazine hydrate solution
(7ml, 80%) was dropwise added. After completely mixing, the
reaction was performed for 24 h at 60◦C under string. After

rotary evaporation to remove the solution and recrystallization,
the faint yellow solid SBH was obtained. Subsequently, the SBH

(0.57 g, 3.4 mmol) and iodine (0.44 g, 1.7 mmol) were dissolved
in anhydrous ethanol. After dropwise addition of triethylamine
(1.5mL, 10.2 mmol), the reaction was performed for 24 h at
room temperature. Sodium thiosulfate solution (10%) was added
into above mixture to remove the excessive unreacted iodine.
After adjusting the pH value to about 5.0 using 0.01M HCl,

the yellow solid DHDS was obtained after filtration, washing
by water, and drying in vacuum. The molecular structure of
DHDS was confirmed by 1H-NMR and electrospray ionization
mass spectrometry (ESI-MS). 1H-NMR spectra were recorded
in d-DMSO using Varian Inova-500M spectrometer instrument
(Varian Inc. Palo Alto, USA). The ESI-MS was a single-
quadrupole VG-platform spectrometer with MassLynx version
3.1. The ESI-MS data were obtained in positive-ion mode.
Sodium formate was added to the solvent to enhance the
electrospray ion current. The skimmer voltage was 40 V.

Synthesis and Characterizations of
HY/SS-COFs and HY/SS-CONs
The HY/SS-COFs described in Scheme 1 were synthesized by
solvothermal synthesis methods. Briefly, BTA (32.4mg, 0.2
mmol) and DDS (100.2mg, 0.3 mmol) were completely dissolved
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FIGURE 1 | Synthesis and characterization of DHDS. (A) Synthesis process; (B) 1HNMR spectra of SBME, SBH, and DHDS; (C) ESI-MS spectrum of DHDS.

in the mixture of 1,4-dioxane and mesitylene (10mL, 1:3 in voL)
in a Schlenk tube. The mixture was degassed by three freeze-
evacuate-thaw cycles and then heated at 120◦C in a thermostatic
oil bath for 72 h. After centrifugation, repeated washing by
tetrahydrofuran, and vacuum drying, the yellow solid product
(HY/SS-COFs) were obtained. After sonication exfoliation for
about 10min, HY/SS-COFs were broken into CONs with size
of 100 nm. Sonication was carried out with a Skymen JM-
03D-28 ultrasonic cleaner with a power of 120W (Skymen
Cleaning Equipment Co., Ltd, Shenzhen, China). The DOX
was encapsulated into CONs by the equilibrium adsorption and
diffusion. Briefly, CONs (100mg) were dispersed into n-hexane
solution (10mL) of DOX (30 mg/mL) and then slowly stirred
for 24 h at room temperature under dark conditions. The DOX-
loaded CONs were obtained by centrifugation, repeated washing
by n-hexane, and vacuum drying. To prepare drug-free and drug-
loaded PEGylation HY/SS-COFs, the drug-free and drug-loaded
CONs (100mg) were dispersed into DMSO solution (10mL)
containing Poloxamer 188 (2 g). After sonication for about 5min,
the mixture was dropwise added into deionized water (50mL)

under stirring. After full dispersion for about 24 h, DMSO and
free Poloxamer 188 was removed by dialysis for 24 h in water
at room temperature with a dialysis bag (MWCO = 50000
g/mol). Finally, the drug-free and drug-loadedHY/SS-COFs were
obtained after lyophilization.

The size and morphology of above HY/SS-COFs and
HY/SS-CONs under different conditions were measured by
dynamic light scattering (DLS, Zetasizer Nano ZS90), scan
electron microscopy (SEM, Hitachi S-4800), and/or transmission
electron microscope (TEM, JEOL JEM-2100F). The powder X-
ray diffraction (PXRD) detections were carried out using a
Bruker D8 Focus diffractometer (Bruker AXS, Germany). The
pore size distribution and surface area were determined by
nitrogen adsorption/desorption experiment with a Micrometric
ASAP 2010 instrument. The specific area was calculated
using Brunauer-Emmett-Teller (BET) model and the pore
size was obtained from Barrett-Joyner-Halenda (BJH) method.
Thermogravimetry (TGA) was measured on a NETZSCH STA
449C thermogravimetric analyzer from 0 to 800◦C at a heating
rate of 10◦C/min in nitrogen flow. Fourier transform infrared
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spectroscopy (FTIR) was carried out with a Perkin-Elmer FTIR
spectrometer (Perkin Elmer, Waltham, USA).

The DOX loading content as well as in vitro release behavior
under different conditions (pH 7.4 and pH 5.0 with or without
10mM GSH) at 37◦C were investigated. The amount of DOX
in DOX-loaded HY/SS-CONs was determined by a WFZ-26A
UV/Vis spectrophotometer at 480 nm. Typically, DOX-loaded
HY/SS-CONs (1mg) were dispersed in distilled water (10mL)
and incubated at room temperature for 24 h after adding
1.0 mol/L HCl (1mL) with 10mM GSH. After the complete
disintegration of HY/SS-CONs, the concentration of DOX was
analyzed by UV/Vis spectrophotometer and calculated using a
calibration curve of different DOX concentrations in an identical
solvent mixture. To test the drug release behaviors, DOX-loaded
HY/SS-CONs solution (1.0 mg/mL) was sealed in a dialysis bag
with a MWCO of 3500. The dialysis bag was immersed in a screw
capped bottle containing appropriate buffer medium (20mL) in
a shaking bath at 37◦C. At regular time intervals, 5.0mL of the
release solution was removed and the same volume of fresh buffer
solution was added to maintain a constant volume of the released
medium. The amount of the released drug was determined
by UV/Vis spectrophotometer at 480 nm. All experiments were
carried out in triplicate.

The dispersion stability and GSH and/or pH-triggered size
andmorphological transitions of HY/SS-CONs were investigated
as below. Drug-loaded HY/SS-CONs (0.5mg) were dispersed
in PBS (5.0mL) at pH 7.4. The size changes were determined
after predesignated incubation time by DLS measurement and
Tyndall phenomenon. To investigate the hemodynamic stability,
the particle size of HY/SS-CONs (0.1 mg/mL) in pH 7.4 PBS
containing 5% bovine serum albumin (BSA) at 37◦C was
measured at fixed time points. The GSH and/or pH-sensitivity of
HY/SS-CONs was evaluated by DLS measurement of size change
with time of drug-loaded HY/SS-CONs in PBS pH 5.0 with 10
mM GSH.

In vitro Cytotoxicity Test and Cellular
Uptake Evaluation
TheMTT assay was utilized to evaluate the cellular toxicity of free
DOX, drug-free, and drug-loaded HY/SS-CONs. HepG2 cells
were seeded into a 96-well plate with a density of 1 × 105 cells
per well and incubated for 24 h at 37◦C with 5% CO2. Then the
Dulbecco’sModified Eagle’s medium (DMEM)was discarded and
the cells were washed twice with pH 7.4 PBS solution. Various
concentrations of drug-free HY/SS-CONs in PBS at pH 7.4 were
added into the wells for co-culture with the cells for 24 h. After
incubation, the MTT assay was carried out to determine the
cell viability. According to similar protocols, the cellular toxicity
toward HepG2 cells of free DOX and DOX-loaded HY/SS-CONs
with an equivalent DOX concentration was investigated. HepG2
cells were incubated for 24 h with free DOX and DOX-loaded
HY/SS-CONs in PBS at pH 7.4, respectively. All experiments
were carried out in quintuplicate to determine mean values and
standard deviations. To investigate the cellular uptake of HY/SS-
CONs, HepG2 cells were seeded into a confocal microscopic
dish at a density of 1 × 105 per dish and incubated in DMEM

medium at 37◦C for 24 h. And then the culture medium was
replaced by PBS solution containing pure DOX or DOX-loaded
HY/SS-CONs at a concentration of 10µg/mL. After incubation
for 4 h, the cells were washed with PBS solution three times and
then stained with DAPI for 5min. After repeated wash with PBS
solution, cellular endocytosis was evaluated using a confocal laser
scanning microscope (TCS SP8, Leica).

RESULTS AND DISCUSSION

Synthesis and Characterizations of DHDS
DHDS has both two hydrazide bonds and a disulfide bond,
which can act as building blocks for construction of pH
and redox sensitive COFs with acid-cleavable hydrazone and
GSH-exchangeable disulfide bonds. The synthesis process of
DHDS was shown in Figure 1A. First, the precursor SBME was
hydrazide-functionalized, then the obtained SBH was oxidized
to produce DHDS. 1HNMR was used to monitor the chemical
transformations of SBME and SBH in the reaction process and
determine the composition and structure of DHDS. As shown
in Figure 1B, the 1HNMR spectrum of DHDS exhibited the
characteristic peaks of phenyl ring at 7.7–8.0 ppm (a, h) and
the characteristic peaks corresponding to hydrazide at about 6.2
ppm (e, f). In addition, the disappeared peaks of the methyl
protons (d) at about 3.8 ppm of SBME and the disappeared peak
of sulfhydryl protons (c) of SBH can be used to further confirm
the formation of DHDS. Moreover, after the integration of the
respective peak or peak groups from left to right in the 1HNMR
spectrum of DHDS, it can be found that the area of the peak at
6.2 ppm (e, f) is 1.5 times greater than the area of the peak at 7.9
ppm (a) or 7.7 ppm (h). This result is very close to its theoretical
value, thus indicating the molecular structure of DHDS. The
ESI-MS was used to further confirm the molecular structure of
DHDS, as shown in Figure 1C. The mass spectrum of DHDS was
dominated by the protonated ions [M+Na]+ at m/z 371.03 and
exhibited negligible fragmentation. The observedmolecular mass
is in excellent agreement with the theoretical value of DHDS,
demonstrating the successful synthesis of DHDS.

Synthesis and Characterization of
HY/SS-COFs
A series of COFs has demonstrated great potential as a promising
platform for effective loading and delivery of various drugs,
because of their unique and attractive features (Fang et al.,
2015; Bai et al., 2016; Vyas et al., 2016; Mitra et al., 2017;
Wu and Yang, 2017; Hashemzadeh and Raissi, 2018; Zhao F.
et al., 2018; Liu et al., 2020). In particular, the hydrazone-linked
COFs based on Schiff-base chemistry exhibited a high stability
under physiological conditions but acid-cleavable property
within tumoral acid microenvironment, providing some unique
advantages for biomedical, and pharmaceutical applications
(Segura et al., 2016; Zhao F. et al., 2018). The hydrazone
and disulfide bonds-bearing HY/SS-COFs were prepared by use
of a solvothermal Schiff-base reaction between commercially
available BTA and DHDS as building blocks. The obtained
HY/SS-COFs were characterized in detail, as shown in Figure 2.
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FIGURE 2 | Characterizations of HY/SS-COFs. (A) SEM image and (B) TEM image; (C) FTIR spectra of HY/SS-COFs, BTA, and DHDS; (D) Nitrogen adsorption and

desorption isotherms. The inset shows pore size of HY/SS-COFs; (E) PXRD pattern; (F) TGA curve.

SEM image of HY/SS-COFs indicates the shapes of HY/SS-
COFs are irregular slices consisted of small flake-like structures
(Figure 2A). A further inspection of the structures by TEM
in Figure 2B indicated that the HY/SS-COFs have a spherical
nanoparticle-like morphology. The FTIR spectra of HY/SS-
COFs, BTA, and DHDS were shown in Figure 2C. It can be
seen that DHDS showed the characteristic peaks, such as amines
(-NH-) at about 3,320 cm−1 and disulfide (-S-S-) at about 510
cm−1. On inspection of the FTIR spectrum, DHDS presented
a characteristic peak of -C-N- bonds at about 1,420 cm−1,
which further indicated the successful preparation of DHDS.
Compared with the FTIR spectrum of DHDS, the presence of a
weak imine C=N stretch at about 1,620 cm −1 was observed in
the FTIR spectrum of HY/SS-COFs. Furthermore, the absence
of the aldehydic C-H and C=O stretching vibrations of BTA
further confirmed the formation of HY/SS-COFs. Nitrogen
adsorption/desorption analysis of HY/SS-COFs was shown in in
Figure 2D. The results indicated that HY/SS-COFs possess a very
high surface area of 328 m2/g and narrow pore size distribution
with pore size of about 2.5 nm. PXRD indicates the formation of
HY/SS-COFs had a poor crystalline structure (Figure 2E). The
thermal stability of HY/SS-COFs was monitored using TGA,
as shown in Figure 2F. The result indicates HY/SS-COFs have

excellent thermal stability and their decomposition behavior
occurs at nearly over 300◦C. About 10% of the weight loss was
observed at the temperature lower than 300◦C. This weight loss
below 300◦C may be due to the loss of the absorbed solvent
or monomers in the pores of cores, as well as the unreacted
hydrazone or aldehyde groups at the termini of COFs (Ma et al.,
2016; Xiong et al., 2020). Subsequently, HY/SS-COFs showed a
sharp weight loss profile at the temperature higher than 400◦C
and ∼60% weight loss was observed between 400 and 700◦C.
This significant weight loss can be attributed to the structural
destruction and decomposition of COFs.

Preparation and Characterization of
HY/SS-CONs
COFs had great potential for drug loading and delivery. However,
before entering into the blood circulation system, the COFs
have to be exfoliated into nanoscale platelets and be surface-
modified (such as PEGylation) in order to overcome the
physicochemical and physiological stability limitations (Zhao
F. et al., 2018). The ultrasonic exfoliation was widely used
to exfoliate COFs. Moreover, the co-assembly of nanoscale
COFs with PEG-containing amphiphilic polymers has been
proven to act as an efficient approach to anchor PEG chains
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FIGURE 3 | Characterizations of HY/SS-CONs. (A) SEM image and (B) DLS pattern; (C) Storage stability of DOX-loaded HY/SS-CONs at pH 7.4; (D) Tyndall

phenomena of DOX-loaded HY/SS-CONs at pH 7.4; (E) Hemodynamic stability of HY/SS-CONs in PBS pH 7.4 containing 5% BSA at 37◦C.

FIGURE 4 | pH and redox dual sensitiveness of HY/SS-CONs. (A) Drug release profiles of DOX-loaded HY/SS-CONs under PBS 7.4, PBS pH 5.0, and PBS pH 5.0

with 10mM GSH; (B) Size changes of HY/SS-CONs incubated at pH 5.0 with 10mM GSH for different time.

onto the outer surface of COFs (Zhang G. et al., 2018; Liu
F. et al., 2019; Wang et al., 2020). The PEGylated nanoscale
COFs, [i.e., HY/SS-CONs, were readily prepared by through

the co-assembly of FDA-approved Poloxamer 188 (a kind of
PEG-containing amphiphilic polymer, PEG-PPG-PEG), with
the nanoscale HY/SS-COFs formed by ultrasonic exfoliation].
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FIGURE 5 | In vitro cytotoxicity and cell uptake. (A) Viability of HepG2 cells treated with drug-free HY/SS-CONs; (B) Cytotoxicity of free DOX and DOX-loaded

HY/SS-CONs against HepG2 cells; (C) Representative fluorescence microscopy images of HepG2 cells treated with free DOX and DOX-loaded HY/SS-CONs for 4 h.

Due to the hydrogen bond and hydrophobic interactions, the
hydrophobic PPG chain of Poloxamer 188 chains can adsorbed
onto the surface of nanoscale HY/SS-COFs to generate HY/SS-
CONs. After effective removal of excess Poloxamer 188 by
dialysis, the HY/SS-CONs were obtained and characterized. As
shown in Figure 3A, the SEM image of HY/SS-CONs clearly
indicates its nearly spherical morphology. The particle sizes
of HY/SS-CONs in SEM image is about 120 ± 20 nm. The
hydrodynamic size of HY/SS-CONs was tested by DLS and
shown in Figure 3B, indicating a size of about 140 nm with
relatively high monodispersity. The dispersion stability is an
important factor for the application of nanocarriers. As shown
in Figure 3C, a significant size fluctuation was not observed for
about 48 h, indicating a high long-term stability. The dispersion
stability of HY/SS-CONs in PBS pH 7.4 was further confirmed
by the stable Tyndall phenomena in Figure 3D indicated that
F68@SS-COFs can be stably dispersed. The excellent stability
of HY/SS-CONs can be ascribed to the combined effect of the
steric stabilization of PEGylated shell preventing flocculation

and the steady CONs core ensuring integrity of nanostructure.
The size change as a function of incubation time for HY/SS-
CONs in PBS pH 7.4 containing 5% BSA at 37◦C is shown
in Figure 3E. No significant change in size can indicate the
absence of aggregation or sedimentation, mainly due to the steric
stabilization of PEGylated shell to minimize interactions with
proteins and maintain the hemodynamic stability.

Drug Loading and Dual-Sensitive Release
The hydrophobic DOX can be efficiently encapsulated into
HY/SS-CONs. The drug loading content of HY/SS-CONs was
found to be about 18%. The high loading capacity of DOX
was due to the fact that HY/SS-CONs had a large pore surface
area. Moreover, the other factor can be ascribed to the strong
hydrophobic interactions and the π-π stacking interactions
between aromatic rings of CONs and DOX. Apparently, this kind
of high drug loading content of HY/SS-CONs should be desirable
for effective chemotherapy. The drug release from the DOX-
loaded HY/SS-CONs were comparatively investigated under PBS
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7.4, PBS pH 5.0, and PBS pH 5.0 with 10mM GSH. The presence
of PBS pH 5.0 and 10mM GSH was used to mimic the tumor
intracellular microenvironment. As shown in Figure 4A, the
DOX release from the HY/SS-CONs in PBS pH 7.4 was very low.
Only about 10% of the total encapsulated DOX was released at
72 h. This may be due to the strong interactions between CONs
and DOX as well as the extremely low solubility of DOX at
pH 7.4. However, the DOX-loaded HY/SS-CONs exhibited an
evidently acid- and GSH-dependent release profile. The DOX
release rate in PBS pH 5.0 was much higher than that in PBS pH
7.4, indicating the acid-induced disintegration of HY/SS-CONs,
increasing the release rate of DOX. Moreover, the DOX release
from HY/SS-CONs in the PBS pH 5.0 with 10mM GSH was
significantly higher than that without GSH. In the presence of
PBS pH 5.0 and 10mM GSH, the cumulative release of DOX can
fast achieve about 50% in 4 h and about 90% in 72 h, indicating
the acid and GSH dual-triggered disintegration of HY/SS-CONs.
To confirm the acid and GSH triggered disintegration, DLS
was used to measure the size change of HY/SS-CONs after
incubation in PBS pH 5.0 with 10mm GSH for different time.
Compared with the size change of HY/SS-CONs in Figure 3C,
it can be found in Figure 4B that a significantly different size
distribution of HY/SS-CONs after incubation in PBS pH 5.0 with
10mm GSH for 1 h was observed. Moreover, after incubation
for 4 h, HY/SS-CONs presented a more dramatic fluctuation of
size, which can be ascribed to the acid and GSH dual-triggered
disassembly and thus the aggregation of HY/SS-CONs fragments
due to hydrophobic and π-π stacking interactions. Collectively,
the HY/SS-CONs had a very high loading capacity of DOX, but
meanwhile possessed a controlled drug release behavior under
tumor intracellular microenvironment, which should be very
beneficial for cancer treatment.

In vitro Cytotoxicity and Cell Uptake
The viability of HepG2 cells treated with HY/SS-CONs for 24 h
was investigated and shown in Figure 5A. HY/SS-CONs had
no significant cytotoxicity to the cells. The PEGylated shell
coated on the surface of CONs core should contribute the
improved biocompatibility. The antitumor activity of free DOX
and DOX-loaded HY/SS-CONs was investigated and presented
in Figure 5B. The antitumor activity of DOX-loaded HY/SS-
CONs exhibited a similar activity with the free DOX. The
half inhibitory concentration (IC50) values of the DOX-loaded
HY/SS-CONs was slightly higher than that of free DOX. Their
cell killing activity was in accordance with the cell uptake as
demonstrated in Figure 5C. Images of the HepG2 cells incubated
with free DOX and DOX-loaded HY/SS-CONs at equivalent
DOX concentrations for 4 h. After incubation with free DOX, the
strong fluorescence signal in the cell cytoplasm can be observed.

The free DOX molecules can rapidly enter cells by a passive
diffusion mechanism. The DOX fluorescence intensity for the
tumor cells treated with HY/SS-CONs was slightly lower than
those treated with free DOX. The nanoscale HY/SS-CONs were
internalized through an endocytosis mechanism following an
acid- and GSH-triggered fast drug release, thus leading to a
similar DOX fluorescence compared with free DOX. Compared
with free DOX, the acid and redox dual-sensitive HY/SS-CONs
can achieve a very high DOX distribution within tumor cells,
which are expected to realize an improved anticancer activity.

CONCLUSIONS

In this work, we designed and prepared a kind of novel
PEGylated pH and redox dual-sensitive HY/SS-CONs for
effective loading and delivery of DOX. HY/SS-CONs with a PEG
shell and a multifunctional core derived from the acid-cleavable
hydrazone and redox-responsive disulfide bonds linked COFs.
The results indicated that the HY/SS-CONs with well-controlled
morphology and good biocompatibility were obtained, which
can achieve a high DOX loading content and maintain stability
under extracellular condition, but realize intracellular fast drug
delivery in response to the low pH and high GSH concentration
within tumor cells, leading to an effective antitumor activity
to tumor cells. Considering the simple preparation process,
high drug loading capacity, and desirable pH and redox dual-
responsiveness, theHY/SS-CONs designed herein are expected to
serve as a promising nanoplatform for anticancer drug delivery.
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Jolkinolide B (JB) is a bioactive compound isolated from a Chinese herbal medicine that

exerts antitumor activity. However, the anti-lymphoma effect of JB and its mechanism

are yet to be revealed. Because free JB has poor pharmacokinetics and weak antitumor

efficacy, we opted to use black phosphorus quantum dot (BPQD) nanomaterials as a drug

loading platform to synthesize a nano-traditional Chinese medicine (nano-TCM) called

BPQDs@JB. Compared with free JB, Raji cells administrated with BPQDs@JB exhibited

the cell viability of 19.85 ± 1.02%, and the production of intracellular reactive oxygen

species (ROS) was promoted. Likewise, BPQDs@JB was capable of rising the apoptosis

rate of Raji cells to 34.98± 1.76%. In nude mice transplanted tumor model administrated

with BPQDs@JB, the tumor tissue sections administrated with BPQDS@JB achieved a

conspicuous red fluorescence, demonstrating the presence of most ROS production in

the BPQDS@JB. TUNEL achieved a number of positive (brown) nuclei in vivo, revealing

that BPQDS@JB could significantly induce tumor tissue apoptosis. As revealed from the

mentioned results, BPQDs@JB can generate considerable ROS and interfere with the

redox state to inhibit tumor. In brief, BPQDs@JB may be adopted as a treatment option

for lymphoma.

Keywords: black phosphorus quantum dots, Jolkinolide B, apoptosis, reactive oxygen species, lymphoma

INTRODUCTION

Jolkinolide B (JB) is a bioactive compound extracted from Euphorbia fischeriana, which grows
at high altitude and is a traditional Chinese medicine (TCM) with high medicinal value (Yan
et al., 2019). In recent years, research on the antitumor and antiviral effects of JB has gained
increased attention (Gao et al., 2016; Xu et al., 2016). In fact, previous studies have shown that
JB exhibits antitumor effect on numerous tumor cells. For instance, Yan et al. (Gao and Han, 2018)
revealed that JB inhibits the proliferation of non-small cell lung cancer cells by downregulating
the expression of hexokinase 2. JB can induce apoptosis and anti-metastasis of the breast cancer
cell line, MDA-MB-231 (Xu et al., 2013; Sun et al., 2015; Shen et al., 2017). Previously, JB was also
found to induce the apoptosis of the human leukemic cells, HL-60 and THP-1 cells, through the
JAK2/STAT3 pathway (Wang et al., 2013). The above studies suggest that JB can be used to treat
malignant tumors; however, its anti-lymphoma effect has not yet been reported. To provide an
experimental basis for its use in the clinic, we aimed to explore the effect of JB on lymphoma and
its possible mechanism.
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There are some defects in the active ingredient of TCM (e.g.,
poor water solubility, low bioavailability and rapid clearance in
vivo), which limits its clinical application to a certain extent
(Yang et al., 2011). With the emergence of nanotechnology,
however, these problems have been improved. The loading of
TCM into nanocarriers can increase their stability and improve
their water solubility, bioavailability, and distribution in tumor
tissues through the enhanced permeability and retention (EPR)
effect on tumors (Khan et al., 2019). Because of its good
biocompatibility, high specific surface area, and drug loading rate
(Shao et al., 2016), black phosphorus nanoparticle quantum dot
(BPQD) serves as an ideal candidate carrier for drug delivery and
antitumor therapy (Li et al., 2017).

BPQD, an ultra-small derivative of BP nanosheet, was
discovered in 2015 (Zhang et al., 2015). Because P is a key element
in the human body, BPQP can be degraded into non-toxic and
biocompatible phosphorus oxide (phosphate or phosphonate),
which is well tolerated in the human body (Wang et al., 2015).
Guo et al. (2018) confirmed that BPQDs do not exhibit evident
cytotoxicity and can be cleared by the kidney. Furthermore,
Huang et al. (2019) used erythrocyte membrane camouflage
BPQDs combined with doxorubicin and Kirenol as an antitumor
therapy. Shang et al. (2019) used BPQDs to load Hederagenin to
mediate apoptosis and autophagy against breast cancer. Based
on the above results, BPQD is a non-toxic, safe, and efficient
nano-drug delivery platform.

To provide a reference for the clinical treatment of lymphoma
with nano-TCM according to the above findings, we aimed to
construct and synthesize BPQDs@JB nano-TCM and perform a
preliminary assessment to derive the strategy and mechanism of
this anti-lymphoma TCM nanodrug delivery system (Figure 1).

MATERIALS AND METHODS

Materials
The BPQD dispersions were purchased from Yuanduo
Biotechnology (China). JB was purchased from Desite Biology
(China). DMSO and the dialysis membranes (2 kD) were
obtained from Solarbio Science & Technology (China). The
Annexin V-FITC/PI apoptosis detection kit was purchased from
BD Biosciences (China). The ROS test kit was obtained from
Beyotime Biotechnology (China). The CCK-8 cell counting kit
was purchased from Dojindo Chemical Technology (Japan).
Fetal bovine serum (FBS) and RPMI-1,640 were purchased from
Biological Industries (Israel). TdT in situ apoptosis detection
kit was purchased from R&D Systems (China). DAPI was
produced by Servicebio Technology (China). The polycarbonate
porous membrane syringe filter (200 nm) was purchased from
Whatman (USA).

Cell Culture
Human lymphoma Raji cells were purchased from the Advanced
Research Center of Central South University and cultured in
RPMI-1,640 medium containing 10% fetal bovine serum. The
cells were cultured in a cell incubator at 37◦C and 5% CO2.

Preparation of BPQDs@JB
PBS we used was sterilized at high temperature to reduce the
solubility of oxygen in water, i.e., oxygen could be released.
BPQDs (1mg) was dissolved in PBS. JB (1mg) was dissolved
in DMSO. Afterwards, BPQDs@JB was built in a nitrogen-filled
environment. After being stirred at 25◦C for 24 h, free JB was
removed by 2 kD dialysis membrane at ambient temperature.
The samples after dialysis were employed to determine the
concentration of JB, and the samples after being dialysed were
filtered 30 times with a filter under a pore diameter of 200 nm.
After the solution was collected and centrifugated at (10,000 rpm
× 2min), the precipitates were washed with ddH2O 3 times to
synthesize BPQDs@JB. The encapsulation efficiency (EE) and
load efficiency (LE) of JB were calculated (Zhao et al., 2020)
using EE% = Total mass of JB- mass of JB in supernatant/Total
mass of JB × 100%; LE% = Total mass of JB-total mass of JB in
supernatant/(Total mass of JB-total mass of JB in supernatant)+
mass of BPQDs× 100%.

Characterization of BPQDs@JB
The morphology of BPQD was detected with a transmission
electron microscope (TEM, Tecnai G2 F20, USA). The particle
size and zeta potential values of BPQD were respectively
determined with a Zetasizer Nano ZS (Malvern Nano series,
Malvern, UK). The absorbance of BPQDs, JB, and BPQDs@JB
was measured by UV/Vis spectroscopy (ScanDrop, Analytik
Jena, Germany).

BPQDs@JB Release Properties for JB in

vitro
The in vitro drug release experiments were carried out under pH
7.4 and pH 5.0 conditions to determine the ability of BPQDs@JB
to release JB in a pH-dependent manner. Thereafter, 1mL of
BPQDs@JB was added to 20mL of PBS solutions with pH
values of 7.4 and 5.0, respectively, and dialyzed at 37◦C. The
absorbance of JB in the dialysate was measured by a microplate
reader (PerkinElmer EnSpire, USA) (Shang et al., 2019). The
concentration and cumulative release of JB were calculated
complying with the standard curve. The cumulative release
percentage (%) of JB in BPQDs@JB at each time point under
different conditions was calculated, and the cumulative release
curve of time drug was plotted (Zhou et al., 2017).

Cell Viability of BPQDs@JB Assessed by

CCK-8
After Raji cells were inoculated into 96-well plates with 5 × 103

cells per well for 24 h, they were treated with 0, 5, 10, 20, 40, and
80 µmol/L of the free JB drug. After 24 h of incubation, 10 µL of
CCK-8 was added to each well for an additional 4 h of incubation.
Absorbance was then detected at 450 nm. Raji cells were also
treated with PBS, BPQDs, JB, and BPQDs@JB, according to the
above steps, and the cell survival rates were respectively detected.

Apoptosis Assay of BPQDs@JB by Flow

Cytometry in vitro
To evaluate the antitumor effect of BPQDs@JB in vitro, we
employed an Annexin V-FITC/PI apoptosis kit and detected the
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FIGURE 1 | Construction of BPQDs@JB and the schematic diagram of its anti-lymphoma mechanism.

FIGURE 2 | Characterization of BPQDs@JB. (A) TEM images of BPQDs. Scale bar: 10 nm. (B) Hydraulic radius of BPQDs. (C) UV/Vis spectra of BPQDs, JB, and

BPQDs@JB.

apoptosis of Raji cells. Briefly, Raji cells were inoculated into a
6-well plate with 1 × 105 cells/well. Thereafter, the cells were
treated with PBS, BPQDs, JB, and BPQDs@JB for 24 h. The level
of apoptosis was detected by flow cytometry (FACS CantoTM II,
BD, USA).

ROS Assay of BPQDs@JB by Flow

Cytometry in vitro
Raji cells in logarithmic growth phase were inoculated in
6-well plates at the density of 1 × 105 cells/mL. After
being cultured for 12 h, the cells were administrated with
PBS, BPQDs, JB and BPQDs@JB, respectively. After being

cultured for 24 h, the cells were collected. DCFH-DA was
diluted to 10 µmol/L in final concentration with serum-free
RPMI-1,640 medium. Each well was incubated with 100 µL
diluted DCFH-DA, at 37◦C, 5% CO2 incubator for 20min.
The cells were washed gently with serum-free RPMI-1,640
medium 3 times to remove the DCFH-DA that did not enter
the cells (the cells should not be sucked out). Photographs
were taken under an inverted fluorescence microscope. Flow
cytometry was adopted to detect the fluorescence intensity
before and after the action of the drug. The excitation
wavelength was 488 nm, and the emission wavelength was
525 nm (Li et al., 2019).
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FIGURE 3 | Drug LE of BPQDs and the release rate of BPQDs@JB. (A) EE and LE of BPQDs. (B) Cumulative release rates of JB from BPQDs@JB at different

pH-values (7.4 and 5.0). Compared with the BPQDs@JB (pH = 7.4) group, **p < 0.01.

FIGURE 4 | Effect of BPQDs@JB on Raji cell viability in vitro. (A) Viability of Raji cells following treatment with different concentrations of JB (IC50). (B) Raji cell viability

following the administration of PBS, BPQDs, JB, and BPQDs@JB for 24 h. Data are presented as mean ± SD (n = 3).

Establishment of the Tumor-Bearing

Mouse Model of Lymphoma
Six-week-old Balb/c nude mice were purchased from Hunan
SJA Experimental Animal Co., Ltd (China). Each mouse was
subcutaneously injected 6× 107 Raji cells/100µL.When a tumor
volume of 100 mm3 was achieved, this indicated the successful
establishment of the tumor model.

BPQDs@JB Treatment in

Lymphoma-Bearing Mice
After animals were randomly divided into four groups (n = 3),
100 µL of PBS, BPQDs, JB, and BPQDs-JB was injected into the
tail vein of mice every 3 days for a total of four times. Thereafter,
the tumor size of animals were measured every 3 days. On day
21, the animals were killed and their tumors and visceral tissues
(heart, liver, spleen, lung, and kidney) were collected. Tumor
tissues and organs were fixed with 4% formalin and frozen at
−80◦C. The fixed tissues were embedded in paraffin and sliced

TABLE 1 | A table to summarize all data in Figure 4B by putting the respective

numbers.

PBS BPQDs JB BPQDs@JB

Cell viability (%) 97.17 ± 1.68 94.83 ± 2.56 50.08 ± 2.37*** 19.85 ± 1.02****

Compared with the PBS group, ***p < 0.001, ****p < 0.0001.

into sections for H&E staining, immunofluorescent staining, and
immunohistochemical staining.

ROS and TUNEL Assays in vivo
Briefly, paraffin-embedded tissue samples were dewaxed for
antigen recovery. Thereafter, the nuclei of apoptotic cells
were identified with a TDT in situ apoptosis kit. The
morphology of cells was observed and images were captured
with a light microscope. ROS was observed via DCFH-DA
immunofluorescence staining. The nucleus was stained with
DAPI. The images were analyzed and captured with a laser
confocal microscope (LCFM, LSM700, Germany).
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FIGURE 5 | ROS and Apoptosis assessment by flow cytometry in vitro. (A) Flow cytometric detection of ROS level in Raji cells treated with PBS, BPQDs, JB, and

BPQDS@JB for 24 h. (B) Flow cytometric assessment of the level of apoptosis in Raji cells administered PBS, BPQDs, JB, and BPQDS@JB for 24 h. Data are

presented as mean ± SD (n = 3). Compared with the PBS group, **p < 0.01, ****p < 0.0001.

Statistical Analysis
Data were assessed by SPSS 18.0 and expressed as mean ±

SD. Intergroup differences were assessed by One-Way ANOVA,
followed by Tukey’s post-hoc test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p <

0.001, and ∗∗∗∗p < 0.0001).

RESULTS AND DISCUSSION

Preparation and Characterization of

BPQDs@JB Nano-TCM
To prepare the BPQDs@JB nano-TCM, JB was first loaded
into BPQDs to derive BPQDs@JB (Figure 1). Through TEM
imaging, BPQDs and BPQDs@JB were recognized to be
monodispersed (Figure 2A and Figure S1A), the obtained
BPQDs and BPQDs@JB were 12 nm in size on average by
dynamic light scattering (Figure 2B and Figure S1B). Since
BPQDs is negatively charged in water (Tayari et al., 2015). Small
molecule drugs with positive charge are likely to be adsorbed
by BPQDs by electrostatic interaction (Chen et al., 2017). Thus,
the interaction mechanism between BPQDs and JB may be
the electrostatic interaction of charge adsorption. As shown
in Figure S1C, the Zeta potentials of BPQDs and BPQDs@JB
were −37.26 ± 1.7mV, −28.07 ± 1.6mV, respectively. UV/Vis
spectra (Figure 2C) of BPQDs@JB revealed absorption peaks
at 256 and 211 nm, which align with the absorption peaks
of BPQDs and JB, respectively. Therefore, BPQDs@JB was
successfully assembled.

EE and LE of the Drug, and the Release

Rate of BPQDs@JB
As new two-dimensional material, black phosphorus, which
has good biodegradability, could be utilized in drug delivery
(Chen et al., 2017). Compared to BP nanosheets, BPQD is more
attractive for drug delivery systems owing to its smaller size
(Geng et al., 2018). By using BPQD-loaded drugs, we found that
the EE and LE of JB in the BPQDs@JB nano-TCM were 90.3
± 2.1% and 74.6 ± 2.4%, respectively (Figure 3A). Thereafter,
we proceeded to evaluate the drug release characteristics of
BPQDs@JB. As shown in Figure 3B, when BPQDs@JB exhibited
a pH of 5.0, the cumulative release rates of JB at 6, 12, 18, 24, 30,
36, 42, 48, 54, and 60 h were 8.3 ± 2.1%, 13.9 ± 2.3%, 35.2 ±

2.7%, 47.6 ± 2.3%, 64.9 ± 2.3%, 72.6 ± 3.8%, 86.3 ± 1.9%, 93.6
± 3.8%, 94.5 ± 4.2%, 95.2 ± 3.6%, respectively, and at pH 7.4,
the cumulative release rate of JB at 6, 12, 18, 24, 30, 36, 42, 48,
54, and 60 h were 3.9 ± 1.3%, 5.9 ± 1.8%, 8.8 ± 2.0%, 20.5 ±

1.9%, 27.8± 2.6%, 36.5± 1.9%, 45.3± 2.0%, 50.9± 2.1%, 52.1±
3.0%, 52.5 ± 3.1%, respectively. Therefore, the release rate of JB
at pH 5.0 was higher than that at pH 7.4. Moreover, an increase
in cumulative drug release was identified, thereby indicating the
accelerated degradation of BPQDs under acidic conditions (Zhou
et al., 2018). Because the tumor environment is weakly acidic
(Matsumoto et al., 2017), BPQDs@JB is a type of nano-TCM
released in response to pH, which is beneficial for the treatment
of tumor. Generally, the above findings demonstrate that BPQD
is an efficient drug carrier, and an acidic environment enables the
release of JB from BPQDs@JB.
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FIGURE 6 | Antitumor effects of BPQDs@JB in vivo. (A) After intravenous injection of PBS, BPQDS, JB, and BPQDs@JB into the tail vein of nude mice, the

fluorescence signal images of tumor tissues were detected on day 21. (B) Semi-quantitative evaluation of the fluorescence signal of tumor tissue samples in each

group. (C) Changes in tumor volume in the Raji tumor-bearing mouse model during treatment. Data are expressed as mean ± SD (n = 3; *p < 0.05, **p < 0.01).

Effect of BPQDs@JB on Raji Cell Viability

in vitro
Raji cells were isolated and established from Burkitt’s lymphoma
of the left upper jaw in an 11-year-old black boy, i.e., the
origin of B cells (Theofilopoulos et al., 1974). Since Burkitt’s
Lymphoma is considered a highly invasive and malignant non-
Hodgkin’s Lymphoma (Ribrag et al., 2016), Raji cells were taken
to conduct the experimental study. Raji cells were administrated
with BPDs at concentrations of 0, 0.25, 0.5, 1.0, and 2.0 mg/mL
for 24 h, respectively, and the cell viability rate was determined
by CCK-8. As shown in supporting Information Figure S2,
the cell viability rate of Raji cells incubated with a series of
concentrations of BPDs for 24 h, of which the viability rate of Raji
cells administrated with 2.0 mg/mL CCM@MSNs was as high
as 90%. Therefore, BPQDs (concentration of 0.25 mg/ml) were
taken as the follow-up experiment. Then, Raji cells were treated
with different concentrations of JB. According to the cell survival
rate, the IC50 value of JB was ∼20 µmol/L (Figure 4A). Thus,
JB (concentration of 20 µmol/L) for the follow-up experiment.

To compare the survival rate of Raji cells between BPQDs@JB
and free JB, the JB in BPQDs@JB was diluted to 20 µmol/L in
concentration for the follow-up experiment. Thereafter, Raji cells
were respectively treated with PBS, BPQDs, JB, and BPQDs@JB.
As shown in Figure 4B and Table 1, the CCK-8 results revealed
that PBS and BPQDs had no evident toxic effects on Raji cells.
The cell viability of Raji cells administrated with free JB was 50.08
± 2.37%. However, the cell viability of Raji cells administrated
with BPQDs@JB was (19.85± 1.02%). Compared with JB group,
the cell viability of BPQDs@JB group decreased significantly.
Therefore, BPQDs@JB nano-TCMhas a stronger anti-lymphoma
effect than using JB alone.

ROS and Apoptosis Assessment by Flow

Cytometry in vitro
Oxidative stress caused by reactive oxygen species (ROS)
might serve as an important factor in tumor occurrence and
development. Recent studies have shown that excessive ROS
can lead to the apoptosis and necrosis of tumor cells (Wu
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FIGURE 7 | Changes in the level of ROS and the results of the TUNEL assay. (A) After 21 days of administering PBS, BPQDs, JB, and BPQDs@JB into the tail vein of

mice, the level of ROS in the tumor tissue was detected by immunofluorescence. (B) Tumor tissues were assessed at 21 days after intravenous injection of PBS,

BPQDs, JB, and BPQDs@JB via TUNEL assays.

et al., 2019). Ren et al. (2016) revealed that psoralen induces
DNA damage and apoptosis in breast cancer cells by inducing
ROS production. To verify whether JB can kill Raji cells via
ROS production, we sought to determine the effect of PBS,
BPQDs, JB, and BPQDs@JB on Raji cells by flow cytometry. As
shown in Figure 5A and Figure S3A, compared to treatment
with PBS and BPQDs, treatment with the BPQDs@JB nano-
TCM or JB could cause a shift to the right in the histogram,
suggesting that the latter two groups can produce a large amount
of ROS, with BPQDS@JB producingmore ROS than JB. The same
result is shown in Figure S3B, the red fluorescence intensity of
BPQDs@JB was significantly stronger than that of other groups,
revealing that BPQDs@JB can significantly increase ROS in Raji
cells. Flow cytometry was subsequently employed to further
detect the apoptotic effect of PBS, BPQDs, JB, and BPQDs@JB
on Raji cells. As shown in Figure 5B, compared to the PBS
group, the BPQD group did not cause significant apoptosis of Raji
cells. However, after treatment with BPQDs@JB nano-TCM, the

apoptotic rate of Raji cells was 34.98± 1.76%, a value higher than
that achieved following treatment with JB (10.11 ± 1.03%). This
finding indicates that BPQDs@JB nano-TCM could better induce
Raji cell apoptosis than free JB. Therefore, BPQDs@JB nano-
TCM can induce apoptosis of Raji cells via ROS production.

Antitumor Effects of BPQDs@JB in vivo
Herein, we employed the Raji tumor-bearing mouse model
to elucidate the anti-lymphoma effects of BPQDs@JB in vivo.
PBS, BPQDs, JB, and BPQDs@JB were injected into the tail
vein of Raji tumor-bearing mice. On day 21, these nude mice
were observed with a live imager. As shown in Figures 6A,B,
the tumor fluorescence signal intensity of the JB group and
BPQDs@JB group was significantly weaker than that of the PBS
group and BPQDs group. Further, the tumor fluorescence signal
intensity of the BPQDs@JB group was weaker than that of the
other groups. Similarly, as illustrated in Figure 6C, after 21
days of monitoring the changes in tumor volume, BPQDs@JB
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FIGURE 8 | PBS, BPQDs, JB, and BPQDS@JB were injected into the tail vein of nude mice for 21 days. The heart, liver, spleen, lung, and kidney of nude mice were

retrieved for histological imaging. Scale bar: 100µm.

exerted a better anti-lymphoma effect than JB alone. These
findings suggest that BPQDs@JB exhibits an enhanced antitumor
effect in vivo.

Change in ROS Level and the Results of

the TUNEL Assay
imbalance in ROS level in tumor cells can activate the apoptotic
pathway and induce apoptosis (Uthaman et al., 2019). Therefore,
breaking the redox state in tumor cells is an effective strategy

for the treatment of tumors. Presently, this strategy has been

employed to synthesize numerous drugs, which are either
being developed or have entered clinical trials, and exhibit
good anticancer effects (Martin-Cordero et al., 2012; Raza
et al., 2017). As BPQDs@JB nano-TCM produced a large
amount of ROS against lymphoma in vitro, we opted to
further detect the level of ROS produced by BPQDs@JB in
vivo. As shown in Figure 7A, the tumor tissue sections treated
with BPQDS@JB exhibited a Conspicuous red fluorescence.
However, the fluorescence exhibited by sections treated with
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JB was significantly weaker than that exhibited by sections
treated with BPQDS@JB. A slight red fluorescence was also
observed in the PBS group and BPQD group, suggesting that
most ROS production occurred in the BPQDS@JB group.
We proceeded to use the TUNEL method to detect the
level of apoptosis in tumor tissue. As shown in Figure 7B,
the number of positive (brown) nuclei in the BPQDs@JB
group was significantly greater than that in other groups.
Such finding indicates that the results of TUNEL detection in
tumor tissue sections in vivo were consistent with those of
the apoptosis induced by BPQDs@JB in vitro. These results
suggest that BPQDs@JB can produce excessive ROS to inhibit
tumor and interfere with the new strategy of the redox state
against lymphoma.

Safety Evaluation of Important Organs by

BPQDs@JB
BPQD nano-TCM exerted a significant anti-lymphoma effect in
vitro and in vivo. To verify the safety of BPQD nano-TCM in
vivo, we used H&E staining to determine its toxic effect on the
heart, liver, spleen, lung, and kidney. The histological data of the
heart, liver, spleen, lung, and kidney revealed no abnormalities
in the PBS group, BPQD group, JB group, and BPQDs@JB group
(Figure 8). There were no abnormal changes inWBC, HGB, PLT,
ALT, AST, BUN, CRE, CK, and Myo in nude mice treated with
PBS, BPQDs, JB, and BPQDs@JB (Supporting Table 1).
Such findings demonstrate that BPQDs@JB did not
cause any side effects and may serve as a safe and
effective nano-TCM.

CONCLUSIONS

In the present study, we revealed that the newly derived
two-dimensional material, BPQD, exhibit many properties
with a high drug-loading rate, which is similar to an
aircraft carrier, thereby enabling its transport of numerous
drug molecules. The release of JB from BPQDs@JB can be
accelerated in the acidic microenvironment of the tumor.
As a result, BPQDs@JB nano-TCM kills lymphoma cells
by regulating ROS. Because of these characteristics, BPQD
is a non-toxic and efficient drug delivery platform. To
summarize, herein, we revealed the role and potential mechanism
of BPQDs@JB nano-TCM in the treatment of lymphoma.
Hopefully, it can provide a novel idea for the treatment
of lymphoma.
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Indocyanine green (ICG) is a Food and Drug Administration–approved near-infrared

fluorescent dye, employed as an imaging agent for different clinical applications due

to its attractive physicochemical properties, high sensitivity, and safety. However,

free ICG suffers from some drawbacks, such as relatively short circulation half-life,

concentration-dependent aggregation, and rapid clearance from the body, which would

confine its feasible application in oncology. Here, we aim to discuss encapsulation of

ICG within a nanoparticle formulation as a strategy to overcome some of its current

limitations and to enlarge its possible applications in cancer diagnosis and treatment.

Our purpose is to provide a short but exhaustive overview of clinical outcomes that

these nanocomposites would provide, discussing opportunities, limitations, and possible

impacts with regard to the main clinical needs in oncology.

Keywords: nanoparticles, cancer, indocyanine green (ICG), diagnosis, treatment

INTRODUCTION

Recently, growing attention has been addressed to nanocarriers for Indocyanine green (ICG)
delivery with the purpose of overcoming some of its current limitations and to expand its
possible applications in cancer diagnosis and treatment (Wang et al., 2018). ICG is a widely
investigated near infrared (NIR) fluorescent agent, approved for clinical use by the Food and Drug
Administration (FDA) in the 1950s (Landsman et al., 1976; Alius et al., 2018). Over the past decade,
NIR optical imaging using ICG has become determining for a variety of applications, including
lymphangiography, intra-operative lymph node (LN) identification, tissue perfusion, detection of
vital structures, and tumor imaging (Fox and Wood, 1960; Starosolski et al., 2017). ICG displays
several advantages thoroughly verified during its long clinical use: it is easy to use, cost-effective,
radiation-free, and safe. Although ICG fluorescent imaging represents a promising medical tool, its
application remains limited due to the intrinsic issues related to ICG degradation and rapid blood
clearance (Muckle, 1976; Saxena et al., 2003; Zheng et al., 2012). Therefore, many studies suggest
that the exploitation of ICG-based nano-formulations (micelles, polymeric nanoparticles, silica
nanoparticles, and liposomes) could boost the efficacy, specificity, and biosafety of this imaging
agent for potential oncological applications (Yan et al., 2016; Egloff-Juras et al., 2019).
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PROPERTIES OF ICG

ICG is an amphiphilic tricarbocyanine dye used in the biomedical
field for almost six decades for different purposes (Schaafsma
et al., 2011; Hill et al., 2015). ICG is an anionic, water-soluble,
and fluorescent molecule with a molecular weight of 751 Da
and that displays absorption and fluorescence emission in the
NIR wavelength region (Zhao et al., 2014). These properties
allow deep penetration of the signal and minimize interference
of tissues’ autofluorescence, making it suitable for bio-imaging
uses (Wang et al., 2004; Yuan et al., 2004). Moreover, since
it is an FDA-approved dye, well studied in its already known
clinical applications, its introduction to new clinical applications
is greatly simplified (Alander et al., 2012; Valente et al., 2019).
Additionally, due to its photosensitizing properties, ICG can
be used to generate oxygen species (ROS) or heat, aiming
to destroy cancer cells in photodynamic therapy (PDT) and
photothermal therapy (PTT) (Dolmans et al., 2003; Kuo et al.,
2012). Despite these compelling properties, the application of
ICG is restricted due to its concentration-dependent aggregation,
quick degradation, and poor photostability. Furthermore, its
non-specific binding to plasma proteins determines a relatively
short circulation half-life, and its non-specific targeting remains
a limitation (Kirchherr et al., 2009; Yaseen et al., 2009).

ICG AS AN NIR FLUORESCENT
CONTRAST AGENT: CLINICAL
APPLICATIONS

As previously mentioned, ICG has an excellent safety profile and,
following injection of a clinical standard dose (0.1–0.5 mg/kg),
immediately interacts with plasma proteins, acting as an excellent
vascular agent for evaluating both the blood perfusion and
lymphatic drainage (Alford et al., 2009; Marshall et al., 2010; Boni
et al., 2015). Once excited at the wavelength of about 820 nm,
ICG emits a fluorescent signal detectable by specific scopes
and cameras to allow identification of anatomical structures
where the dye localizes (Luo et al., 2011; Daskalaki et al., 2014).
Indeed, ICG is used in intraoperative angiography for assessment
of superficial eye vessels and in the evaluation of coronary
artery bypass grafts, peripheral vascular disease, and solid organ
transplantation (Reuthebuch et al., 2004; Sekijima et al., 2004;
Desai et al., 2006; Kang et al., 2010a,b; Baillif et al., 2011).
Moreover, since, once injected intravenously, ICG is excreted
exclusively via the liver, it is used to assess hepatic function
(Daskalaki et al., 2014). In addition to these applications, ICG
is employed in NIR fluorescence image-guided oncologic surgery
with the purpose of identifying structures that need to be resected
(e.g., tumor tissue, lymph nodes) and spared, contributing to
support the surgeon’s decision-making process (Boni et al., 2015;
Baiocchi et al., 2018).

Of note, NIR fluorescence imaging via ICG can provide real-
time identification of tumor margins and affected lymph nodes
(LN) in breast and skin cancers, improving local control of the
disease and allowing amore conservative surgery (Sevick-Muraca
et al., 2008; Fujiwara et al., 2009; Murawa et al., 2009). Sentinel

LN (SLN) mapping is important to detect involved LN and is
required for cancer staging, prognosis prediction, and therapy
selection (Schaafsma et al., 2011; Wang et al., 2018). Here,
ICG is injected near the tumor and flows via lymph circulation
to LN, displaying them when lit with excitation light (Tanaka
et al., 2006; Alander et al., 2012; Wishart et al., 2012; Verbeek
et al., 2014). ICG-NIR fluorescence imaging has been applied
also to intraoperative tumor detection in order to ensure a total
tumor resection (Gotoh et al., 2009; Onda et al., 2016; Rossi
et al., 2018). Indeed, exploiting ICG hepatic clearance and the
enhanced permeability and retention (EPR) effect, liver tumors
could be identified (Ishizawa et al., 2009; Huang et al., 2018).

To date, the application of ICG as an NIR fluorescence
imaging agent in oncology is an active and promising area, but
it also has limitations. Aside from the problems inherent with
some of its physicochemical properties, ICG is a non-targeted
or extremely low targeted tracer, which greatly precludes its
application for specific cancer imaging (Landsman et al., 1976;
Marshall et al., 2010; Wang et al., 2018; Egloff-Juras et al., 2019).

ICG-NPs AND CANCER: PRECLINICAL
STUDIES

Recently, the development of multifunctional ICG-NPs, offering
both diagnostic and therapeutic solutions in cancer, has captured
the attention of researchers (Han et al., 2018). To overcome
the limitations previously discussed, several ICG-NPs have been
proposed and tested, both in vitro and in vivo (Liu et al.,
2019b; ZhuGe et al., 2019), displaying increased circulation time
and improved ICG optical properties and achieving tumor-
specific accumulation. Many advantages derive from their use:
combining or encapsulating it to/intoNPs results in the extension
of ICG half-life. Additionally, functionalization with specific
cancer-related antibodies may result in preferential accumulation
of ICG at the tumor site. Furthermore, ICG-NPs may be useful
to limit ICG aggregation and photodegradation as well as
to improve its stability in aqueous solutions (Ishizawa et al.,
2009; Liu et al., 2019c; ZhuGe et al., 2019). ICG has been
loaded or conjugated to a variety of nanostructures, such
as polymer-based NPs, lipid-based NPs, and silica NPs with
different surface modifications and functionalization strategies
(Figure 1A). Among the plethora of ICG-NPs for different
targets and applications, we focused on the following main
applications for cancer treatment: PDT and PTT (i), in vivo
imaging and image-guided surgery (ii), and multimodal therapy
(iii) (Figure 1B). A summary of all significant examples of ICG-
NPs developed for these applications has been inserted inTable 1.

PDT is an emerging, minimally invasive cancer treatment
based on the production of ROS in response to a source of
light, the presence of oxygen and a photosensitizer (i.e., ICG)
(ZhuGe et al., 2019). Although this option seems promising
for many cancers (Gross et al., 2003; Ritch and Punnen, 2017),
selective delivery of the photosensitizers at target tissues/cells
remains insufficient for successful clinical use (Zhen et al.,
2013). Since PDT could generate an antitumor immune response,
ICG-loaded liposomes were studied in combination with NIR
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FIGURE 1 | (A) Some examples of the ICG-NPs obtained with different materials and conjugation techniques. (B) Main applications of ICG-NPs in cancer treatment.

irradiation, demonstrating suppression of brain tumor growth
and suggesting the potential application for the treatment of
tumors near the brain surface (Shibata et al., 2019). Super
carbonate apatite-ICG NPs improved ICG uptake in tumor
cells and its antitumor effect in a colorectal xenograft model,
serving as a useful vehicle for ICG-based PDT (Tamai et al.,
2018). Also, hydroxyethyl starch-oleic acid ICG-NPs exhibited
excellent stability and efficient ROS generation and increased
cellular uptake and tumor accumulation compared to free ICG
(Hu et al., 2019).

In addition to PDT, PTT also arose as a promising approach
for cancer treatment by using NIR-light to generate heat and
achieve tumor ablation (Li et al., 2019a). The main challenge

with PTT is that heat could also damage the healthy surrounding
tissue and fail to eradicate metastatic cells. Several NPs with
excellent NIR light absorption have been developed as PTT
agents, including gold, copper, carbon NPs, and NIR dyes (Lv
et al., 2017). Also, ICG has been exploited in a multitude of
NPs as a PTT agent (Doughty et al., 2019). ICG-conjugated
micelles have been investigated for breast and lung cancer
treatment displaying increased circulation time, accurate tumor
targeting, and efficient PTT effect compared with free ICG (Li
et al., 2019b; Zhu et al., 2019). Another work proposed the
functionalization with folic acid to achieve accumulation on
MCF-7 breast cancer cells, obtaining a significant tumor growth
inhibition (Zheng et al., 2014). A formulation of pH-responsive
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TABLE 1 | Summary of all significant examples of ICG nanoparticles studied in vivo.

ICG-NPs: preclinical research

Nanoparticle type Conjugation

technique

Target Aim/use Achievements/findings References

Calcium phosphate

nanoparticles

ICG encapsulation Breast cancer Fluoroprobing Improved half life

Improved photostability

Biocompatibility

Altinoglu et al., 2008

Water-responsive

phospholipid-calcium-carbonate

hybrid nanoparticle

ICG loading

doxorubicin

loading

Breast cancer PTT Good tissue penetration

Decreased metastatic areas

Liu et al., 2019b

Super carbonate apatite

nanoparticles

ICG loading Colorectal

adenocarcinoma

PDT Fluorescence enhancement

Significant tumor growth retardation

Tamai et al., 2018

Hydrophobic superparamagnetic

iron oxide nanoparticles

ICG loading

doxorubicin

coating

Glioblastoma MRI imaging

Chemotherapy

BBB crossing

Accumulation at the tumor site

Shen et al., 2018

Graphene oxide hybrid

nano-composites

Electrostatic

interaction with

ICG

Colorectal

adenocarcinoma

PTT Citotoxicity in cancer cells only Sharker et al., 2015

Polyamidoamine

(PAMAM)-coated silica

nanoparticles

ICG coating Sentinel lymph

nodes

Sentinel lymph

node imaging

Facilitatation of sentinel lymph node

biopsy procedures

Tsuchimochi et al., 2013

PL-PEG-mAb nanoparticles ICG-PEG

conjugation

Glioblastoma

Breast cancer

PTT

Imaging

Good targeting

Tumor reduction

Zheng et al., 2012

PLGA-PEG-R837 nanoparticles ICG encapsulation Breast cancer PTT

Immunotherapy

Great antitumor effect

Strong immune-memory effect

Chen et al., 2016

PEG-PCL-C3 hybrid

nanoparticles

ICG-PEG

conjugation

Oral squamous

cell carcinoma

PTT

PDT

In vivo safety

Active role in reducing tumor volume

Ren et al., 2017

Levan nanoparticles ICG encapsulation Breast cancer Imaging Selective targeting of cancer cells Kim et al., 2015

Silk fibroin nanoparticles

cross-linked by

proanthocyanidins

ICG encapsulation Glioblastoma PTT Stable photothermal properties

Decrease of tumor volume

ZhuGe et al., 2019

Silk fibroin nanoparticles ICG encapsulation Glioblastoma PTT Inhibition of tumor growth Xu et al., 2018

Hyaluronic acid nanoformulation ICG entrapment Pancreatic cancer Tumor detection Safe contrast agent Qi et al., 2018

Hyaluronic acid nanoformulation ICG entrapment Breast cancer Image-guided

surgery

Good contrast enhancement Hill et al., 2015

Hyaluronic acid nanogels ICG entrapment Breast cancer Imaging Improved imaging of metastatic lymph

nodes

Mok et al., 2012

Polymer-lipid nanoparticles ICG encapsulation Pancreatic cancer PTT Suppression of tumor growth Zhao et al., 2014

Mannosylated liposomes ICG encapsulation Sentinel lymph

nodes

Sentinel lymph

node imaging

Increased liposomal stability

Good optical properties

Jeong et al., 2013

Liposomes Lipid-bound ICG Healthy organism Imaging Fluorescence enhancement Kraft and Ho, 2014

Liposomes ICG-iDOPE

incorporation

Glioblastoma PDT Suppression of tumor growth Shibata et al., 2019

Gold nanorod@liposome

core–shell nanoparticles

ICG loading Liver cancer Photoacoustic

tomography

Surgery Guidance

Prolonged half-life

Preoperative detection of liver cancer

Guan et al., 2017

Micelles ICG-PEG

conjugation

Lung carcinoma PTT Tumor detection

Inhibition of tumor growth

Li et al., 2019b

Micelles ICG/retinal loading Murine breast

cancer

PTT Suppression of tumor growth Zhu et al., 2019

Lactosomes (micelles assembled

from block copolymers)

ICG loading Metastatic lymph

nodes in gastric

cancer

PDT

Imaging

Selective accumulation in metastatic

lymph nodes

Tsujimoto et al., 2015

*Phospholipid nanoprobes Folic

acid-phospholipid nanoparticles

ICG-PEG

conjugation

Glioblastoma

Breast cancer

PTT

Imaging

Selective imaging of cancer cells

Selective killing of cancer cells

Zheng et al., 2011

Folate-targeted lipid

nanoparticles

ICG/oxygen

loading

Ovarian cancer PTT

PDT

Imaging

Good targeting

Increased PDT efficacy

Liu et al., 2019c

(Continued)
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TABLE 1 | Continued

ICG-NPs: preclinical research

Nanoparticle type Conjugation

technique

Target Aim/use Achievements/findings References

Folic acid-targeted nanoparticles ICG loading Breast cancer PTT Significant targeting to MCF-7 tumors

Tumor

growth inhibition

Zheng et al., 2014

HDL nanoparticles ICG encapsulation Murine breast

cancer

PTT

PDT

Deep tumor penetration

Enhanced tumor necrosis

Sheng et al., 2019

Human ferritin Photosensitizer

encapsulation

Glioblastoma PDT High phototoxicity in tumors

Normal tissue left unaffected

Zhen et al., 2013

BSA nanoparticles ICG coating

artemisin

encapsulation

Epidermal

carcinoma

PTT

PDT

Synergistic photo-chemotherapy Ma et al., 2018

Human serum albumin ICG adsorption Murine breast

cancer

PTT

PDT

Tumor margin detenction

Tumor eradication without regrowth

Sheng et al., 2014

§Human serum albumin ICG adsorption Breast cancer Sentinel lymph

node mapping

Clinical trial Hutteman et al., 2011

*in vitro research only.
§clinical trial.

polymeric nano-complexes of graphene oxide and ICG (Sharker
et al., 2015) was effective in providing selective sensitivity to
tumor environment and tumor regression, confirming its clinical
usefulness. Also, in studies with ICG-loaded polymer-lipid NPs
against pancreatic cancer (Zhao et al., 2014) and silk fibroin NPs
addressing glioblastoma (Xu et al., 2018), the main advantages
observed, compared to free ICG, were an extended circulation
time and in vivo stability, together with the ability to specifically
target cancer cells (Sheng et al., 2019).

An assortment of ICG-NPs also has been developed for
bioimaging applications as agents for tumor identification. Since
early detection is crucial for the prompt diagnosis and successful
treatment of cancer, the benefits of using NPs as vector for
ICG to the tumor site would be significant. ICG-incorporating
liposomes provide enhanced visualization of the popliteal LN and
downstream LN, detected across 1.5 cm of muscle tissue, and
free ICG only enables 0.5 cm detection (Kraft and Ho, 2014).
Hyaluronic acid (HA) NPs allow contrast enhancement (Hill
et al., 2015), and levan NPs display good targeted imaging of
breast tumors and the suitability to encapsulate hydrophobic
drugs (Kim et al., 2015). ICG-HA–derived NPs improve the
NIR signal for intraoperative detection of pancreas and splenic
metastasis compared to ICG (Qi et al., 2018), and also nanogels
display good performance in targeted imaging of cancers and
LN metastases in addition to the feasible drug-encapsulation
in their hydrophobic core (Mok et al., 2012). ICG-doped
calcium phosphate NPs display increased deep-tissue penetration
(Altinoglu et al., 2008). Another promising strategy involves
its effectiveness as a photoacoustic-fluorescence imaging probe
in liver cancer detection (Guan et al., 2017). Overall, all the
considered formulations display a non-toxic safety profile, a
longer circulation time, and a higher tumor accumulation than
free ICG. This would provide the potential to increase the
completeness of surgery and the chances of a better outcome.
Furthermore, different ICG-NPs were suggested as contrast
agents for SLN mapping. Mannosilated ICG-liposomes show

improved stability and fluorescence signal by exploiting their
specific recognition by macrophages, making it a good agent
for SLN and LN imaging (Jeong et al., 2013). Silica NPs loaded
with technetium and ICG improve LN detection in real time
although further studies are necessary to assess the appropriate
dose (Tsuchimochi et al., 2013), and ICG-loaded lactosomes
provide an improved LN detection and a inhibited growth upon
PDT treatment (Tsujimoto et al., 2015). The only example tested
in the clinic concerns the use of ICG adsorbed to human serum
albumin (ICG:HSA) aiming to improve detection and better
retention in the SLN after intradermal injection. However, this
trial performed on breast cancer patients showed no advantage
of ICG:HSA for SLN mapping (Hutteman et al., 2011).

Very often, the applications described above have been used
in combination to obtain better therapeutic results. Indeed,
many authors consider the use of ICG for imaging-guided
PTT, allowing simultaneously tumor detection and eradication.
ICG-PL-PEG NPs were investigated in vitro for cell imaging
and selective PTT, proving to be an interesting multifunctional
system (Zheng et al., 2011), and Liu and coworkers provide
a synergistic strategy for both offering contrast enhancement
and tumor growth reduction against ovarian cancer (Liu et al.,
2019c). Furthermore, the successful application of HSA-ICG
NPs for in vivo imaging and tumor margin detection following
PDT/PTT synergic phototherapy has been reported (Sheng et al.,
2014). Many authors also insist on the strength of the synergistic
combination of PTT and PDT to obtain better therapeutic results
(Ren et al., 2017; Sheng et al., 2019; Zhu et al., 2019).

Moreover, since monotherapy, either PTT or PDT usually
suffers from incomplete tumor killing, leading potentially
to tumor relapse (Ma et al., 2018); a combination with
chemotherapy could optimize the cancer treatment. In this
context, chemotherapy drugs combined with phototherapy
have been studied. Doxorubicin has been exploited in
superparamagnetic iron oxide NPs with ICG displaying good
imaging ability, showing accumulation in the tumor site and high
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antitumor efficacy with few side effects in glioma-bearing rats
(Shen et al., 2018). Phospholipid-calcium-carbonate NPs loaded
with doxorubicin and ICG demonstrate strong tumor-homing
properties and a synergistic effect in terms of tumor growth
reduction (Liu et al., 2019b). Regarding cancer immunotherapy,
the photothermal ablation of tumors with immune-adjuvant
ICG-NPs, seems promising in activating immune responses
potentially applicable for metastasis treatment (Chen et al.,
2016). Overall, multimodal therapies appear to enhance the
therapeutic effects and prevent possible recurrences.

ICG-NPs: OPPORTUNITIES, LIMITATIONS
AND POSSIBLE IMPACTS IN ONCOLOGY

Implementing a plethora of different ICG-NPs makes the
comparison between them especially difficult. Overall, the most
promising strategies are related to actively targeted ICG-NPs, but
there is a significant gap in outcomes between preclinical cancer
models and their translation into clinical practice. As previously
discussed, several recent studies are focusing on the development
of ICG-NPs, aiming to exploit the advantages of ICG in order to
further increase cancer therapies.

First, ICG-NPs could be effective in improving the already
existing imaging techniques, either by prolonging ICG half-life
or by selectively addressing the molecule to cancer cells only; that
could be particularly relevant when trying to identify metastases
as well as being useful to early detection of cancer cells in case
of relapse. The chance to use NPs-ICG as drugs to directly treat
tumors represents an additional advantage. By exploiting the
ability of ICG to both generate heat and ROS in response to NIR,
ICG-NPs could be used for PTT, PDT, or both in order to elicit
antitumor response (Han et al., 2018; Liu et al., 2019c). Indeed,
the accumulation of ICG in tumor cells and their exposure
to light, determines a localized increase in temperature that
causes cell damage by apoptosis and necrosis, resulting in tumor
ablation (Melamed et al., 2015; Pérez-Hernández et al., 2015).
In the meantime, in the presence of oxygen, light-activated ICG
also generates ROS, leading to cell death and tissue destruction
(Allison and Moghissi, 2013). Nevertheless, recent studies are
quite misleading about the application of PTT and PDT, which
rely on different therapeutic mechanisms. However, when ICG
is used, both effects could be achieved although with a distinct
tumor cell–killing contribution by each (Liu et al., 2019a). More
clarity about which strategy is being referred to is necessary since,
through ICG, one thing does not exclude the other, and the
related side effects should be considered as well. Both PTT and
PDT are promising for the treatment of several malignancies;
however, it is important to understand which aspect to target to
design the appropriate NPs (Pinto and Pocard, 2018).

The first concern is about immunogenicity. Although it is
common opinion that ICG itself is not toxic and that ICG-NPs
can be selectively targeted to the tumor, it is still uncertain if
other tissues could be affected by the treatment. NPs must not
elicit an immune response and demonstrate not to be toxic for
the organism.

A second issue is obvious: cancer is not a single disease.
Tumors may be solid or not, have clear or irregular borders,
spread in easily reachable districts or in hard-to-treat areas.
Additionally, similar tumors may have different density,
vasculature, and tumor microenvironment. Here, the ability of
ICG-NPs to penetrate into the tumor is unclear, thus making it
hard to decide if ICG-NPs should be addressed to primary tumors
and metastases or used as adjuvants after surgery (Tsujimoto
et al., 2015; Sheng et al., 2019). Research on ICG-NPs should
develop the optimal strategy for real clinical applications on each
disease instead of just developing NPs that prove to be effective at
a preclinical stage but are difficult to translate into clinical trials.

Regarding the multitude of developed ICG-NPs, one fact is
evident: every group focuses on the NP type they are used to
working with as well as on the tumor model they know better
(Table 1). Such an approach is both useful and harmful. On
the one hand, long-term expertise in developing a specific NP
could be addressed to the production of highly effective ICG-
NPs; on the other hand, several cancer models should be tested
to evaluate the efficacy of the proposed treatment in different
contexts. Focusing on a single model could be limiting if the
purpose is to design a consistent model for the development
of new therapies. Options to design ICG-NPs are unlimited,
and many could be adjusted to target different tumors (Han
et al., 2018). NPs can be further enriched by conjugation with
other molecules: monoclonal antibodies, fluorescence probes and
drugs in order to maximize the antitumor effect of the ICG-NPs
(Zheng et al., 2011; Sheng et al., 2014; Ma et al., 2018). Here, given
that the enhancement of targeting is crucial to prevent damage of
healthy tissues, NPs should be selectively directed to the tumor,
either inserting targeting molecules or by exploiting the intrinsic
ability of some carriers to bind cancer.

Despite all the advantages deriving from ICG-NPs and
the huge amount of solutions proposed so far, a pool of
clinical applications have not been outlined yet, thus making
it impossible to determine which ones have the potential to
become actual drugs. The answer is not one and only: different
nanoparticles could be used to treat different tumors, and
different molecules could be attached to improve their selectivity.
Therefore, developing dozens of different ICG-NPs is not of help
in finding the best alternatives that could be eventually tested in
clinical trials.

On top of everything, when discussing the potentiality of
ICG-NPs in therapy, an uncomfortable yet necessary question
should be raised about the costs of clinical trials involving NPs:
developing such molecules, especially when they are combined
with chemotherapeutic drugs and/or patented monoclonal
antibodies, has been proved to be extremely expensive, thus
limiting the possibility to produce high amounts of molecules to
be used in clinical trials.

DISCUSSION

In conclusion, the potential of ICG-conjugated NPs is
undeniable, mostly because they could possibly be directed
toward several cancer types with incredibly high specificity
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(Bozkulak et al., 2009; Montazerabadi et al., 2012). Indeed, they
could overcome some of the limitations of current treatments,
especially regarding tumors that are poorly accessible by drugs
or hard to treat, and they could also limit the side effects usually
associated to conventional therapies (Montazerabadi et al.,
2012). However, obtaining specific cell targeting as well as
maintaining high drug concentration at the tumor site remain
the main challenges as they are both necessary conditions for
the implementation of ICG-NPs–based imaging, PTT, and
PDT. This is the reason why the currently known ICG-NPs
have not successfully reached the translation into clinics so
far. Therefore, an improved active targeting is required for a
major impact on human health. Moreover, since the penetration
depth of light in tissues could be limited, even with NIR lasers,
endoscope-based clinical devices equipped with a laser may
be demanded in order to reach successful outcomes in clinical
practice (Chen et al., 2016). Some sort of consensus should
also be achieved about the most promising formulations and
the real aims of the proposed interventions: PTT, PDT, and
imaging are not interchangeable terms, and more precision
is required when deciding which therapies would be worth

testing. In addition, before trying to develop new ICG-NPs,
the economic impact of a potential trial involving such NPs
must be carefully considered. Expertise and deep knowledge

in the field are mandatory, but feasibility will eventually
determine if a promising molecule will ever be translated into an
actual therapy.
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Photodynamic therapy (PDT) is a promising and minimally invasive modality for the

treatment of cancers. The use of a self-illuminating system as a light source provides

an intriguing solution to the light penetration issues of conventional PDT, which have

gained considerable research interest in the past few years. This mini review aimed

to present an overview of self-illuminating PDT systems by using internal light sources

(chemiluminescence, bioluminescence, and Cerenkov radiation) and to give a brief

discussion on the current challenges and future perspectives.

Keywords: photodynamic therapy, cancers, internal light sources, chemiluminescence, bioluminescence,

Cerenkov radiation

INTRODUCTION

Photodynamic therapy (PDT) is a promising non-invasive medical technique and has been
clinically approved for treating various diseases, including bacterial and fungal infections, skin
diseases, as well as several types of cancer (van Straten et al., 2017). In the past decades, advances
in nanotechnology and materials science as well as the improvements of photosensitizers (PS)
have promoted the rapid development of PDT (Chen et al., 2017; Glass et al., 2018; Ouyang
et al., 2018a,b; Fan et al., 2019; Yue et al., 2019; Zeng et al., 2019). However, the conventional
external light irradiations in PDT often suffer from rapid attenuation through the tissue, which
limited the clinical use of PDT to some superficial or endoscope-accessible lesions. To overcome
this barrier, different excitation sources, such as near-infrared (NIR) light and X-ray radiation,
have been applied in combination with a number of judiciously designed photosensitizers, such
as two-photon (Shen et al., 2016) or NIR light (Lan et al., 2019) excitation photosensitizers and
upconversion photosensitizers (Liu et al., 2019). Nevertheless, it is still challenging to develop NIR
photosensitizers with high absorption efficiency, and NIR light also has penetration limitation (i.e.,
980-nm light is restricted to 1.5 cm). X-ray radiation, photon energy in the range of 0.1–100 keV,
can overcome the limitation of the light penetration depth in the human body. But X-rays can
ionize atoms and disrupt chemical bonds of normal biomolecules. Implanting fiber-optic light
sources could be a viable approach to treat deep tissue, but it requires invasive procedures and
cannot deal with tumor metastasis.
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Internal light sources have emerged as an attractive alternative
to outer light sources in a conventional PDT system for
addressing the issue of light penetration (Magalhães et al., 2016;
Ferreira et al., 2019). Some self-illuminating systems, including
chemiluminescence (CL), bioluminescence (BL), and Cerenkov
radiation (CR), are promising candidates as internal light sources
for PDT as these self-illuminators are small in size (ranging
from atomic/molecular to nanometer scale) and thus can be
delivered to any pathological tissues. The use of self-illuminating
systems as light sources in PDT has attracted increasing research
interest in the past few years (Fan et al., 2016; Magalhães et al.,
2016; Jiang et al., 2020). In this mini review, we summarize
recent progress in the development of self-illuminating PDT
systems, including chemiluminescence-, bioluminescence-, and
Cerenkov radiation-mediated photodynamic therapy (Figure 1).
The design strategies and chemical structures of these reported
PDT systems will be emphasized. Current limitations and future
directions will also be discussed.

CHEMILUMINESCENCE-MEDIATED

PHOTODYNAMIC THERAPY

CL is a kind of self-luminescence phenomenon that results
from some special types of chemical reactions. Up to now,
chemiluminescence reactions have found a wide variety
of applications (Iranifam, 2014; Shah et al., 2020) such as
chemosensing, bioimaging, and therapy. The most commonly
used chemiluminescence systems are luminol–H2O2 and
oxalate ester–H2O2.

The first report of using luminol chemiluminescence as an
excitation light source for PDT application was demonstrated
by Laptev et al. (2006). A transferrin–hematoporphyrin (Tf–Hp)
conjugate was used as the cancer cell targetable photosensitizer.
The absorption spectra of Tf–Hp (one absorption peak at 412 nm)
overlapped well with the CL emission band of luminol (350–
550 nm). The addition of luminol can induce a noticeable
intracellular CL over a 50-min period. The combination of
luminol (10µM) and the Tf–Hp conjugate (3µM) resulted in
95% cytotoxicity against the erythroleukemic cell lines.

Yuan et al. (2012) developed a new chemiluminescence-
mediated PDT by using a cationic oligo(p-phenylene vinylene)
(OPV) as the photosensitizer. The cationic OPV could not only
interact with the dianionic intermediates of luminol CL reaction
to facilitate the occurrence of chemiluminescence resonance
energy transfer (CRET) to excite OPV but could also bind
to the negatively charged pathogen (cancer cells and fungi).
The luminol chemiluminescence system with OPV displayed
prominent cytotoxicity toward HeLa cells with a viability of
<10%. Studies in tumor-bearing nude mice indicated that this
self-illuminated PDT system could significantly inhibit the tumor
growth in vivo without exerting apparent toxicity to the normal
tissues. Based on the cationic OPV photosensitizer, the same
research group proposed a novel electrochemiluminescence-
mediated PDT system (Liu et al., 2018). Recently, Jiang’s
group reported a conjugated polymer nanoparticle-based

multifunctional nanoplatform for oxygen-supplying and self-
illuminating phototherapy (Jiang et al., 2019). The nanoplatform
Hb–NPs was obtained by covalently coupling hemoglobin (Hb)
to the polymer nanoparticle consisting of poly(styrene-co-maleic
anhydride) (PSMA) and poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH–PPV). The polymer-conjugated
Hb can simultaneously function as the oxygen carrier, the
catalyst for the CL reaction of luminol with H2O2, as well as
the PDT photosensitizer for generating reactive oxygen species
(ROS). Thus, the presented system does not require an external
light source and can overcome the problem of insufficient
oxygen under hypoxia. In addition, the system can also be used
to control the release of an anticancer prodrug, thus providing
simultaneous phototherapy and chemotherapy.

The combination of different forms of photosensitizers
with luminol CL has afforded a variety of other
internal self-illuminating PDT systems, including
tetra(hydroxyphenyl)chlorin (THPC)-encapsulated FH-Pdots
[folic acid and horseradish peroxidase (HRP)-bifunctionalized
polymer dots] (Zhang et al., 2014), 5-aminolevulinic acid
(Chen et al., 2012), porphyrinic metal–organic frameworks
(COTCPP MOFs) (Fang et al., 2019), chlorin e6-conjugated
yellow-emissive carbon dots (y-CDs-Ce6) (Yang et al., 2020),
and poly(lactic-co-glycolic acid) (PLGA)/luminol/HRP/DSPE-
mPEG2000 co-precipitated nanoparticles (Lu et al., 2020).
Covalent attachment of luminol to the photosensitizer into
a single molecule is an additional strategy for constructing a
CL-PDT system through the direct energy transfer from luminol
to the photosensitizer. Yesilgul et al. (2017) designed a modular
unimolecular erythrosine–luminol which can produce singlet
oxygen in the presence of Cu2+ and hydrogen peroxide. Xu
et al. (2019) synthesized a Ce6–luminol–PEG (CLP) conjugate
which can self-assemble into core–shell nanoparticles. The
nanoparticle can be exploited for inflammation imaging as
well as for specifically killing cancer cells. In addition to the
commonly used chemiluminophore of luminol, peroxyoxalate
chemiluminescent (PO-CL) reaction also has the potential to
supply internal light source for PDT. Romanyuk et al. (2017)
developed a self-luminescing PDT strategy by using polymeric
oxalate (POX) as the substrate of the PO-CL reaction and
tetramethyl hematoporhyrin (TMHP) as both a photosensitizer
and an activator for the PO-CL reaction. POX and TMHP were
dispersed in dimethyl phthalate (DMP) droplets and stabilized
with a surfactant of Pluronic L64. The L64/DMP/POX/TMHP
dispersions can effectively produce O1

2 and exert significant
cytotoxicity under oxidative stress condition. Mao et al.
(2017) designed a novel nanoplatform [C-TBD nanoparticles
(NPs)] for image-guided PDT by co-encapsulating bis[2,4,5-
trichloro-6-(pentyloxycarbonyl)phenyl]oxalate (CPPO) and the
photosensitizer TBD into an amphiphilic copolymer Pluronic
F-127. The astutely designed photosensitizer TBD displayed
a bright aggregation-induced NIR emission and an efficient
singlet oxygen generation. C-TBD NPs could precisely monitor
the tumor site via chemiluminescence imaging and efficiently
inhibit tumor growth through PO-CL exciting TBD to produce
O1
2 in the presence of H2O2, thus realizing simultaneous tumor

diagnosis and treatment. Coelenterazine and its analogs can
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FIGURE 1 | Illustration of a self-illuminating photodynamic therapy (PDT) system based on internal light sources, including chemiluminescence, bioluminescence, and

Cerenkov radiation.

also act as a self-activating agent for PDT (Pinto da Silva et al.,
2019; Sun et al., 2019). In the presence of a superoxide anion
(overexpressed in tumor cells), coelenterazine can be oxidized
into a dioxetanone intermediate, which then decomposing into
CO2 and the excited coelenteramide. The product will further
undergo intersystem crossing to the triplet state, thus inducing
the generation of O1

2. This process can be enhanced by the
introduction of a bromine heteroatom due to the heavy atom
effect (Pinto da Silva et al., 2019).

BIOLUMINESCENCE-MEDIATED

PHOTODYNAMIC THERAPY

Bioluminescence can be considered as a special type of CL which
involves the enzymatic oxidation of a small molecule substrate,
such as the firefly luciferase–luciferin, and Renilla luciferase–
coelenterazine systems (Magalhães et al., 2016; Hananya and
Shabat, 2017). Theodossiou et al. firstly evaluated the potential
of intracellular bioluminescence as a light source for PDT
(Theodossiou et al., 2003). The classical firefly luciferin–luciferase
system was used to excite the photosensitizer, Rose Bengal (RB),
which has a high singlet oxygen quantum yield and a compatible
absorption profile with the emission of oxyluciferin. Treating the
luciferase-transfected NIH 3T3 cells with RB and D-luciferin led

to a high rate of apoptosis (89%). This preliminary in vitro study
demonstrated the possibility of a bioluminescence-mediated
PDT to be a plausible treatmentmodality. However, the following
work by Schipper et al. (2006) revealed that luciferase-expressing
cells incubated with photosensitizer and D-luciferin did not
show a significant difference in survival compared with the
control groups. The authors demonstrated that this intracellular
bioluminescence system cannot emit enough photons (<1.03 ×

10−4 mJ cm−2 for 24 h treatment) to mediate photosensitizers to
generate efficacious photodynamic toxicity.

In the above cases, the bioluminescent enzyme appeared
in cells through gene expression, a technology that has not
been applied in actual clinical treatment, so this bioluminescent
system has difficulty in becoming an alternative excitation
for PDT in the near future. Hsu et al. (2013) developed
a new coelenterazine bioluminescence-mediated PDT system
based on the bioluminescent QD-Rluc8 conjugate which was
obtained by immobilizing Renilla luciferase onto quantum
dot 655. In the presence of coelenterazine, QD-Rluc8 can
display the distinct fluorescence emission of quantum dots
(QDs) via bioluminescent resonance energy transfer (BRET)
from the bioluminescent substrate to the QDs. Both in vitro
and in vivo assays demonstrated that the bioluminescent QD-
Rluc8 can stimulate the micelle-loaded photosensitizer meta-
tetra(hydroxyphenyl)chlorin (m-THPC, Foscan) to produce ROS
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and thus result in cell death and inhibition of tumor growth.
As a potential alternative excitation source for PDT, QD-
Rluc8 displayed several advantages, including a tunable emission
wavelength and a relatively high irradiation dose (0.6–0.8 J
cm−2). Subsequently, Kim et al. (2015) evaluated whether BL
can induce efficient PDT for tumors, especially in deep tissue.
A similar BRET Luc-QD luminophore was employed as the
BL source, and Ce6 was used as the photosensitizer. Confocal
imaging showed that Luc-QD conjugates were mainly distributed
on the cell surface instead of in the cytoplasm. Calculating from
the emission spectra, the BRET efficiency of the Luc-QD system
reached 60–65%. Luc-QD can excite the nearby photosensitizer,
leading to an appreciable amount of activated Ce6 (3× 108/min),
which is higher than that (4 × 107/min) resulting from laser
illumination (2.2 mW/cm2). Cell imaging and cytotoxicity tests
revealed that this BL-PDT system can generate significant
intracellular ROS, thus resulting in membrane damage and cell
death. Intravenous injection of Ce6, Luc-QD, and CTZ to tumor-
implant mice can almost completely inhibit tumor growth.
Furthermore, this BL-PDT can also suppress distant organ
metastasis. Recently, Yang et al. (2018) reported a new BL-PDT
system based on the polymer nanoparticle which was assembled
from poly(lactic acid) and poly(lactic-co-glycolic acid) and was
loaded with Rose Bengal and luciferase. In vitro photodynamic
studies showed that this BL-PDT treatment can lead to significant
toxicity toward cancer cells. In vivo, BL-PDT displayed that the
growth of subcutaneous tumors can be remarkably inhibited,
while normal organs, including the heart, liver, spleen, lung, and
kidney, remained undamaged.

CERENKOV RADIATION-INDUCED

PHOTODYNAMIC THERAPY

Cerenkov radiation (CR) is a luminescence phenomenon
occurring from the interaction between high-speed charged
particles (faster than the phase velocity of light) with the
surrounding medium, which was theoretically predicted by
Heaviside in 1888 and experimentally verified by Cerenkov
in 1933 (Shaffer et al., 2017). In biomedical applications, the
commonly used sources for producing Cerenkov radiation are
radionuclides which can emit β particles (positrons or electrons)
(Gill et al., 2015), such as 18F, 64Cu, 68Ga, 89Zr, 90Y, 124I,
and 198Au. The number of Cerenkov photons within a certain
wavelength range is positively correlated to the kinetic energy
(or velocity) of the β particle. Radionuclides emitting β particles
with relatively higher energy, such as 68Ga and 90Y, would
produce CR with higher intensity (Klein et al., 2019). In recent
years, the Cerenkov phenomenon for biomedical applications
(i.e., imaging and therapy) has gradually garnered significant
attention, especially combining the rapid advancements in
nanosciences and nanotechnologies (Shaffer et al., 2017; Cline
et al., 2019; Ferreira et al., 2019).

In 2015, Kotagiri and coworkers reported a proof-of-
concept study using CR from a common diagnostic clinical
radiotracer, 2′-deoxy-2′-[18F]fluoro-D-glucose ([18F]-FDG), as
the light source for PDT, denoted as CR-induced therapy (CRIT)

(Kotagiri et al., 2015). By incorporating both apotransferrin
(Tf) and titanocene (Tc) into TiO2 nanoparticles, the authors
designed and prepared an effective nanophotosensitizer (TiO2-
Tf–Tc) which can function with low-intense radiation. TiO2

nanoparticles have the capability to effectively utilize CR, which
locates predominantly within the ultraviolet to the blue spectral
region (characteristic 1/λ2 spectrum), to generate hydroxyl and
superoxide radicals. Tf can not only act as a stabilizer and
dispersant for TiO2 but also as a tumor-targeting agent. Tc
can serve as a complementary photosensitizer for generating
cyclopentadienyl and titanium-centered radicals. In vitro cellular
experiments have shown that TiO2-Tf can be endocytosed
by tumor cells and, together with [18F]-FDG, can lead to
an appreciable decrease in cell viability. In vivo studies have
demonstrated that the administrated TiO2-Tf–Tc prefer to
accumulate in the tumor tissue and that the co-administration
of TiO2-Tf–Tc and radionuclides efficiently inhibited the tumor
growth and increased the median survival. These results
demonstrated the possibility of utilizing CR as the internal
exciting light for PDT photosensitizers, and this pioneering
work opened a new avenue for the application of the Cerenkov
effect in PDT, especially in a depth- and oxygen-independent
manner. Following this study, Duan et al. (2018) reported
another CRIT system by using 68Ga-labeled bovine serum
albumin (68Ga-BSA) as a more efficient Cherenkov radiation
emitter and dextran-modified TiO2 nanoparticles (D-TiO2 NPs)
as the nanophotosensitizer. For comparison, [18F]-FDG was
also used throughout this study. Positron emission tomography
(PET) images of tumor-bearingmice intratumorally injected with
radionuclides revealed that both 68Ga-BSA and [18F]-FDG can
predominantly stay in the tumor in similar amounts, whereas
much more CR photon accumulation appeared in mouse loaded
with 68Ga-BSA. As a result, 68Ga-BSA with D-TiO2 exhibited a
significantly enhanced PDT efficacy. Injection of 68Ga-BSA and
D-TiO2 NPs into the tumormass caused complete suppression of
the tumor growth and a significant increase in median survival,
while no obvious efficacy was observed for the other group, even
with the combination of [18F]-FDG and D-TiO2 NPs.

In the above two studies, the Cerenkov source (radiotracer)
and the PDT photosensitizer were used individually, as two
detached elements. After administration, the radiotracer and
photosensitizer would randomly distribute in the target location
and within a relatively large distance. Thus, a large portion of
the Cerenkov photons from the radiotracer may have probably
been absorbed or scattered by the media instead of exciting the
photosensitizer. To circumvent this problem, Kamkaew et al.
(2016) designed an integrated CRIT system, [89Zr]HMSN-Ce6,
by loading the Cerenkov source (89Zr) and photosensitizer
(Ce6) into hollow mesoporous silica nanoparticles (HMSNs).
In vitro imaging displayed that [89Zr]HMSN-Ce6 can emit
intense fluorescence (690–710 nm) in solution without external
excitation light, which clearly confirmed the occurrence of
energy transfer between 89Zr and Ce6. In vivo CR-induced
PDT studies further confirmed the efficacy of [89Zr]HMSN-Ce6
to completely inhibit tumor growth. Subsequently, the same
research group proposed a magnetic targetable CRIT system
(Ni et al., 2018), 89Zr-MNP/TCPP, which was prepared by
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labeling PEGylated magnetic nanoparticles (MNP) with 89Zr
via Lewis acid–base interaction and then conjugating with
the photosensitizer, meso-tetrakis(4-carboxyphenyl)porphyrin
(TCPP), via amide coupling. Various imaging analyses (including
PET, fluorescence, CL, and CRET) confirmed that the magnetic
nanoparticles can be accumulated in tumor regions under an
external magnetic field. The 89Zr-MNP/TCPP ternary composite
has shown efficient 1O2 generation efficiency as well as a
high magnetic-guided therapeutic efficacy. Recently, Yu’s group
proposed a novel “missile detonation” strategy for efficient
CR-induced theranostics by the successive administration of a
high dose of porphyrin–PEG nanocomplex (PPN) and a low
dose of 89Zr-labeled PPN (89Zr-Df-PPN) (Yu et al., 2019). The
PPN and 89Zr-Df-PPN acted as the CR energy receiver/missile
and 89Zr-Df-PPN the CR energy donor/detonator, respectively.
These therapeutic agents can be monitored via multimodal
imaging, including fluorescence imaging, CRET imaging, and
PET. This CRIT system could significantly inhibit tumor growth
in vivo and cause substantial fragmentation of vascular in
the tumor.

CONCLUSIONS AND PERSPECTIVES

In this review, we have summarized recent advances in the
development of self-illuminating PDT systems. Internal light
sources, including chemiluminescence, bioluminescence, and
Cerenkov radiation, have been proven capable of exciting
certain photosensitizers to produce ROS and generate efficacious
photodynamic toxicity. The use of these internal light sources has
great potential for depth-independent PDT, which would expand
the scope of PDT in cancer treatment.

Despite the impressive progress outlined above, the current
self-illuminating PDT systems still face several challenges,
including a relatively low photon flux, the requirement
of multicomponent reactions for CL and BL, limited
wavelength range of the excitation light, etc. To overcome
these shortcomings, several future directions for the design of
self-illuminating PDT systems are proposed as follows:

(1) Nanocarrier technologies can be employed for increasing
the amount of administrated self-illuminators. If the reactants
for producing internal light, such as luminol, luciferase–luciferin
pairs, and CR radiotracer, were loaded and delivered to the
tumor tissues by proper nanocarriers, they would provide a
higher local photon flux and, thus, more efficient PDT. The

use of multifunctional nanoplatforms for a targeted delivery and
controlled release of these illuminators is also recommended.

(2) Nanophotosensitizers are more suitable for self-
illuminating PDT systems as they (metal oxide nanocrystals,
QDs, polymer dots, etc.) have higher cross-sections for absorbing
light compared with single small-molecule photosensitizers.
Moreover, nanophotosensitizers, such as QDs, can be tuned to
absorb light with wavelengths ranging from near-UV through
visible to near-IR.

(3) The currently used internal light sources can be further
expanded. Compared with the conventional CL systems of
luminol–H2O2 and oxalate ester–H2O2, the newly developed
triggerable dioxetanes are more attractive chemiluminescent
probes (Hananya and Shabat, 2017) as they have tunable
structures and emission features, high CL quantum yields,
without the requirement of an enzyme/catalase and H2O2.
Thus, triggerable dioxetanes hold great potential as internal light
sources for PDT. The use of a structure-modified luciferin as
the substrate is a desirable approach for tuning the emission
wavelength of BL, which would expand the application of BL
in PDT.

(4) The combined theranostic strategy is also an exciting
trend for improving the efficacy of self-illuminating PDT
as the integration of two or more treatments can generate
synergistic effects for antitumor therapy. Thus, a promising
future direction is to combine self-illuminating PDTwith various
other treatments, such as immunotherapy, chemotherapy, and
photothermal therapy.
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Noble metal (e.g., Au, Ag, Pt, Pd, and their alloys) nanoclusters (NCs) have emerged as a
new type of functional nanomaterial in nanoscience and nanotechnology. Owing to their
unique properties, such as their ultrasmall dimension, enhanced photoluminescence,
low toxicity, and excellent biocompatibility, noble metal NCs—especially Au and Ag
NCs—have found various applications in biomedical regimes. This review summarizes
the recent advances made in employing ultrasmall Au and Ag NCs for biomedical
applications, with particular emphasis on bioimaging and biosensing, anti-microbial
applications, and tumor targeting and cancer treatment. Challenges, including the
shared and specific challenges for Au and Ag NC toward biomedical applications, and
future directions are briefly discussed at the end.

Keywords: ultrasmall Au and Ag nanoclusters, biomedical applications, bioimaging and biosensing,
anti-microbial applications, tumor targeting and cancer treatment

INTRODUCTION

The last decade has witnessed the great achievement of employing noble metal nanoparticles,
with sizes typically between 2 and 100 nm, in biomedical applications (Li et al., 2017; Mohanta
et al., 2020; Yang et al., 2020). Such applications are largely relied on for their optical properties,
such as absorption, luminescence, surface scattering, and surface-enhancing capabilities. For
instance, spherical Au nanoparticles (NPs) of ∼5–100 nm often display a strong absorption
peak at ∼520 nm, otherwise called the surface plasmon resonance (SPR) peak, which can
be fine-tuned by manipulating the size and morphology of the Au NPs. The SPR peak
originates from the collective excitation of free electrons upon excitation by light (Murray, 2008;
Chakraborty and Pradeep, 2017).

However, when the size of metal NPs shrink below 2 nm, the SPR peak disappears and discrete
step-like absorption bands can be observed in the optical spectrum. Such ultrasmall NPs are
called nanoclusters (NCs), and NCs exhibit significantly different physiochemical properties from
relatively larger counterparts, such as having larger Stokes shift, enhanced fluorescence, excellent
photostability, and so on (Tan and Jin, 2013; Chakraborty and Pradeep, 2017). In addition, by
controlling the reaction kinetics, it is possible to prepare ultrasmall NCs with atomic precision,
where the definitive composition and molecule-like properties can provide an ideal bridge to
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establish the structure/function relationship for nanoscience and
nanotechnology research, which are not achievable for NPs
because of their polydisperse nature in terms of size, morphology,
and structure (Tang et al., 2018; Du et al., 2020).

For biomedical applications, metal NCs have demonstrated
some superior performances over their NP counterparts. For
instance, when utilized in an in vivo setup, metal NPs couldn’t
escape from the kidney barrier, which might cause some severe
side effects in the liver and spleen, but in stark contrast, the
ultrafine size of metal NCs allow them to be efficiently cleared
from the body without causing serious damage (Song et al.,
2016). In biomedical research, it is highly desirable to have a
reliable, sensitive, and biocompatible platform, and the materials
employed are expected to be stable and to maintain their intrinsic
properties. The target matrix, in vivo environment are also
complex, therefore the capability to fine-tune the physiochemical
properties of the materials without sacrificing the integrity of
nanomaterials is critical, where the surface chemistry of NCs are
beneficial to achieve this goal (Song et al., 2016).

The controllable synthesis, catalytic applications, and surface
chemistry engineering of noble metal clusters, especially Au
and Ag NCs, have been discussed in some recent reviews (Li
and Jin, 2013; Chakraborty and Pradeep, 2017; Higaki et al.,
2018; Tang et al., 2018; Yan et al., 2018; Kang and Zhu, 2019;
Du et al., 2020). However, the recent advances of employing
ultrasmall Au and Ag NCs for biomedical applications have not
before been summarized. This review summarizes the recent
progresses made in engineering Au and Ag NCs for biomedical
applications, with particular emphasis placed on bioimaging and
biosensing, anti-microbial applications, and tumor targeting and
cancer treatment. In the conclusion, the challenges, including
the shared and specific challenges for Au and Ag NC toward
biomedical applications, and future research directions in this
emerging and promising field are discussed.

ULTRASMALL Au AND Ag NCs FOR
BIOMEDICAL APPLICATIONS

For Bioimaging and Biosensing
NCs are ultrasmall NPs; as the size approaches the Fermi-
wavelength of the electrons, metal NCs exhibit molecule-like
characteristics (Murray, 2008). For example, metal NCs always
have discrete absorption energy states, excellent photostability,
and strong luminescence, which is an intriguing property which
makes them immediately suitable for biomedical research (Zheng
et al., 2017b). Such luminescence produces a large Stokes shift
and a long lifetime, and the photoluminescence wavelengths
of NCs can be tuned from near infrared to ultraviolet by
manipulating their size and composition. Three important
features of NCs mainly contribute to the photoluminescence,
namely the quantum size effects, the nature of the ligand, and
the aggregation of the gold species and the aurophilic interactions
(Li et al., 2020).

Early work that utilized the photoluminescence of Au NCs in
the biomedical field mainly focused on bio-imaging. For instance,
Conroy discovered that, through thermal treatment, the near

infrared luminescence of mercaptosuccinic acid and tiopronin-
protected Au NCs were drastically enhanced, probably due
to the unstable non-luminescent molecules being transformed
into stable luminescent clusters with narrow size distributions
(Conroy et al., 2014). Meanwhile, PEGylation of the Au NCs was
able to improve the permeation into the cytoplasm, and these
PEGylated Au NCs can penetrate inside the cell nucleus in single
cell imaging (Zhang et al., 2012; Conroy et al., 2014). Wang
and Shao’s groups fabricated l-carnosine protected fluorescent
Au NCs, which exhibited bright blue photoluminescence and low
toxicity for HeLa cell imaging (Li et al., 2016). In a recent report,
Liu et al. prepared an atomic-precision Au cluster with 25 gold
atoms and 18 peptide ligands, and such a cluster could serve as an
NIR-II fluorophore with emission at 1,100–1,350 nm (Liu et al.,
2019). The Au NCs based NIR-II imaging was able to monitor
many small vessels thanks to the enhanced permeability of brain
vessels after a stroke. It is conceivable that Au NCs can serve as
NIR-II dye for biological imaging, especially brain imaging.

Recently, Yu et al. (2020) reported on the fabrication of water-
soluble Au NCs which are protected by co-ligands, including
a short dithiol pegylated chain (AuMHA/TDT). Intriguingly,
the AuMHA/TDT sample exhibited a high brightness in the
shortwave infrared (SWIR) spectrum with a detection above
1,250 nm. Figure 1A shows that the Au NCs were synthesized by
using mercaptohexanoic acid (MHA) and tetra(ethylene glycol)
dithiol (TDT) as co-ligands, while Figure 1B illustrates that they
are monodispersed with an average diameter of 2.1 ± 0.6 nm.
The dithiol ligand of TDT led to the presence of NIR absorbance
features at 800, 910, and 1,140 nm (Figure 1C), while the
anisotropic surface of Au NCs produced a 9-fold increase of
photoluminescence in a longer wavelength range (Figure 1D).
When using long-pass filters above 1,250 nm, AuMHA/TDT
exhibited a 12-fold more intense signal, as manifested by the
images in Figure 1E. Remarkably, the AuMHA/TDT had a
quantum yield of∼6%, higher than the other reported molecular
Au NCs such as Au25(SG)18 (Liu et al., 2019). It can be noted
that there is a dramatic improvement of the spatial resolution in
the SWIR, as compared to the NIR I (Figure 1F). The authors
also conducted the Monte Carlo constrained restoration (MCR)
method to further improve the spatial resolution and overcome
the scattering from the skin and the tissues. Such imaging
processing greatly enhanced the spatial resolution, as observed
in Figure 1G. This study highlights the Au-NCs-based SWIR-
emitting contrast agent for bio-imaging and other advanced
bio-medical applications (Yu et al., 2020). However, such SWIR
properties can only be achieved through rational ligand design,
and the quantum yields still need to be improved.

Besides bio-imaging, Au NCs can also be utilized for
biosensing. For example, Biswas et al. (2017) developed a
new type of bovine serum albumin-capped Au nanoclusters
(BSA-AuNCs) containing polymeric microcapsules as a H2O2
sensor, where the change in H2O2 within living cells can be
visualized and intracellular H2O2 fluctuations in response to
external stimuli were monitored. Such BSA-AuNCs possessed
near infrared emitting behaviors, and when conjugated with
chemically modified cellulose strips, they showed a nanomolar
detection limit of mercuric ions (Bothra et al., 2017). Other
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FIGURE 1 | (A) Scheme of the Au NCs AuMHA/TDT (MHA: black; TDT: red). (B) HR-TEM image of AuMHA/TDT. (C) Absorbance spectrum of AuMHA/TDT. (D) PL
spectra of AuMHA (black line) and AuMHA/TDT (red line). (E) SWIR PL of AuMHA, AuMHA/TDT, Au25SG18, and AuZW under NIR excitation. (F) NIR I and SWIR
imaging of mice 15 min after injection of AuMHA/TDT. (G) Non-invasive imaging of the mouse ventral area before (raw) and after MCR processing. Reproduced with
permission. Copyright 2020, American Chemical Society.

biomolecules, such as peptide and protein, can also be used as
capping agents to prepare fluorescent Au NCs toward sensing
applications. Hossein-Nejad-Ariani et al. (2018) developed
a peptide-capped Au-NCs-based biosensor for the detection
of Listeria monocytogenes, which is portable, simple, fast,
and can be operated by non-experts. Akyüz et al. (2019)
fabricated chicken egg white protein capped Au NCs as a
biosensor, which was able to determine the pro-oxidant activity
of natural antioxidant compounds. Electrochemiluminescence
(ECL) is another type of chemiluminescence, and the Au
NCs hold the ECL properties that are not available from

Au NPs (Wang et al., 2016; Chen et al., 2019). The ECL
behaviors can also be designed for biosensing; for example,
Zhang et al. reported that the ultrasensitive signal for detecting
acetylthiocholine can be recorded on an Au-NCs-based ECL
biosensors (Zhang et al., 2019).

Despite the relatively lower photostability toward oxidation
of Ag, previous reports have shown that Ag NCs with the same
ligand could have very intense fluorescence signals as well (Tao
et al., 2015; Song et al., 2016). In an early study done by Le Guével
et al. (2012), glutathione (GSH)-protected Ag NCs possessed
sizes smaller than 2 nm and the yellow-emitting Ag NCs had a
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quantum yield over 65%, and these Ag NCs were employed as
fluorescent labels to visualize A549 cells. Interestingly, human
hemoglobin (Hb) can be a stabilizer, reducer, and linker to
synthesize Hb-AgNCs with single excitation and dual maximum
emissions by a facile one-pot green approach without using
toxic reductants such as NaBH4 (Shamsipur et al., 2018).
The aggregation of oligomeric Ag(I)-Hb intermediates caused
aggregation-induced emission (AIE), and such emissions were
used as selective probes for HeLa cell imaging with high bio-
compatibility and specificity (Shamsipur et al., 2018).

Fluorescent Ag NCs have also demonstrated great promise
as substitutes for conventional probes and sensors. Yeh group
reported the activatable and color-switchable properties of DNA-
templated Ag NCs for DNA sensing (Obliosca et al., 2013).
Yuan et al. developed a simple approach to detect cysteine
with high sensitivity and selectivity by using highly luminescent
Ag NCs, which showed superior selectivity for cysteine over
the other 19 natural non-thiol-containing amino acids (Yuan
et al., 2013b). Pan et al. (2018) fabricated a new paradigm
for label-free amplified nucleic acid detection by combining
the highly efficient signal-amplification capability of catalytic
hairpin assembly (CHA) reaction with the spatially sensitive
fluorescent Ag NCs, which can be integrated as an intact and
smart apparatus.

Recently, Shamsipur et al. (2019) reported a new AIE-
active luminescent sensor based on DNA-AgNCs/GO (graphene
oxide) nanohybrids for the detection of triphosphate (ATP)
and cytochrome (Cyt) c in cell lysates. The working principle
is shown in Figure 2. In the absence of a target, the DNA-
AgNCs are adsorbed onto the GO surface, while the fluorescence
is enhanced because of the AIE enhancement characteristic of
DNA-AgNCs when they are adsorbed onto the GO surface.
Upon target binding, the conformation of specific aptamers is
significantly altered and AgNCs are desorbed on the GO surface,
leading to the restoration of the fluorescence signal (Shamsipur
et al., 2019). This study opens a new avenue for designing noble
metal NCs-based AIE sensors, where the performance stability
of such Ag NCs-based AIE sensors must be further examined
in future studies.

Anti-microbial Applications
Metallic Ag has been used to combat infection since ancient
times (Rai et al., 2009). With the great advancements made
in nanomaterial and nanotechnology, Ag’s efficacy to fight
wide-spectrum infections has been significantly improved in
the form of Ag NPs (Wijnhoven et al., 2009; Marambio-
Jones and Hoek, 2010). Thanks to the unique chemistry of
Ag interacting with microorganisms, Ag can exert a broad-
spectrum of antimicrobial properties through several killing
mechanisms, including membrane damage, DNA destruction,
and, particularly, generating reaction oxygen species (ROS) to
perturb cell metabolism (Xiu et al., 2012; Chernousova and Epple,
2013; Rizzello and Pompa, 2014).

It is conceivable that when Ag NPs downsize the diameter to
a sub-nanometer regime, the antibacterial efficacies of Ag can be
significantly increased due to the much higher surface-to-volume
ratio. Additionally, these Ag NCs with well-defined structures can

produce other advantages, such as facile post-functionalization,
good stability, and excellent and tunable photoluminescence,
not to mention that the definitive composition and structure
can provide an ideal platform to establish the correlation
between the anti-microbial activities of the Ag NCs and their
structures. Yuan et al. (2013a) synthesized a series of water-
soluble thiolate Ag NCs with strong luminescence and tunable
emissions, and these NCs possessed superior antimicrobial
properties against the multidrug-resistant bacteria Pseudomonas
aeruginosa by generating a high concentration of intracellular
ROS. In another study, they discovered that different charge
states can significantly affect the anti-microbial properties. The
antimicrobial tests showed that Ag+-enriched NCs had much
higher antimicrobial activity than metallic Ag NCs for both
gram negative (i.e., P. aeruginosa and E. coli) and gram positive
(i.e., B. subtilis and S. aureus) bacteria (Yuan et al., 2014).
Wang et al. (2020) showcased that the ultrasmall Ag NCs can
be embedded in Luria-Bertani extract via light irradiation, and
enhanced antibacterial activity with good bio-compatibility were
achieved. Recently, Liu et al. (2020) reported on an Ag-NC-based
hydrogel that exhibited a superior, broad spectrum antimicrobial
performance against both gram-negative and gram-positive
bacteria. It also demonstrated long-acting bactericidal efficacy
compared with pristine Ag NCs, mainly thanks to its controllable
release capability for Ag species.

More intriguingly, Ag NCs can be integrated with other
bactericide to form an entity, which can act as a promising
platform to improve the efficiency of antimicrobial agents. For
instance, Zheng et al. (2016) designed an antimicrobial hybrid by
conjugating molecular Ag16(SG)9 clusters with daptomycin (D-
AgNCs), and such a hybrid showed improved bacterial killing
efficiency over the physically mixed Ag NCs and daptomycin
(D + AgNCs), mainly because the D-Ag NCs were able
to effectively damage the bacterial membrane. The ROS was
involved in destroying the bacteria wall, while N-acetyl-Lcysteine
(NAC) could decrease the efficiency of Ag NCs by mitigating
the ROS generated by Ag NCs. As illustrated in Figure 3A,
NAC significantly inhibited the membrane damage. Figure 3B
further provides supportive evidence that ROS was involved in
the membrane damage induced by D-AgNCs. Figure 3C shows
that the bacterial cells treated by D-AgNCs exhibited a right
shift of propidium iodide intensity compared with D + AgNCs,
indicating more PI were present inside the bacteria treated
by D-AgNCs. Finally, Figure 3D demonstrates that D-AgNCs
had a higher degree of lipidc peroxidation than D + AgNCs,
implying that more ROS was generated by D-AgNCs (Zheng
et al., 2016). Such an integrating strategy with other bactericide
might be applicable for other antimicrobial applications, but the
exact working mechanism of such an entity still needs to be
further elucidated.

Bulk gold is known to be chemically inactive, however, when
the size of Au decreases to nanoscale dimensions or even
close to 1 nm or the sub-nanometer regime to form Au NPs
and NCs, interesting physiochemical properties appear in Au
NPs, and especially in Au NCs. These intriguing properties
could spawn a wide spectrum of applications in various fields,
including in biomedical research. For instance, by grafting known

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 October 2020 | Volume 8 | Article 1019119

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


fbioe-08-01019 October 8, 2020 Time: 11:43 # 5

Tang et al. Au/Ag Nanoclusters for Biomedical Applications

FIGURE 2 | Working principle of the label-free ATP and Cyt c sensing based on DNA-stabilized AgNCs/GO nanohybrids. Reproduced with permission, Copyright
2019, American Chemical Society.

antimicrobial compounds, such as ampicillin, antimicrobial
peptides, and cationic or zwitterionic ligands, on the surface of
Au NPs, Au NPs can act as passive drug carriers and exhibit
some outstanding antimicrobial behaviors (Li et al., 2014; Huo
et al., 2016; Kuo et al., 2016; Rai et al., 2016). Since enhanced
anti-microbial activities can be obtained when the size of Ag
NPs was reduced to the NC range, it is conceivable that the Au
NCs also exhibit some bacteria killing properties. Indeed, Zheng
et al. (2017a) found that ultrasmall Au NCs showed high broad-
spectrum antimicrobial activities, which is actually absent in the
Au NPs counterparts protected by the same ligand. Interestingly,
Yang’s group discovered that the translocation of Au NCs into
non-photosynthetic bacteria could enable the photosynthesis of
acetic acid from CO2, and such photogenerated CO2 fixation was
able to operate continuously for several days (Zhang et al., 2018).

Another intriguing advantage for employing ultrasmall Au
NCs for anti-microbial applications is that the surface of the
Au NCs can be manipulated, which provides a paradigm to
modulate the efficacy of Au NCs. By leveraging the molecular
properties of ultrasmall Au NCs, the surface properties of
the thiolate Au NCs were able to be precisely controlled at
an atomic level. Zheng et al. (2018) fabricated a family of
Au NCs with identical Au atoms in the core but different
properties. Five different Au25 NCs with different ligands were
synthesized, and the bacteria killing data are presented in
Figure 4 (Zheng et al., 2018). As illustrated in Figure 4A
and left columns in Figure 4D, the Au25(MHA)18 NCs
(MHA = 6-mercaptohexanoic acid) effectively killed ∼95%
of S. aureus, and Au25(MBA)18 (MBA = 3-mercaptobenzoic
acid) which carries the similar monotypic functional group
of –CO2H, exhibited a similar killing effect, where ∼93% of
S. aureus population was effectively terminated. In stark contrast,

Au25(Cys)18 (Cys = cysteamine hydrochloride) NCs drastically
lost the effective antimicrobial properties, and only ∼15% of
the S. aureus population was dead. An inverse relationship
can be observed between the number of –NH2 group on the
Au25 NCs surface and the anti-microbial efficacy. As shown
in Figure 4B and middle columns of Figure 4D, the more
Cystm (Cystm = cysteamine hydrochloride) being capped on
the NC surface, the lower the antimicrobial ability the NCs
had. It suggests that, for Au25(Cys)18, more –NH2 and less –
CO2H could nullify the bacterial killing efficacy of the NCs.
By incorporating MetH (MetH = 2-mercaptoethanol) on the
NC surface, the resultant Au25(MetH)x(MHA)18−x could carry
both –CO2H and –OH groups on the NCs surface. Interestingly,
the impact of the –OH group toward the killing efficiency
of Au25 NCs was not as remarkably decreased as those with
the –NH2 group, as illustrated in Figure 4C and the right
columns of Figure 4D. Overall, more negatively charged Au NCs
would generate more ROS, leading to a better bacterial killing
efficiency (Zheng et al., 2018). This study showed the results
are different from the common belief that positively charged Au
NCs have better antimicrobial properties, but whether it is a
special case still need to be explored. However, one can notice
that the surface ligands are playing critically different roles in
determining the antimicrobial behaviors, which opens an avenue
for further development.

Tumor Targeting and Cancer Treatment
Thanks to the easy surface functionalities and their excellent
optical properties, especially their intriguing luminescent
behaviors, ultrasmall Au and Ag NCs have shown great potential
for therapeutic applications toward tumor cell targeting and
cancer treatment (Song et al., 2016; Zhang et al., 2020). To
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FIGURE 3 | (A) Representative fluorescence images of the bacterial cells after 2 h treatment. (B) Percentage of PI-stained bacteria to show damaged bacterial
membrane. * is significant against the water treated group, p < 0.05; # is significant against the water-treated group, p < 0.001. α is significant difference against
non-NAC-treated group, p < 0.05. (C) Histogram of the PI intensity in each individual bacterial cell treated with D + AgNCs (black line) and D-AgNCs (red line).
(D) Relative lipid peroxidation level after incubation for 2 h, where the lipid peroxidation of the water-treated group was set as 1. # is significant against the water
treated group, p < 0.001. Reproduced with permission, copyright 2016, American Chemical Society.

target cancer cells, biocompatible ligands, such as GSH, are
normally employed. In 2014, Zhang et al. (2014a) groups
reported the construction of a new type of radiosensitizer by
integrating Au25 NCs with GSH and bovine serum albumin
(BSA). Thanks to the strong radiotherapy enhancement from the
Au core, the ultrasmall Au25 NCs capped by both GSH and BSA

demonstrated superior tumor accumulation via the improved
enhanced permeability and retention (EPR) effect, resulting in a
stronger enhancement for cancer therapy than the much larger
Au NPs. Such an enhancement can be probably attributed to
the photoelectric effect and Compton scattering of Au25 NCs,
where GSH-capped Au25 NCs exhibited a remarkable decrease
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FIGURE 4 | Au25 NCs protected by thiolate ligands bearing a higher ratio of –CO2H groups showed better bacterial killing efficiency. (A–C) Merged and enlarged
representative fluorescence images of the S. aureus after 2 h treatment of Au25 NCs. (D) Percentage of the dead S. aureus after being treated with different
ligand-protected Au25 NCs for 2 h. *Significant against the water-treated group, p < 0.05; #Significant against the water-treated group, p < 0.001. Reproduced with
permission, copyright 2018, American Chemical Society.

in tumor volume and weight as the radio sensitizer. Moreover,
these clusters also exhibited very efficient renal clearance and
had no obvious toxicity in the body, while in sharp contrast, BSA
capped Au25 NCs were not able to be completely removed by the
kidney and caused liver damage (Zhang et al., 2014a). Smaller Au
NCs showed even better therapeutic effects. Zhang et al. (2014b)
discovered that the ultrasmall sized clusters of Au10−12(SG)10−12
could increase the tumor uptake and the targeting specificity
through the EPR effect, while the biocompatible GSH ligand
with high exposure could further promote the tumor uptake by
allowing the nano-molecules to escape the reticulo-endothelial
system (RES) and activating the transporter on the cell surface.

The above strong size-dependent tumor targeting and renal
clearance effects were further verified by Zheng’s group with
a series of few-atom AuNCs (Du et al., 2017). In this study,
a series of atomically precise glutathione-coated AuNCs were

prepared (Du et al., 2017). At 40 min upon injection into mice,
much more Au10−11 and Au18 NCs were retained in the kidneys
than Au25 NCs. In addition, the ratios of bladder to kidney
intensity derived from the X-ray imaging followed an order of
Au25 NCs > Au18 NCs > Au10−11 NCs. As the Au NCs are highly
physiologically stable and resistant to serum protein adsorption
in both short and long periods, such differences in bladder/kidney
ratios strongly suggest that the kidney filtration is highly sensitive
to the cluster size. Au25 NCs had the best clearance efficiency,
comparable to the∼1.7 nm GSH-protected Au NPs (GS-AuNPs,
average composition: ∼Au201) (Zhou et al., 2011), while the
Au10−11, Au15, and Au18 NCs had efficiencies between the
2.5 nm GS-AuNPs (Average composition: ∼Au640) (Zhou et al.,
2012) and 6 nm GS-AuNPs (Average composition: ∼Au8856),
in which only about 4% could be cleared out of the body in
24 h (Zhou et al., 2011). In fact, it implies that the glomerulus,
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composed of glycocalyx, endothelial cells, glomerular basement
membrane (GBM), and podocyte, is actually no longer a one-
directional “size-cutoff” slit, but has become an atomically
precise “bandpass” barrier that can significantly slow down the
renal clearance of ultrasmall Au NCs with sizes in the sub-
nanometer regime (Du et al., 2017).

The above cases clearly demonstrate that, compared with
larger Au NPs, the ultrasmall Au NCs hold great advantages
for kidney filtration and hence can improve renal clearance.
Another merit to employ NCs for cancer treatment is that
the ligand of the Au NCs can be engineered and the
endowed functions of the Au NCs can be correlated with
the surface ligand and the metal core. Recently, Jia et al.
(2019) reported that an alkynyl-terminated ligand protected
Au8 nanoclusters (Au8NCs) and their radio sensitization for
tumor targeting. As presented in Figure 5A, the Au8(C21H27O2)8
NCs were synthesized through a one-pot method by reacting
C21H28O2 (levonorgestrel) with Me2SAuCl. Au8NCs exhibited
satisfactory biocompatibility and high luminescent properties
with a quantum yield of ∼59%. It is generally believed that
the production of ROS upon X-ray irradiation is crucial during
radiotherapy, and the ROS burst attacks the covalent bond of
DNA, resulting in cell apoptosis and/or cell death. The authors

examined the underlying mechanism of Au8NCs-mediated radio
sensitization by measuring the intracellular ROS levels through
confocal imaging. As illustrated in Figure 5B, the average
intensity in the experimental group (Au8NCs + 4 Gy) was
3.7 times greater than the group without the radiosensitizer,
and the control group showed barely red fluorescence. The
results solidly verified that the Au8NCs were able to catalyze
the ROS formation.

The radio sensitization effect of the Au8NCs were then
assessed in vivo by a tumor assay (Jia et al., 2019). The tests
with a control group and phosphate-buffered saline (PBS)-
treated group were also conducted as comparison. After the
cells were injected into the mice and treated with different
doses, the tumor size and body weight were monitored every
day (Figures 6A–E). The tumor volumes in the control group
increased about 5 times, however, the tumor volumes in the
Au8NCs + 4 Gy group drastically reduced. In addition, the
relative body weights of the mice under different conditions
remained almost unchanged over 14 days, suggesting low toxicity
in vivo. Furthermore, hematoxylin and eosin staining of the
tumors and organs was conducted to evaluate the treatment.
Widespread damage was observed in the tumor tissue from
the Au8NCs + 4 Gy group compared to the other two

FIGURE 5 | (A) Schematic of the synthesis of Au8NCs; color codes: orange indicates Au, red indicates O, yellow indicates S, turquoise indicates Cl, and gray
indicates C. Hydrogen atoms are omitted. (B) Intracellular ROS imaging of EC1 cells at 6 h with different treatments. Reproduced with permission. Copyright 2019,
American Chemical Society.
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FIGURE 6 | In vivo tumorigenicity assay of Au8NCs under different conditions. (A) Representative images of mice under various conditions at days 0 and 14.
(B) Images of dissected tumors. (C) Relative tumor volume curves of the mice. (D) Relative mouse body growth curves. (E) Statistical results of the tumor weights.
(F) H&E histological staining of excised organs and tumor slices. Reproduced with permission. Copyright 2019, American Chemical Society.

groups, and no histopathological abnormalities in the organs
were observed (Figure 6F). These findings demonstrated the
significantly enhanced tumor-suppressing efficacy of the Au-
NCs-based sensitizer. Note that, in the Au8NC, Au exhibited (I)
valence without the presence of Au(0) species, that is, Au8NC is a
complex rather than a cluster, so if the size becomes larger, can the
Au(0) species in the NCs affect the radio-sensitizing properties?
To answer this question, further study might be necessary.
Another interesting point for this investigation is that the ligand
of levonorgestrel itself is a drug, hence Au8NCs worked very well
and can be highly stable. Introducing drug-based ligands might
represent a future path for the development of atomically precise
Au NCs as efficient radiosensitizers.

CHALLENGES AND OUTLOOKS

In summary, we have given a brief review of ultrasmall Au and
Ag NCs for biomedical applications, with particular emphasis
on bioimaging and biosensing, anti-microbial applications, and
tumor targeting and cancer treatment. The unique properties of
the Au and Ag NCs, including their ultrasmall size, excellent
photoluminescence, post-functionalized surface chemistry, and
outstanding bio-compatibility, mean they hold great potential for
use in biomedical applications.

Although significant progress has been made, some critical
challenges still remain to be resolved in future. These challenges
can be listed as follows:
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1. The targeting specificity issue. When using Au/Ag NCs
for in vivo study, especially for therapeutics or diagnostics
such as cancer treatment, the specificity must be enhanced.
Although the surface capping ligand of NCs can be
modified, low-cost and facile methods to tailor the ligands
are still quite limited.

2. The comprehensive fundamental study of Au and Ag
NCs in a biological environment is lacking. For in vivo
study, the biological environment is very complex, and
it still lacks the fundamental deep understanding on the
interactions between Au/Ag NCs and the biological units.
For instance, the effects of Au/Ag NCs on cell growth
and living microorganisms over prolonged periods of
time must be extensively and intensively studied. The
systematic study also needs to be carried out to clarify
the effects of the functionalities of Au/Ag NCs on their
targeting, biodistributions, and toxicity in the complicated
biological set-up.

3. The toxicity issue is still a big concern. Even if some
previous reports have shown that most ultrasmall Au
NCs can be cleared out of the body through the urinary
system, the toxicity of the residual Au NCs still can be
a problem when they are engineered by therapeutics and
diagnostics in vivo. Ag NCs would be more complicated,
as it may decompose to form Ag(0) substance, which
imposed additional challenges for further study. The
bio-nanotoxicity investigations are currently flourishing
globally, but more attention is needed for biofunctionalized
Au and Ag NCs.

As Au and Ag NCs possess different physiochemical
properties, when engineering them for biomedical applications,
they have some different specific challenges. For instance, Ag
NCs have excellent anti-microbial capabilities but their stability
is an issue, as Ag NCs can’t be preserved for a prolonged time,
such as a few months, without decomposition. However, for Au
NCs, they are robust and some of them can be stable for over
several months, but their anti-microbial properties are not as
impressive as Ag NCs. Therefore, improving the stability of Ag
NCs or synthesizing more stable Ag NCs should be a further
direction, while enhancing the anti-microbial capabilities of Au
NCs is also promising in the regime of using metal NCs for
anti-microbial applications.

These shared and specific challenges of Au and Au
NCs indicate great opportunities; future research efforts are
encouraged to resolve the above-mentioned challenges. Resolving
these challenges forms part of the outlook in this rapidly booming
field. Besides that, some other research directions also deserve
more focus. Specifically, the additional outlooks include:

1. The catalytic properties for Au and Ag NCs can be
potentially exerted. It is well known that Au/Ag NCs

possess extraordinary catalytic properties in various
chemical reactions (Li and Jin, 2013; Tang et al., 2018; Du
et al., 2020), but how to engineer their catalytic properties
for biomedical processes still needs to be explored.

2. It holds great potential to integrate ultrasmall Au and
Ag NCs with other biomolecules/biomaterials to function
synergistically. Au and Ag NCs have some unique
advantages, but they also possess some drawbacks that
might be difficult to overcome. With the development
of biological science and modern medicine, precise
therapeutic or diagnostic studies are highly demanding.
Although some advances have been made to couple Au and
Ag NCs with other biomolecules/biomaterials, they is still
much left to be developed to realize the “precise medicine.”

Overall, ultrasmall Au/Ag NCs have some attractive features
which are not available from the larger NP counterparts. With the
rapid developments of medical techniques and nanotechnology,
we anticipate more opportunities will be open up for Au/Ag NCs
in biomedical applications.
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Curcumin, very rightly referred to as “a wonder drug” is proven to be efficacious
in a variety of inflammatory disorders including cancers. Antiaging, anti-inflammatory,
antioxidant, antitumor, chemosensitizing, P-gp efflux inhibiting, and antiproliferative
activity are some of the striking features of curcumin, highlighting its importance
in chemotherapy. Curcumin inhibits Bcl-2, Bcl-XL, VEGF, c-Myc, ICAM-1, EGFR,
STAT3 phosphorylation, and cyclin D1 genes involved in the various stages of breast,
prostate, and gastric cancer proliferation, angiogenesis, invasion, and metastasis. The
full therapeutic potential of curcumin however remains under explored mainly due to
poor absorption, rapid metabolism and systemic elimination culminating in its poor
bioavailability. Furthermore, curcumin is insoluble, unstable at various pH and is also
prone to undergo photodegradation. Nanotechnology can help improve the therapeutic
potential of drug molecules with compromised biopharmaceutical profiles. Solid lipid
nanoparticles (SLNs) are the latest offshoot of nanomedicine with proven advantages of
high drug payload, longer shelf life, biocompatibility and biodegradability, and industrial
amenability of the production process. We successfully developed CLEN (Curcumin
encapsulated lipidic nanoconstructs) containing 15 mg curcumin per ml of the SLN
dispersion with highest (till date, to our knowledge) increase in solubility of curcumin
in an aqueous system by 1.4 × 106 times as compared to its intrinsic solubility of
11 ng/ml and high drug loading (15% w/v with respect to lipid matrix). Zero-order
release kinetics observed for CLEN versus first order release for free curcumin establish
controlled release nature of the developed CLEN. It showed 69.78 times higher oral
bioavailability with respect to free curcumin; 9.00 times higher than a bioavailable
marketed formulation (CurcuWIN R©). The formulation showed 104, 13.3, and 10-times
enhanced stability at pH 6.8, 1.2, and 7.4, respectively. All these factors ensure the
efficacy of CLEN in treating cancer and other inflammatory diseases.

Keywords: oral bioavailability, enhanced solubility, improved stability, pharmacokinetics, photodegradation

INTRODUCTION

Phytochemicals are biologically active compounds that are synthesized within the flora to produce
a characteristic taste, color, and aroma and are beneficial to humans when taken in appropriate
amounts. Around 20,000 plants recorded in Ayurveda are used for their medicinal value in treating
a variety of ailments. Modern medicine is starting to recognize the beneficial effects of herbs for
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therapy, including curcumin, which is extensively studied, as
evidenced by the publication of more than 6000 research
publications appearing on curcumin in less than 20 years
(Prasad et al., 2014).

Curcumin is the principal active ingredient of Curcuma longa
(Linn.), popularly known as turmeric [Zingiberaceae family]
(Gupta et al., 2012; Rahmani et al., 2018). It is native to the
Indian subcontinent and Southeast Asia and is very popular
as a condiment in the cuisines of this continent. Researchers
across the globe have explored its antimicrobial, antioxidant,
antidiabetic, anti-inflammatory, and anti-tumor capabilities
(Aggarwal and Harikumar, 2009). Curcumin is documented for
use in gastrointestinal problems (through downregulation of NF-
kB, IL-6, TRPV-1, and STAT3) (Rajasekaran, 2011; Lopresti,
2018), liver diseases (inhibition of TGF-β) (Espinoza and Muriel,
2009), inflammatory conditions (suppression of TNF-α, IL-6,
8, and 12, COX-2, and iNOS) (Fadus et al., 2017; Hewlings
and Kalman, 2017), and as an anticancer drug (repressing IL-10
and 18, AP-1, Pgp {Akt/IKKα- β/NF-kB axis} and activation of
MAPK) (Liu and Ho, 2018; Tomeh et al., 2019). Curcumin shows
potential in cancer management by significantly decreasing the
elevated levels of Cyclin D1 and CDK4 (proteins involved in cell
cycle progression) and thus arresting cell cycle at the G1 phase,
causing cell growth inhibition/apoptosis (Vutakuri, 2018; Tan
and Norhaizan, 2019). Curcumin improves reduced glutathione
(GSH) levels coupled with the downregulation of NF-kB, both of
which are useful for cancer control.

Adjuvant therapy involving the use of curcumin with
conventional anticancer drugs, including doxorubicin, paclitaxel,
cisplatin, etoposide, 5-fluorouracil, docetaxel, mitomycin C,
tamoxifen, and cyclophosphamide is reported to enhance the
chemotherapeutic effect of the latter. Curcumin acts by reducing
transcriptional activation of the Pgp promoter (p65/p50)
and inhibition of the CYP enzymes (CYP3A4, CYP2D6)
(Saghatelyana et al., 2020) that are involved in drug metabolism.
Curcumin also reduced cancer metastasis and suppressed
expression of MMP-9, NF-kB, and COX-2 when administered in
combination with other chemotherapeutic agents (Wilken et al.,
2011; Wang et al., 2016).

Curcumin is often referred to as a ‘wonder drug’ because of the
multiplicity of effects displayed by it, which are especially useful
for management of multitarget diseases like cancers. However,
the wide spectrum of curcumin remains under-exploited due
to its insolubility (aqueous solubility of about 11 ng/ml), rapid
metabolism, poor bioavailability, and physiological instability
(undergoes degradation in water and at various physiological
pH conditions), limiting its clinical application (Liu et al., 2016).
Therefore, there is a need to develop a robust technology that can
overcome the biopharmaceutical flaws inherent in the curcumin
molecule (Flora et al., 2013).

Recent reports have proved that nanotechnology can be
used to manage various issues with curcumin bioavailability
(Gera et al., 2017; Karthikeyan et al., 2020). Basniwal et al.
(2014) prepared nanoparticles of curcumin (2–40 nm) using a
wet milling technique and carried out in-vitro testing against
A549, HepG2, and A431 cancer cell lines (representing lung,
liver, and skin cancer), which proved to have a significant

antiproliferative effect in comparison to free curcumin. A nanogel
containing curcumin exhibited almost three times potency in
comparison with plain curcumin (Khosropanaha et al., 2016)
in MDA-MB231 cells (breast cancer). Furthermore, curcumin
nanoparticles exhibited significantly more uptake in both PC3
and HEK cell lines (prostate cancer cell lines and human
embryonic kidney cell line). Specifically, the nanoparticles of
curcumin have shown more toxic behavior in PC3. A study
documented that the viability with nanocurcumin was lower at
all the concentrations in comparison to curcumin in both the cell
lines (Adahouna et al., 2017). In another investigation, curcumin
nanoparticles showed 19 fold more growth inhibition on Colon-
26 (colorectal cancer cell line) cells in contrast to free curcumin.
This phenomenon was seen mainly due to greater binding and
enhanced cellular uptake of nanoparticles (Chaurasia et al., 2016).
Sustained release of curcumin from silk fibroin nanoparticles
improved its cellular uptake into the cancer cells (HCT116; colon
cancer cell) and reduced its cytotoxic effect on normal healthy
cells (Xie et al., 2017).

Solid lipid nanoparticles (SLNs) are the latest development
in the field of nanotechnology, offering the desirable properties
of a high drug pay load, such as biocompatibility, small
size, protection against chemical degradation, physical
stability, enhanced cellular uptake, and controlled release in
comparison to other nano delivery vehicles, including liposomes,
nanoemulsions, micelles, and polymeric nanoparticles (Sun et al.,
2012; Flora et al., 2013).

MATERIALS AND METHODS

Chemicals and Materials
The curcumin was donated by Sunpure Extracts Pvt. Ltd.,
New Delhi, India. Compritol R© 888 ATO, Glyceryl Monostearate
(GMS) was gifted by Gattefosse India Pvt. Ltd., and phospholipon
90G was also gifted by Lipoid, GmbH Germany. β-glucuronidase
was purchased from Megazyme Ltd., Ireland. Tween 80 and
polyethylene glycol 600 (CDH, New Delhi, India) were purchased
from local vendors. CurcuWIN R© was purchased as an online
product from OmniActive Health Technologies. Acetonitrile
(ACN), chloroform, and methanol (HPLC grade) manufactured
by Merck Schuchardt OHG, Hohenbrunn, Germany, were also
purchased locally. HPLC grade water was produced by a Milli-DI
system by Millipore (Billerica, MA, United States). Syringe filters
were purchased from Waters India Pvt. Ltd. All other reagents
used in the study were of analytical grade.

Preparation of Curcumin Loaded Solid
Lipid Nanoparticles (CLEN)
CLEN were prepared using a high pressure hot homogenization
technique. The aqueous phase was prepared by adding tween 80,
phospholipon 90G, and water in a beaker and heated to around
80◦C. Lipid [Compritol R©888 ATO and GMS (4:1)] was melted at
70–75◦C and curcumin, dissolved in polyethylene glycol 600 was
added to it. The obtained lipid mix was added to the aqueous
phase under high-speed homogenization (8000 rpm for 8 min)
to obtain a coarse emulsion. The latter was passed through a
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FIGURE 1 | Diagrammatic representation of CLEN preparation.

high pressure homogenizer (3 cycles; 500 psi) and the SLNs were
formed by cooling the obtained dispersion to room temperature
(Figure 1). A graphical representation of the process and its
proposed applications is depicted in Figure 1.

Various formulations were prepared by varying types and
concentrations of the lipid and by the concentration of
phospholipon 90G to achieve a 1.5% w/v curcumin in
the SLN dispersion.

Characterization of CLEN
Assay [Total Drug Content (TDC)] of Curcumin in
CLEN Dispersion
Depending upon the solubility of Compritol R©888 ATO, and
GMS, methanol: chloroform (1:1) was chosen as a solvent for
disrupting the SLNs. 1 ml of CLEN was suitably diluted to 5000

times with chloroform: methanol solvent system. The obtained
solution was analyzed spectrophotometrically at λmax 425 nm
using the corresponding blank. TDC was determined using the
following equation:

Total drug content (%) =
observed drug content

Theoretical drug content
×100

Determination of Entrapment Efficiency (EE)
The EE of CLEN was determined using the dialysis membrane
method. Membrane (cut off 7 kDa MW) was soaked in double
distilled water overnight before use. 1 mL of CLEN dispersion
was placed in the pre-soaked dialysis bag tied at both ends and
dialyzed against methanol (100 mL) at room temperature for
45 min. The amount of the drug remaining in the dialysis bag was
analyzed spectrophotometrically following appropriate dilution
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(5000 times) with methanol: chloroform (1:1) to calculate the
amount of drug entrapped within the SLNs. EE was determined
using the following equation:

Entrapment Efficiency (%) =
Entrapped drug

Total drug content
×100

Particle Size Analysis, Polydispersity Index (PDI) and
Zeta Potential
The mean diameter, PDI, and zeta potential of CLEN (n = 6)
were determined after appropriate dilution (20 times) with
double distilled water using DelsaTM Nano C Particle Analyzer
(Beckman Coulter, United States).

Field Emission Scanning Electron Microscopy
(FESEM)
CLEN were observed microscopically using FESEM (H-7500,
Hitachi Ltd., Japan) for uniformity of size, shape, and physical
stability characteristic, i.e., aggregation or irregularity. FESEM
has narrow probing beams at low and high electron energy which
provides improved spatial resolution while minimizing sample
damage. It provides topographical information at magnifications
of 250-1,000,000X with ion-free images. A drop of the sample
was placed on the carbon-coated copper grid to form a thin
film on the grid. The grid was air dried and samples were
viewed under FESEM.

Powder X-Ray Diffraction (PXRD)
The crystalline or amorphous nature of SLNs was confirmed
by X-ray diffraction measurements carried out by an X-ray
diffractometer. PXRD studies were performed by exposing the
samples to Cu Kα radiation (45 kV, 40 mA) and scanning from
5◦ to 50◦, 2θ at a step size of 0.017◦ and scan step time of 25 s.
The instrument measures interlayer spacing d which is calculated
from the scattering angle θ, using Bragg’s equation nλ = 2d sinθ

where λ is the wavelength of the incident X-ray beam and n is the
order of the interference. Obtained XRD patterns were compared
for characteristic drug peak intensity.

Differential Scanning Calorimeter (DSC)
Differential scanning calorimeter thermograms of curcumin,
CLEN, blank SLNs, and lipid mixture [Compritol R©888 ATO
and GMS (4:1)] were recorded on a Q20 differential scanning
calorimeter. Samples were placed in aluminum hermetic pans
and heated at a predefined rate of 10◦C/min over the temperature
range from 30 to 300◦C in the nitrogen atmosphere.

Fourier Transform Infra-Red (FTIR)
Fourier transform infra-red spectra of curcumin, CLEN, blank
SLNs, and lipid mixture [Compritol R©888 ATO and GMS (4:1)]
were recorded using the KBr pellet technique using 60 MHz
Varian EM 360 (PerkinElmer, United States). The peaks obtained
were compared for any significant changes.

In vitro Release of CLEN
The drug release studies were performed using a mixture of
double distilled water and methanol (1:1, v/v) as the dissolution
medium and using the dialysis bag method. The dialysis bags

were soaked in double distilled water for 12 h prior to use. 0.5 ml
each of CLEN and free curcumin dissolved in methanol was
poured into the dialysis bag which was then tied at both the
ends and placed in a beaker containing 100 ml of dissolution
medium maintained at 37 ± 0.5◦C and stirred at a rate of
100 rpm. Aliquots of the dissolution medium were withdrawn
at different times and replaced with the same volume of fresh
medium to maintain the sink conditions. The samples were
analyzed spectrophotometrically at 425 nm.

Since curcumin is not stable at pH 1.2 (SGF) and 6.8 (SIF),
SGF or SIF were not used for the release study.

Stability Studies
Long Term Stability
CLEN were placed at 5 ± 3◦C for evaluating long term stability.
Samples were withdrawn at 0, 1, and 3 months interval and
evaluated for total drug content, entrapment efficiency, particle
size, zeta potential, and PDI.

Hydrolytic Degradation Studies
The hydrolytic stability of CLEN and free curcumin was
investigated at pH 1.2, phosphate buffer pH 6.8, phosphate buffer
pH 7.4, and alkaline borate buffer pH 9 (Indian Pharmacopoeia
and Commission, 2014). The stock solution of free curcumin
(100 µg/ml) was prepared in methanol by dissolving 5 mg of
curcumin in 50 ml of methanol. It was further diluted to 5 µg/ml
with respective buffers (pH 1.2, pH 6.8, pH 7.4, and pH 9). In
the case of CLEN, 1 ml dispersion was placed in a dialysis bag
and dialyzed against methanol (100 ml) at room temperature for
45 min to remove the unentrapped drug. The total drug content
(drug assay) of the dialyzed CLEN was determined and diluted
suitably with water to prepare a 100 µg/ml stock, which was
diluted further to 5 µg/ml with respective buffers. The stock
solution and sample solution were prepared in amber colored
volumetric flasks to avoid photodegradation. The solutions were
prepared and incubated at 37◦C. The samples were withdrawn at
varying times, viz. 0, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h. The samples
were then analyzed using the UV/Visible spectrophotometer at
λmax 425 nm. The absorbance read at zero time was considered
as 100% and change in concentration and percentage degradation
was determined accordingly.

The graph between concentration versus time, log
concentration versus time, and percent drug remaining
versus time were plotted. The degradation constant (k) for
the first order was calculated by multiplying the slope of log
concentration versus time plot with 2.303.

Particle Size Variation With pH and Time
CLEN were diluted (20 times) with buffers of pH 1.2, 6.8, and 7.4
and were incubated at 37◦C. Samples were withdrawn at different
time intervals and their particle size was determined to establish
the stability of CLEN on oral administration.

Photostability Studies
The photostability studies on free curcumin (curcumin
dispersion in 1% CMC) and CLEN were conducted according
to ICH guidelines. Free curcumin and CLEN were stored in
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both clear glass and amber colored containers. The samples
were placed in the photostability chamber and exposed to light
providing illumination of not less than 1.2 million lux hours for
10 days. After 10 days, free curcumin was evaluated for total drug
content (assay) and CLEN were evaluated for total drug content,
entrapment efficiency, particle size, zeta potential, and PDI.

BIOANALYTICAL METHOD VALIDATION

Method development and validation of analysis of curcumin
in plasma were carried out following U.S. Food and Drug
Administration guidelines. The method was validated for
system suitability, specificity, sensitivity, recovery, precision,
accuracy, and linearity.

A five point calibration curve of curcumin was prepared
by spiking 40 µl of blank plasma with 10 µl each of the
appropriate working dilution of curcumin to result in 25–
500 ng/ml of curcumin.

High quality control (HQC: 500 ng/ml), medium quality
control (MQC: 200 ng/ml), and low quality control (LQC:
25 ng/ml) samples were prepared similarly for validation.

Chromatographic Conditions
The determination of curcumin was carried out using a UPLC
system (waters, Acquity UPLC H class). A reversed phase
Accucore C18 column (100 mm × 4.6 mm, 2.6 µm; Thermo
Scientific, Mumbai) was used. Acetonitrile: Water (1:1, isocratic)
was run as the mobile phase and pH was adjusted to 3 with
0.1% acetic acid. The elution was performed at a flow rate
of 0.10 mL/min and the analytical column was kept in a
thermostatic oven at 35◦C. The detection of curcumin was
performed with a Waters Photodiode Array Detector at a set
wavelength of 425 nm. The injection volume was 10 µL for
all standards and samples. Curcumin was eluted approximately
15 min after injection. A series of standard solutions of curcumin
(25–500 ng/mL) were prepared in acetonitrile: water.

PHARMACOKINETIC STUDIES

Study Design
For in vivo pharmacokinetic studies, post weaned (4-weeks
old) female Wistar Rats weighing 250 g were fasted for 12 h
prior to the study. The animals were divided into three groups
(n = 3). Groups 1 and 2 were administered 100 mg/kg BW
of CLEN and CurcuWIN R© (a marketed product of curcumin
claimed to show enhanced bioavailability), respectively,
whereas group 3 was administered 100 mg/kg BW of free
curcumin dispersed in 0.5% w/v carboxymethyl cellulose.
There are variable reports on the suitable dose of curcumin
in animals and several investigators have reported the use of
100 mg/kg dose of curcumin in bioavailability studies and
for therapeutic effects (Takahashi et al., 2009; Ravichandran,
2013; Vatsavai and Kilari, 2016). Hence 100 mg/kg dose
was used. The blood samples (0.5 ml) were withdrawn from
retro-orbital plexus at different time intervals and collected

into microcentrifuge tubes containing EDTA. Plasma was
separated by centrifuging the blood samples at 10000 rpm
for 6 min at 5◦C. After centrifugation, the obtained plasma
was stored at −20◦C until analysis. All animal protocols
were approved by the institutional animal ethics committee
vide letter number 107/IAEC/18 and approval number
PU/45/99/CPCSEA/IAEC/2017/89.

Sample Preparation (Extraction
Procedure)
To 40 µl of plasma samples in an eppendorf tube, 150 µl of
methanol and 300 µl of acetonitrile:water (1:1; pH 3) was added.
10 µl of the β-glucuronidase enzyme was added and incubated
for 30 min at 37◦C. The sample was vortexed for 5 min and
centrifuged at 15,000 rpm to separate precipitated proteins. The
supernatant was transferred to suitably labeled tubes.

The sample was filtered through a 0.2 µm syringe filter and
was used for analysis using the developed UPLC method. All the
conditions of UPLC were maintained as indicated under section
“Chromatographic Conditions.”

Data Analysis
The pharmacokinetic parameters were calculated using a non-
compartmental model. The area under the concentration-time
curve from time zero to time t (AUC0−t) was calculated using the
trapezoidal method. Peak concentration (Cmax) and the time at
which the peak concentration is achieved (Tmax), were obtained
directly from the individual concentration-time profiles. The
area under the concentration-time curve from time zero to
infinity was calculated by AUC0−∞ = AUC0−t + Ct/Ke, where
Ct is the drug concentration observed at the last time and
Ke is the apparent elimination rate constant obtained from
the terminal slope of the individual concentration-time curves
after logarithmic transformation of the concentration values
and application of linear regression. AUMC was determined by
plotting concentration × time (ct) versus time (t) using the
trapezoidal method. Mean residence time (MRT) was calculated
as = AUMC/AUC.

RESULTS AND DISCUSSION

Curcumin Loaded Solid Lipid
Nanoparticles (CLEN)
Various formulations incorporating 10–15 mg (1–1.5%) of
curcumin per ml of CLEN dispersion were prepared, as described
in Supplementary Table S1. Most of these SLN systems, however,
showed settling of curcumin crystals at the bottom of the SLN
CLEN formulation within 24 h of preparation, upon keeping.

All the batches prepared with Compritol R© 888 ATO with
concentration varying from 4 to 10% w/w showed settling of
the drug. However, no settling was observed when Precirol
ATO 5 R© was used as the lipid component (F4 and F5).
Howsoever, F5 formulation showed a particle size of ≥1 µ

(1000 nm), hence, three batches of F4 were prepared and
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FIGURE 2 | (A) FESEM, (B) PXRD, (C) DSC, and (D) FTIR of CLEN and other components.

evaluated for TDC, entrapment efficiency, and particle size
(Supplementary Table S2).

The particle size of the selected formulation F4 was also
>700 nm. In the next part of the study, an attempt was
made to decrease the particle size of the formulations F4 and
F5 by varying stirring speeds and HPH cycles as shown in
Supplementary Table S3.

It was observed that an increase in stirring speed and
number of HPH cycles was not successful in achieving a
particle size of <700 nm. Furthermore, F4 and F5 also showed
settling of curcumin upon longer keeping (>2 weeks) and
were thus rejected.

As the next option, we decided to combine Compritol
888 ATO R© with GMS (lipid mixture) in different ratios to

prepare CLEN formulation and the prepared formulations
were observed for the settling of curcumin (Supplementary
Table S4). It has been reported that curcumin showed
maximum solubility in GMS when a panel of lipids was
evaluated (Shrotriya et al., 2018). Our earlier studies indicated
that lipid mixtures show greater imperfections and reduced
crystallinity, allowing for better encapsulation of drug molecules
(Bhandari and Kaur, 2013). Compritol 888 ATO R© is a
safe pharmaceutical excipient which results in nanosized
and stable SLN formulations, in addition to the fact that
curcumin shows some solubility in it (Shrotriya et al.,
2018). Hence, we decided to combine GMS with Compritol
888 ATO R© in the next set of curcumin SLN formulations
(Supplementary Table S4).
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Since no settling of the drug was observed, the prepared
formulations (F8-F13) were evaluated for drug assay/TDC,
entrapment efficiency, particle size, and PDI, as described in
Supplementary Table S5.

Formulations (F8-F10) showed the presence of curcumin
crystals when observed under a light microscope, indicating that
the drug is present in undissolved/undispersed form, and was
hence rejected. Out of the remaining three formulations (F11,
F12, and F13), F13 was selected based on the fact that it achieved
the highest drug concentration (15 mg/ml).

In the present investigation, we developed CLEN (curcumin
encapsulated lipidic nanoconstructs; SLNs) dispersion (Figure 1),
with a high drug loading (15% with respect to lipid matrix), and
containing 15 mg curcumin per ml. It is the highest increase in
solubility of curcumin in an aqueous system (1.4 × 106 times
increase as compared to 11 ng/ml in water for free curcumin)
coupled with high drug loading, reported till date, to the best
of our knowledge.

Supplementary Table S6A summarizes features of curcumin
SLNs reported previously in the literature and the technical
advantage of the presently disclosed CLEN technology (Indian
patent application no. 201811044487; PCT/IB2019/060162)
and Supplementary Table S6B summarizes curcumin
loaded nanoparticles (other than SLNs) investigated over a
period of 5 years.

Characterization of CLEN
The TDC/ assay of CLEN was found to be 14.62 ± 0.14 mg/ml
(97.46 ± 0.01%) (n = 6). The entrapment efficiency was
79.74 ± 0.88% (n = 6), and the average particle size was
540.2 ± 45.1 nm (n = 6). The average particle size of blank
SLNs was 339.6 nm. A much larger particle size upon loading
of curcumin indicates that curcumin is probably surface loaded
in addition to being incorporated in the core of SLNs. The latter
could be due to the high solubility of curcumin in the surfactant
layer surrounding the SLNs. Tween 80 is presently used as the
surfactant and PEG, though used as a solvent, is also known for
its surfactant supporting properties and curcumin shows high
solubility in both these components.

The PDI of CLEN and blank SLNs was 0.291 ± 0.062 (n = 6),
and 0.332, respectively. While PDI of ≤0.3 is considered to
be highly monodisperse, values of 0.3–0.4 are considered to be
moderately polydisperse (Bhattacharjee, 2016).

The zeta potential of CLEN and blank SLNs was
−10.88 ± 3.67 mV (n = 6) and −0.61 mV, respectively.
When curcumin was loaded, the potential value of the particles
decreased, which may be due to the free curcumin distributed
in the water phase or potential diffusion layer (Xu et al., 2016)
and can be attributed to the phenolic (OH−) and diketonic
functionalities of the curcumin (Pathak et al., 2015).

Field Emission Scanning Microscopy (FESEM)
The FESEM of CLEN showed that the particles were nearly
spherical in shape and that they were present as individual entities
rather than agglomerates, confirming their stability. An outer
coating of the surfactant is observed in Figure 2A. The surfactant
layer assigns stability to the particles preventing their aggregation.

FIGURE 3 | In vitro release profile of curcumin from CLEN and free curcumin.

Powder X-Ray Diffraction
Powder X-ray diffraction patterns of curcumin, CLEN, blank
SLNs, and lipid mixture are shown in Figure 2B. The PXRD
pattern of curcumin exhibited peaks at 2θ scattered angles of
17.27◦, 8.89◦, 25.57◦, and 24.54◦, indicating its crystalline nature.
The PXRD pattern of lipid mixture exhibited sharp peaks at
2θ scattered angles 21.31◦, 22.96◦, 4.46◦, and 19.63◦, again,
establishing its crystalline state (Figure 2B). CLEN and blank
SLNs, however, showed spectra differences from curcumin and
the lipid mixture. Some characteristic peaks observed at 2θ

scattered angles of 21.2◦, 19.3◦, and 23.5◦ in case of CLEN
and 19.33◦, 21.12◦, and 22.95◦ in case of blank SLNs do
correspond to the lipid mix. However, the typical pattern of peaks
corresponding to free curcumin was missing, indicating loss of
crystallinity and a shift toward the amorphous (Wang et al., 2012)
and thus a more soluble state.

Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry is a thermoanalytical technique
in which the differences in the amount of heat required to
maintain the sample and reference at the same temperature is
measured as a function of temperature and time. In the case
of pure curcumin, a melting endotherm appeared at 178.19◦C
corresponding to its reported melting point at 180–183◦C.
The CLEN, however, showed a broad endotherm starting from
60◦C and extending to 115◦C, with a sharp peak at 107.79◦C
(Figure 2C). The broadening of peaks indicates the amorphous
nature of CLEN while the shift to a lower temperature indicates a
nano size. The lipid mixture exhibited a sharp peak at 70.68◦C,

TABLE 1 | Linear correlation coefficients obtained for in vitro release data
from various models.

Model Formulation

Free curcumin CLEN

Zero order r2 0.856 0.978

First order r2 0.964 0.855

Higuchi r2 0.879 0.917

Hixson-Crowell r2 0.906 0.933

Korsmeyer-peppas r2 0.957 0.969

n 1.149 0.841
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FIGURE 4 | Stability studies of CLEN (n = 3). There was no significant change (p ≤ 0.05) in the values of various parameters upon storage. (A) TDC and Entrapment,
(B) Particle Size, (C), Zeta Potential, and (D) PDI.

TABLE 2 | Percentage remaining of free curcumin (F.Cur) and CLEN with time at various pH (n = 3).

Time pH 1.2 pH 6.8 pH 7.4 pH 9

(h) F.Cur CLEN F.Cur CLEN F.Cur CLEN F.Cur CLEN

0 100.00 ± 0.06 100.00 ± 0.03 100.00 ± 0.04 100.00 ± 0.06 100.0 ± 0.060 100.00 ± 0.06 100.00 ± 0.004 100.00 ± 0.03

0.08 89.23 ± 0.02 99.49 ± 0.04 94.93 ± 0.06 99.80 ± 0.01 96.33 ± 0.02 99.49 ± 0.05 82.59 ± 0.009 90.45 ± 0.004

0.25 88.29 ± 0.01 98.87 ± 0.03 87.63 ± 0.04 99.49 ± 0.02 93.81 ± 0.04 98.87 ± 0.04 61.43 ± 0.004 72.87 ± 0.006

0.5 85.60 ± 0.01 98.25 ± 0.03 81.95 ± 0.08 98.08 ± 0.02 84.17 ± 0.04 98.25 ± 0.07 32.76 ± 0.006 58.39 ± 0.006

1 87.24 ± 0.001 97.12 ± 0.03 79.72 ± 0.06 97.06 ± 0.01 75.92 ± 0.04 95.07 ± 0.07 20.48 ± 0.001 40.13 ± 0.003

2 72.37 ± 0.02 96.20 ± 0.03 66.73 ± 0.05 93.22 ± 0.03 67.20 ± 0.03 92.60 ± 0.06 15.70 ± 0.002 21.66 ± 0.005

3 68.74 ± 0.03 95.79 ± 0.03 62.68 ± 0.07 92.21 ± 0.03 61.01 ± 0.03 92.29 ± 0.05 9.90 ± 0.003 19.53 ± 0.005

4 62.76 ± 0.01 94.35 ± 0.03 57.81 ± 0.05 90.79 ± 0.02 49.08 ± 0.04 85.51 ± 0.07 2.39 ± 0.004 17.41 ± 0.006

5 61.01 ± 0.01 93.11 ± 0.03 43.61 ± 0.08 89.37 ± 0.03 40.60 ± 0.03 82.32 ± 0.06 – 11.46 ± 0.003

6 53.40 ± 0.02 92.39 ± 0.04 23.12 ± 0.04 89.07 ± 0.02 24.31 ± 0.01 81.50 ± 0.05 – 2.76 ± 0.006

24 15.76 ± 0.01 79.86 ± 0.08 11.36 ± 0.04 71.56 ± 0.02 13.99 ± 0.01 66.08 ± 0.05 – –

which was, however, absent in CLEN. This may be due to
the change of lipid to a completely amorphous form in SLN
formulation (Chen et al., 2013).

Fourier Transform Infra-Red (FTIR)
Pure curcumin samples showed a sharp peak at 3507 cm−1

indicating the presence of –OH group (Figure 2D).

The IR peaks obtained with CLEN, however, revealed
an intermolecular stretching of the –OH groups (3400–
3200 cm−1) due to hydrogen bonding (Shelat et al.,
2015). This may be regarded as a direct indication
of the formation of SLNs, as the 3400–3200 cm−1

stretching was not observed in the case of curcumin or
lipid mixture.
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FIGURE 5 | Percentage remaining of curcumin versus time plot at various pH.

In vitro Release
The selection of a suitable release media was of significance
with curcumin considering its insoluble nature and proneness
to degradation in various buffer solutions. Curcumin shows
significant solubility in methanol, so varying proportions
of methanol were mixed with solutions buffered to pH

TABLE 3 | Various degradation kinetics parameters for free curcumin and CLEN
(n = 6).

Order pH Free cur C-SLNs

k value t1/2 r2 k value t1/2 r2

zero order pH 1.2 0.039 17.34 0.934 – – –

pH 6.8 0.52 1.32 0.967 – – –

pH 7.4 0.073 9.4 0.984 – – –

pH 9 0.95 0.669 0.994 0.195 3.55 0.891

First order pH 1.2 – – – 0.003 231 0.98

pH 6.8 – – – 0.005 138 0.962

pH 7.4 – – – 0.007 99 0.89

1.2 (stomach), 6.8 (proximal intestine), and 7.4 (distal
part of small intestine/plasma). However, the addition of
methanol led to precipitation of electrolytes from buffers.

TABLE 4 | Change in particle size and PDI of CLEN with pH.

Dilution medium Time (h) Particle size# (nm) PDI#

pH 1.2 0 458.9 ± 8.8 0.361 ± 0.012

2 447.9 ± 7.4 0.352 ± 0.030

4 489.3 ± 7.3 0.363 ± 0.013

pH 6.8 0 453.0 ± 20.5 0.320 ± 0.011

2 434.3 ± 3.7 0.369 ± 0.012

4 453.0 ± 17.0 0.363 ± 0.003

6 475.1 ± 8.7 0.398 ± 0.006

pH 7.4 0 465.9 ± 12.5 0.332 ± 0.012

24 596.7 ± 39.0* 0.341 ± 0.017

#Particle size and PDI for the CLEN aqueous dispersion used in the experiment
were 450.1 nm and 0.331, respectively. No significant change in particle size was
observed at any pH or time except for those marked with * (p ≤ 0.05).
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FIGURE 6 | Photostability studies on various parameters of CLEN and its comparison with free curcumin (n = 3).

The mixing of ethanol with the buffer solutions overcame
this problem, but curcumin was found to degrade in these
buffer solutions. Hence, methanol:water (1:1) was selected

as a suitable release medium. Varying concentrations
of methanol (10–50%) were tried, however, only 50%
methanol in water could dissolve a sufficient quantity of
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curcumin (present in 0.5 ml of CLEN dispersion), to ensure
sink conditions.

The drug release from CLEN and free curcumin is shown
above in Figure 3. The release from CLEN extended up to 120 h
with 99.73 ± 1.12% release (Figure 3) and followed zero order
release kinetics, i.e., controlled release (Table 1). A first order
release was observed as expected with free curcumin and the drug
was completely released within 24 h (Table 1).

Stability Studies
Long Term Stability
After 3 months of storage under refrigerated conditions, CLEN
was found to be stable with no significant change (p ≤ 0.05) in
any of the parameters (Figure 4).

Hydrolytic Degradation
The study aimed to investigate if the encapsulation of curcumin
within CLEN protects against hydrolytic degradation. Data from
free curcumin was compared with those for CLEN (Table 2 and
Figure 5).

From the data generated in this study, it is observed that at
acidic pH 1.2, CLEN did not show any significant degradation
(approximately 8%) up to 6 h (p < 0.05). However, nearly
20% of curcumin entrapped within the SLNs degraded at 24 h
(P < 0.001). In contrast, degradation of up to 50% and 85%
is observed in 6 and 24 h, respectively for free curcumin. At
pH 6.8, 77% free curcumin degraded within 6 h and 89%
degraded within 24 h, whereas in the case of the entrapped
drug (CLEN), we observed only a 10% degradation up to 6 h
and 30% degradation up to 24 h. Similarly, at physiological pH
7.4, a significant amount (75%) of free curcumin was degraded
within 6 h and 77% degraded in 24 h and at extreme pH 9,
free curcumin showed approximately 98% degradation at 4 h
while the same amount of curcumin degraded at 6 h. The
data demonstrate that SLNs (red line for CLEN and blue line
for curcumin) significantly protect the encapsulated curcumin
against hydrolytic degradation (Figure 5).

The degradation kinetics of curcumin under various pH
conditions and the stability of curcumin in physiological matrices
reported earlier indicates that when curcumin was added
to a 0.1 M phosphate buffer (pH 7.2), more than 90% of
curcumin was degraded (Wang et al., 1997). The absorbance
at 426 nm decreased to approximately 50% after 5 min, and
after 10 min the remaining absorbance was only about 10%.
However, we presently observed an almost 40% degradation at
4 h in pH 1.2 medium.

The order of kinetics of free curcumin was zero order at all
investigated pH conditions, while in the case of CLEN, the order

FIGURE 7 | Mean concentration-time area curve of curcumin rat after single
oral does of free curcumin, curcumin R© and CLEN.

was first order except at pH 9 (zero order). However, even at
pH 9, t1/2 increased five times, and the rate constant of CLEN
was 80% less than that for free curcumin. Very interestingly,
at a physiological pH of 7.4, an almost 90% decrease in k
value and a 10 times increase in t1/2 was observed (Table 3).
Similarly, protection provided at the other two pH buffers was
also substantial and a similar increase in t1/2 (13.3 times at pH
1.2 and 104 times at pH 6.8), and a decrease in k was observed in
comparison to free curcumin.

Particle Size Variation With pH and Time
Variation in particle size at the above mentioned physiological pH
was determined at times corresponding to their residence times
in these parts of the gastrointestinal tract (g.i.t.). No significant
(p ≤ 0.05) change in size and PDI (Table 4) was observed at
pH 1.2 and 6.8 indicating the stability of CLEN upon incubation
at these pH values. This ensures that CLEN will be absorbed in
the nano form from the g.i.t. Furthermore, at pH 7.4, even after
incubation for 24 h, only a 6.7% increase in size was observed.
It may thus be concluded that CLEN remain stable and maintain
their integrity under these physiological conditions.

Photostability Studies
The study was undertaken to establish the photoprotection
offered to curcumin by the lipid matrix of CLEN. It protected the
encapsulated curcumin completely against photodegradation. On
the other hand, 21.7% of degradation was observed upon storage
of free curcumin in amber colored containers while it increased to
35% in transparent containers (Figure 6). No degradation (TDC/
assay remained unchanged) occurred in the case of CLEN even
upon storage in transparent containers. However, an increase
in particle size was observed upon exposure to light. This may
be attributed to increased collisions between particles due to
imparted kinetic energy by light.

TABLE 5 | Various pharmacokinetic parameters obtained after a single oral dose of free curcumin, CurcuWIN R© and CLEN administered to rats (n = 3).

Formulation Dose
(mg/kg)

AUC0–∞
(h×ng/ml)

Cmax
(ng/ml)

Tmax
(h)

AUMC0–∞
(h2×ng/ml)

MRT
(h)

Clearance
(l/h/kg)

Relative bioavailability with
respect to Free curcumin

Free curcumin 100 1.78 1.18 2 3.55 2 56287.29 1

CLEN 100 124.2 55.75 1 401.28 3.20 857.62 69.78

CurcuWIN R© 100 16.02 8.52 1 20.43 1.27 6240.56 9.00
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FIGURE 8 | Diagrammatic representation for benefits of encapsulation of curcumin as CLEN.

Bioanalytical Method Validation
A calibration curve of curcumin was found to be linear from
12 to 500 ng/ml in plasma samples. The system was confirmed
to be suitable, selective, and specific for the determination
of curcumin under the optimized chromatographic
conditions, as no peak was observed in the chromatograms
of blank plasma samples.

Limit of detection (LOD) and LLOQ were found to be 2 ng/ml
and 25 ng/ml, respectively. The overall recovery was >80%. The
individual recoveries at LQC, MQC, and HQC were 82.18, 86.18,
and 83.42%, respectively.

The intra-day accuracy was 98.43–112.21% for QC samples
with precision <2% and the inter-day accuracy was 99.17–
107.83% for QC samples with precision <2.6%.

Pharmacokinetic Studies
Plasma concentration after oral administration of 100 mg/kg dose
of CLEN and CurcuWIN R© were compared with 100 mg/kg dose
of free curcumin and plotted against time (Figure 7). The area
under the curve was calculated using the trapezoidal method.
The relevant parameters including Cmax, Tmax, AUC0−∞, and
clearance are listed in Table 5 above.

The studies revealed that relative bioavailability of free
curcumin was increased by 69.78 times in the case of CLEN,
whereas it was increased by only 9.00 times in CurcuWIN R©.
In a pharmacokinetic study performed on human volunteers,
CurcuWIN R© showed 136 times higher bioavailability than free
curcumin (Jäger et al., 2014). From this, we can imply that CLEN

may also show a bioavailability of 1047 times (136 × 7.7) when
determined in humans.

Figure 8 shows the advantage of encapsulating curcumin
as CLEN and its benefits at various sites in the physiological
system when taken orally. Wei et al. (2014) formed a nanogel
of curcumin using cholesteryl-hyaluronic acid which showed an
improved circulation, slower clearance as observed by authors in
a pharmacokinetic study in mice. We also observed a significantly
slower clearance in the CLEN group (Table 5). The nanogel
formulation showed excellent tumor growth inhibition in human
pancreatic MiaPaCa-2 xenograft (5 fold) and murine mammary
4T1 orthotopic cancer models (2.5 fold) when analyzed for
mean tumor volume with respect to the free curcumin group
(Wei et al., 2014).

CONCLUSION

This study was successful in formulating CLEN containing 15 mg
curcumin per ml of the SLN dispersion. The characterization of
the prepared formulation helped us to conclude that the SLNs
were formed successfully and were amorphous, confirming the
presence of curcumin in a solubilized form.

Furthermore, CLEN exhibited a-zero order release in
comparison to first order release by free curcumin, indicating the
controlled release nature of the developed CLEN. Stability studies
including photostability and hydrolytic degradation studies
confirm the stability of CLEN and curcumin encapsulated within
the lipid matrix.
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Previous reports by numerous scientists have proved the
regulatory effect of curcumin on NF-kB and its cytotoxic effect
on cancer cell lines. The only limiting factor was the availability
of curcumin in the physiological system to elicit a therapeutic
response. This is suitably addressed by the presented CLEN
formulation. With enhanced solubility, stability, permeability,
and bioavailability, curcumin prepared CLEN could be explored
for various therapies including cancers and other inflammation
and oxidative stress related pathologies in the future.
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In recent years, more and more researches have focused on tumor photothermal

therapy and chemodynamic therapy. In this study, we prepared a multifunctional

nanomaterial with potential applications in the above area. The Fe3O4 nanoparticles were

synthesized with suitable size and uniformity and then coated with mesoporous silica and

polydopamine. The unique core-shell structure not only improves the drug loading of

the magnetic nanomaterials, but also produces high photothermal conversion efficiency.

Furthermore, the reducibility of polydopamine was found to be able to reduce Fe3+ to

Fe2+ and thus promote the production of hydroxyl radicals that can kill the tumor cells

based on the Fenton reaction. Themagnetic nanomaterials are capable of simultaneously

combining photothermal and chemodynamic therapy and permit the efficient treatment

for tumors in the future.

Keywords: photothermal therapy, Fenton reaction, chemodynamic therapy, magnetic nanoparticles, drug delivery

INTRODUCTION

Cancer is one of the leading causes of death in the world, especially malignant tumors, which
poses a great threat to the safety of human life (Siegel et al., 2016). As a delivery system for
therapeutic drugs, nanocarriers show a huge potential in cancer treatment. With the continuous
development of nanotechnology, the genetic and drug loading capabilities of nanomaterials have
received widespread attention (Jia et al., 2015). It has been a continuous effort to explore the novel
preparation methods of nanomaterials for the effective therapy of tumors in the future (Qin et al.,
2017). However, up to now, only a limited number of nanocarriers have been successfully used
in the clinical treatment of cancer (Bulbake et al., 2017), because many nanocarriers either have
a low drug-carrying capacity or have difficulty to efficiently reach the tumor site (Jia et al., 2015).
The ideal nanocarrier should have a high drug loading efficiency and a suitable size, which can
accurately transport the drug to the target area in the body for controlled release (Liu et al., 2014;
Bose et al., 2016; Li et al., 2018).

In recent years, more and more functional materials have been introduced into the
nanotechnology, and many new treatment methods have emerged, such as photothermal therapy
(PTT), magnetocaloric therapy, and chemodynamic therapy (CDT) (Du et al., 2017; Chen et al.,
2019; Wu et al., 2019; Zhou et al., 2020). These new treatments have greatly expanded the
application of nanocarriers in the treatment of tumors. PTT is a new type of therapy with
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low toxicity, high efficiency, and safety (Huang et al., 2017;
Gulzar et al., 2018). Tumor tissue has enhanced permeability
and retention than the normal one. Many nanomaterials with
an appropriate size and photothermal conversion ability are used
for tumor treatment (Huo et al., 2017; Wang et al., 2019, 2020).
During PTT, tumor cells are killed by the heat of photothermal
nanoparticles after being irradiated with near-infrared (NIR)
laser (Li et al., 2018; Lin et al., 2018; Tiwari et al., 2019). PTT
involves the use of photothermal materials that can effectively
convert light radiation into heat to cure cancer via hyperthermia
(Feng et al., 2018a). In the past few years, many documents have
reported various materials with photothermal effects, such as
metal sulfide, MnO2, carbon-based graphene, precious metal Au,
and the organic polypyrrole, polyaniline, polydopamine (PDA),
etc (Jahanban-Esfahlan et al., 2015; Wang et al., 2015; Song et al.,
2017; Feng et al., 2018b; Xu et al., 2018, 2020). However, many of
them have drawbacks, and satisfactory therapeutic effects cannot
be obtained (Feng et al., 2018b; Xue et al., 2019).

In the tumor microenvironment (TME), special metabolic
pathways compared to normal cells cause it to become a place
rich in large amounts of hydrogen ions and high reduction
(Wu et al., 2019). Unlike normal cells, in the mitochondria
of tumor cells, high concentrations of superoxide dismutase
cause excessive H2O2 in the cells (Huo et al., 2017; Dong
et al., 2019). Designing nanomaterials with CDT specificity
in the TME has become a new way for tumor-targeting
therapy. In CDT, nanomaterials precisely catalyze the reaction
of H2O2 with Fe2+ (Fenton reaction), which in turn produce
cytotoxic hydroxyl radicals (·OH) to kill tumor cells. Magnetic
nanoparticles with tumor cell targeting, such as Fe3O4, are
considered to be promising nanocatalytic enzymes that can
generate ·OH for CDT (Feng et al., 2018b). In the Fenton
reaction, magnetic Fe3O4 nanoparticles provide the Fe

2+ needed
for the reaction (Feng et al., 2018b). The continuous progress
of the Fenton reaction depends on the conversion of Fe3+

to Fe2+ by materials with nanocatalytic capabilities. Because
of its drug delivery ability and magnetocaloric effect, the
superparamagnetic Fe3O4 nanomaterials have received extensive
attention (Zhu et al., 2013). Moreover, Fe3O4 can provide a
large number of Fe2+ to support the Fenton reaction for CDT
of tumors (Zhao et al., 2018). Among many photothermal
conversion materials, PDA has received special attention because
of its good biocompatibility (Zhu et al., 2013). With the PDA
coating, the nanoparticles have excellent PTT capability and
good biocompatibility (Dai et al., 2017). Furthermore, the heat
generated by PTT can further accelerate the release of the loaded
drug in the nanoparticles. Moreover, PDA has a mild reducibility,
which provides an inexhaustible motive force for the reduction of
Fe3+ to Fe2+, promotes the production of ·OH in tumor cells, and
achieves the goal of killing tumor cells (Schemes 1B,C).

To combine the above functions in a single nanoplatform,
we designed a novel nanosystem having multiple therapeutic
efficacies. As shown in Scheme 1A, superparamagnetic Fe3O4

nanospheres with uniform size and good dispersibility were first
prepared by the hydrothermal synthesis method (Gao et al.,
2013; Jin et al., 2019). On the surface of the prepared Fe3O4

nanospheres, a thin layer of SiO2 was coated (Tang and Cheng,

2013; Huang et al., 2017). Then, a thick layer of mesoporous
silica nanospheres (MSNs) was evenly coated on SiO2 (Tran
et al., 2018). Finally, PDA and bovine serum albumin (BSA)
were coated on the outer layer of the material, to form the
biocompatible (Hu et al., 2010; Wang et al., 2011) magnetic
Fe3O4@MSN@PDA@BSA nanoparticles (defined as FMPBs).

MATERIALS AND METHODS

Materials
Sodium acetate (anhydrous), 3,3

′

5,5,5
′

-
tetramethyldiphenylamine (TMB), ferric chloride hexahydrate
(FeCl3·6H2O), dopamine hydrochloride, poly(4-benzene)
ethylene sulfonic acid–cobalt maleate sodium salt (PSSMA),
sodium dihydrogen phosphate, triethanolamine (TEA),
doxorubicin hydrochloride (DOX), Dulbecco modified eagle
medium (DMEM), calcium fluoride (CaF2), hexadecyl trimethyl
ammonium bromide (CTAB), tetraethoxysilane (TEOS),
acetone, ethanol, citric acid, disodium hydrogen phosphate, BSA,
and sodium fluoride (NaF) were bought from Aladdin Reagents
(China). Acetic acid, trisodium citrate, and citric acid were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China).
Capstone FS-66 reagent was purchased from Sigma–Aldrich
(USA). Human colon cancer cells (HT29) were purchased from
the Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China).

Preparation of the FMPBs Nanoparticles
For the synthesis of Fe3O4, 1.50 g of FeCl3·6H2O and 1.0 g of
PSSMA were added to 120mL of ethylene glycol, heated to 70◦C,
and fully dissolved for 0.5 h. Then, 4.50 g sodium acetate and
0.75 g of CaF2 were added to themixed solution and continuously
stirred for 2 h until fully dissolved. Using the hydrothermal
synthesis method, the above-40-mL hot solution was transferred
to a polytetrafluoroethylene autoclave with a capacity of 100mL
and reacted at 210◦C for 10 h. The Fe3O4 nanospheres were
separated using the magnet and washed three times with ethanol
andwater (5min of sonication in each time). Finally, the obtained
Fe3O4 nanospheres were dispersed in water. For the synthesis
of Fe3O4@SiO2, Fe3O4 was dispersed in water (0.1 g/mL) and
sonicated for 5min; 50mL of the above solution was then mixed
with 2.5mL of 1% NaF solution. Then, a mixture solution of
TEOS and ethanol with a mixing ratio of 1:10 was added to
the above solution. The resultant solution was stirred quickly
for 15min and blended gently for 8 h using the Votex (MX-
F). After the reaction, the solution was sonicated and washed
three times with ethanol. For the synthesis of Fe3O4@MSN, 32 g
CTAB and 6mL TEA were dissolved in 500mL deionized water.
Fifty milliliters of capstone FS-66 (0.2 g/mL) dissolved in acetone
was slowly added to the above solution. The mixed solution
was stirred at a constant speed for 1 h. 25mL of TEOS was
quickly added to the mixed solution and shaken for 100 s. The
obtained mixed solution was added to the Fe3O4@SiO2 solution
and slowly stirred for 6 h. The Fe3O4@MSN nanospheres were
separated using the magnet and washed three times with ethanol.
To coat PDA, 100mg of dopamine hydrochloride was dissolved
in 50mL phosphate-buffered saline (PBS) (pH 8.5), which was
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SCHEME 1 | (A) The preparation procedures of the FMPBs, (B) the ability of FMPBs photothermal treatment and CDT, (C) the repeated redox reaction between

FMPBs and PDA.

then added with 100mg of Fe3O4@MSN, and sonicated for 5min
and stir slowly for 6 h. To link with BSA, 100mg BSA was added
to the above solution, and then stirring was continued for 6 h.
After magnetic separation of the above solution, the product
was washed three times with water, lyophilized, and stored
at 4◦C.

Characterizations
Scanning electron microscope (SEM, Zeiss Merlin Compact)
was used to observe the morphology and size of the prepared
nanoparticles. X-ray energy-dispersive spectroscopy (EDS,
X-MAX-20mm2) was used to determine the elemental
composition of the nanoparticles. A transmission electron
microscope (TEM) image was taken using a Talos F200X
microscope. Thermal gravimetric analysis (TGA, Shimadzu
TGA-50) was used to detect the mass percentage of different
substances of FMPBs. Quantum Design PPMS-9 (USA) was
used to measure the magnetic property of nanoparticles.
The X-ray diffraction (XRD) pattern of FMPB nanoparticles
was measured by Bruker/D8ADVANCE (DE). Using TriStar
II 3020 (USA), the Bernauer–Emmett–Teller (BET) pore
size distribution and diameter of FMPB nanoparticles
were tested. The dynamic light scattering (DLS) diameter
and zeta potential of FMPBs at 25◦C were measured by
NanoZSZEN3600 (Malvern Instruments). The photothermal
conversion performance of FMPB nanoparticles was tested
using a laser-producing setup (Shanghai Connor Fiber Co.,
Ltd). The Fourier transform infrared (FTIR) spectrum of

FMPBs was measured by Nicolet Nexus 670. The FTIR
data were collected in the range of 500 to 4,000 cm−1. The
Hitachi spectrometer was used to monitor the Fenton response
of FMPBs.

Catalytic Activities of FMPBs
Using TMB as a substrate, the effect of different substances on
the Fenton reaction was studied. TMB (0.8mM), H2O2 (5mM),
Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs (1 mg/mL) were
mixed and reacted for 1min. The absorbance of different
coated nanoparticles at the same concentration was measured
to determine whether ·OH was produced. To study the effect
of PDA on Fenton reaction, 1 mg/mL of Fe3O4, Fe3O4@MSN,
Fe3O4@MSN@PDA, or FMPBs was added to TMB/H2O2, and
the solution absorbance at 651 nm was immediately recorded
using the ultraviolet, visible, and NIR (UV-vis-NIR spectrometer,
HITACHI U-3900). The measurement lasted for 300 s. To study
the effect of H2O2 concentration on the production of ·OH,
different concentrations of H2O2 (concentrations of 2.5, 5.0, 10,
25, and 50µg/mL) were reacted with FMPBs, and the absorbance
of the mixed solution at 651 nm was measured using the UV-vis-
NIR spectrometer. To study the effect of temperature on ·OH,
the spectrometer was used to measure the absorbance of the
mixed solution at 651 nm at different temperatures. To study the
effect of pH on the generation of ·OH, the spectrometer was used
to measure the absorbance of the mixed solution at 651 nm at
different pHs. The measurement must last for 300 s.
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Photothermal Conversion Performance of
FMPBs
The absorption of FMPBs in the NIR range was detected by
UV-vis-NIR. The NIR laser (wavelength = 808 nm, 1 W/cm2)
was used to continuously irradiate the FMPBs solutions with
different concentrations (0.1, 0.2, 0.5, and 1 mg/mL, 200 µL)
for 500 s. To study the power density–dependent temperature
profiles of FMPBs, an NIR laser (808 nm) with different power
densities (0.2, 0.5, 0.8, and 1.0 W/cm2) was used to continuously
irradiate the FMPBs aqueous solution (200 µL of 1 mg/mL)
for 500 s. To prove the long-term photothermal durability, the
FMPBs were stored at room temperature in water (1 mg/mL) for
15 days and continuously irradiated with NIR laser (wavelength
= 808 nm, 0.8 W/cm2) for 600 s. Using a laser with a power
density of 0.8 W/cm2 and continuous irradiation for 15min, the
photothermal conversion efficiency of FMPBs wasmeasured. The
selected concentration of FMPBs is 0.5 mg/mL, and the volume
is 200 µL. The photothermal conversion efficiency (η) of FMPB
is calculated according to the formula (1). The photothermal
stability of FMPBs was studied by continuously irradiating
for five consecutive cycles and recording temperature changes
during temperature rise and fall (power density: 0.8 W/cm2). In
the above experiments, the FLIR E60 thermal imaging camera
was used to record the temperature change value and thermal
image of the irradiated solution.

η=
hS (Tmax−Tsurr)−Qdis

I
(

1−10Aλ
) (1)

In vitro Cytocompatibility Examination and
Hemocompatibility
FMPBs and HT29 cells were incubated together to study the
biocompatibility. The DMEM was supplemented with 10% fetal
bovine serum and 100 units/mL of penicillin and 0.1 mg/mL of
streptomycin. Cells cultured in the above solution were placed
in a humidified 37◦C incubator. The cells prepared above were
cultured in 96-well-plates (8,000 cells per well) for 24 h. FMPBs
with different concentrations were added to the wells, and the
number of treated cells was quantitatively studied using the CCK-
8 kit after 48 h of continuous cultivation. The above experiment
also requires the use of live/dead kits to stain the cells and use
phase-contrast microscopy (Leica DM IL LED) to qualitatively
study the morphology of HT29 cells.

Kunming mouse red blood cells (mRBCs) were kindly
provided by Xinhua Hospital, Shanghai Jiaotong University
School of Medicine. For in vitro hemocompatibility assay, 0.4mL
mRBCs were mixed with 1.2mL FMPBs and incubated at 37◦C
for 2 h (final FMPB concentration: 0.5, 1.0, 1.5, and 2.0 mg/mL).
The mRBCs mixed with water or PBS were set as the positive
or negative control. After that, the supernatant of the above
solution was collected by centrifugation, and the absorbance
at 570 nm was detected using UV-vis-NIR spectrophotometer.
The hemolytic percentage (HP%) was calculated according to
the calculation formula (2). All animal experiments are in
compliance with the policies of the Ministry of Health under the
guidance of Changhai Hospital of the Second Military Region

various animal experiments.

HP (%) =
(Dt −Dnc)

(Dpc −Dnc)
× 100% (2)

Determination of Drug Loading Efficiency
The in vitro drug loading study was performed as follows: FMPBs
with different concentrations are added to the solution of DOX
and stirred for 24 h in the dark. The FMPB nanoparticles were
washed twice with PBS and centrifuged at 10,000 rpm for 5min.
The supernatant is unadsorbed DOX, and its absorbance at
480 nm was measured using the UV-vis-NIR spectrophotometer
to calculate the concentration of DOX (Zhao et al., 2018;
Wu et al., 2019). Formula (3) and formula (4) were used to
calculate the loading percentage and loading efficiency of DOX,
respectively. Wt is the mass of used DOX. Ws is the mass of the
unadsorbed DOX.W is the total mass of the carrier and the drug.

Loading percentage (%)=
Wt −Ws

W
× 100% (3)

Loading efficiency (%)=
Wt −Ws

Wt
× 100% (4)

In vitro Drug Release Studies
In vitro drug release studies were performed using the dialysis bag
method at two different temperatures of 37◦ and 47◦Cor different
pH of 6.4 and 7.4. DOX-loaded FMPBs of the same concentration
were added to PBS (pH 7.4) and citrate buffer (pH 6.4). The
same volume (1mL) of the above solution was transferred into a
dialysis bag (MWCO: 14KD, width 44mm) and placed in a plastic
tube, which was then incubated in a different release buffer at 37◦

or 47◦C with shaking. At different time intervals, the released
solution (1mL) was removed, and 1mL of the corresponding
buffer was added to the solution. The absorbance at 480 nm of the
released solution was monitored to calculate the in vitro release
data and determine the kinetics and mechanism of DOX using
equation (5).

cumulative release (%)=
ve

∑n
0 ci

v0ca
× 100% (5)

In vitro Tumor Therapy
In this work, 0.2 mol/L of H2O2 was added in DMEM, and the
pH of solutions was adjusted to 6.4 with HCl. After that, 8,000
cells/well of HT29 cells were cultured with 0.1mL DMEM in
96-well-plate for 12 h. Then, FMPBs in fresh DMEM (0, 0.25,
0.5, and 1 mg/mL) were added in 96-well-plates (n = 3). The
solution was then irradiated with 808-nm laser (1 W/cm2) for
5min. Finally, the treated cells were incubated for 24 h. CCK-
8 kit and dead/live kit were used to study the cell viability
according to the instructions. Leica DM IL LED inverted phase-
contrast microscope was used to capture the stained cells (live
cells showed green fluorescence and dead cells with red).

Statistical Analysis
The one-way analysis of variance statistical analysis method was
used to assess the significance of the assay data, ∗p < 0.05, ∗∗p <

0.01, ∗∗∗p < 0.001.
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FIGURE 1 | (A) SEM images of Fe3O4, (B) TEM images of Fe3O4, (C) SEM images of FMPBs, (D) TEM images of FMPBs, inserted images in panels (A–D) are the

enlarged view, (E) elemental distribution mapping of FMPBs.

RESULTS AND DISCUSSION

Synthesis and Characterizations of FMPBs
As shown in Scheme 1A, we prepared nanocarriers with Fe3O4

as the core and with mesoporous silica, PDA, and BSA as
the coating layers. The as-prepared Fe3O4 nanoparticles were
spherical with a diameter of about 150 to 180 nm (Figures 1A,B).
Moreover, it was reported that a thin layer of SiO2 coated
on the Fe3O4 nanoparticles is necessary for the formation
of a mesoporous silica layer (Jin et al., 2019). Thus, before
coating mesoporous silica, we coated a thin SiO2 shell on the
surface of Fe3O4 in advance. It was found that the FMPB
nanospheres have good dispersion and uniform particle size,

and the diameter is 250 ± 15 nm (Figure 1C). The TEM images

show that the synthesized monodisperse FMPBs exhibit a porous

structure, and a layer of PDA and BSA was coated on the

surface of the nanospheres (Figures S1, S2). Mesoporous silica
was evenly coated on Fe3O4, and its mesoporous structure is

visible. The core-shell structure can be observed more clearly
by the high-resolution TEM (Figure 1D). The dispersibility and
mesoporous pore structure of nanoparticles are well preserved
in FMPBs. Moreover, the hydrodynamic dimensions of Fe3O4,
Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs were determined
as 167 ± 10.4, 203 ± 7.6, 446 ± 50.9, and 380 ± 34.3 nm,
respectively (Figure S3). After the PDA coating, the particle
size is twice that of the original. This is because the presence
of amino groups in the PDA makes it easy to adhere to each
other. Notably, the DLS diameter is larger than the real size
determined by TEM. This is because the surface of FMPBs is
coated with a layer of water molecules in an aqueous solution.
There are relevant literature reports that the pore size in the
leaky tumor vasculatures is 380–780 nm (Barua and Mitragotri,
2014). Therefore, we have reason to believe that FMPBs with a
size of 250 to 380 nm can enter tumor cells. When the outer
layer of Fe3O4@MSN@PDA is grafted with BSA, the amino group
is combined with the BSA carboxyl group, and the adhesion
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FIGURE 2 | (A) VSM of Fe3O4 and FMPBs, the inserted picture is digital photograph of FMPBs in water that were separated by a magnet; (B) powder XRD pattern of

FMPBs containing CaF2 and Fe3O4; (C) FTIR spectra of FMPBs; (D) TGA curves of different nanoparticles; (E) BET and BJH measurement results for FMPBs; (F)

photographic image of FMPBs that were dissolved in water (1), PBS (2), and DMEM (3).

is greatly reduced. The zeta potentials of Fe3O4, Fe3O4@MSN,
Fe3O4@MSN@PDA, and FMPBs are −58.94 ± 5.64, −87.55
± 9.11, 6.23 ± 0.172, and −49.92 ± 2.19mV, respectively
(Figure S4). Through the element mapping (Figure 1E) and the
EDS analysis (Figures S5, S6), it can be seen that C, O, Si, and
Fe in FMPBs are evenly distributed. The above characterizations
confirmed that FMPB nanospheres with high dispersibility were
successfully prepared.

The magnetism, pore size, and coating effect of the material
were then analyzed. The magnetic properties of Fe3O4 and
FMPBs were analyzed with a vibrating sample magnetometer
(VSM) at room temperature (Figure 2A). It can be seen from
the magnetization curve that the saturation magnetizations of
Fe3O4 and FMPBs are 44.43 and 21.1 emu/g, respectively.
The saturation magnetization of the FMPBs is smaller than
Fe3O4 NPs. This can be attributed to that the non-magnetic
MSN/PDA/BSA layer on the surface of the Fe3O4 NPs reduced
the magnetization. Besides, the S shape of the hysteresis loop
indicates that the FMPBs are superparamagnetic. The digital
photograph of FMPBs in the water separated by the magnet also
confirms its good magnetic properties.

The structure of the as-prepared FMPBs was studied by XRD.
As shown in Figure 2B, the diffraction peaks of FMPBs in the
figure are consistent with the standard Fe3O4 (JCPDS No. 19-
0629) that was marked by the blue line in the scale. Besides, the
peak positions of CaF2 (JCPDS No. 99-0051) marked in purple

in the diffraction peaks coincided with the formation of CaF2
crystals during the preparation of Fe3O4. The results show that
the synthesized magnetic particles contain Fe3O4 (blue line) and
CaF2 crystal (red line). Herein, CaF2 was used to control the
size of Fe3O4 nanoparticles. Under the coating of PSSMA, the
presence of Ca2+ makes the Fe3O4 nanoparticles more uniform
and dense during the formation process, and its size has better
uniformity and excellent magnetic properties (Jin et al., 2019).

The chemical structure of FMPBs was then determined by
FTIR (Figure 2C and Figure S7). The absorption peaks at 590
cm−1 can be assigned to Fe-O vibration. The absorption peak at
1,089 cm−1 proves the tensile and asymmetric tensile vibration
of Si-O-Si, indicating that the structure of MSN is included in
FMPBs. The absorption peak at 1,500 cm−1 proves that the -
C=C- was contained in FMPBs. The broad absorption peak at
the range of 3,200–3,600 cm−1 is the N-H stretching vibration
peak, proving the existence of PDA molecules in FMPBs (Li
et al., 2018; Maziukiewicz et al., 2019). The absorption peak
of 1,100 cm−1 is regarded as the deformation vibration peak
of -OH. The absorption peak at 1,530 cm−1 can be regarded
as the deformation vibration peak of (-NH-) in amide II,
whereas the absorption peak at 1,640 cm−1 is considered as the
vibration peak of –NH2) in amide I. The aforementioned several
vibration peaks can confirm the existence of BSA molecules
in FMPBs. We then used TGA to further monitor the FMPBs
surface modification (Figure 2D). According to the TGA curve,
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FIGURE 3 | (A) UV-vis spectra of the different solution without and with the addition of H2O2; (B) time-dependent absorbance of TMB/H2O2 solution with Fe3O4,

Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs, respectively; (C) time and H2O2 concentration-dependent absorbance of FMPBs/TMB solution; (D) time-dependent

absorbance of FMPBs/TMB/H2O2 solution with different FMPB concentrations; (E) time-dependent absorbance of FMPBs/TMB/H2O2 solution at the temperature of

25◦ and 50◦C at 651 nm; (F) time-dependent absorbance of FMPBs/TMB/H2O2 solution at different pH at 651 nm.

the weight loss of FMPBs gradually increased from 40◦ to
800◦C, which was significantly different from Fe3O4@MSN and
Fe3O4@MSN@PDA. After calculation, the mass percentages of
the PDA and BSA layers in FMPBs are 5 and 13%, respectively.
Figure 2E shows the adsorption–desorption isotherm curve and
pore size distribution of FMPBs measured by BET. The specific
surface area and total pore volume of FMPBs were calculated as
16.7108 m2/g and 0.057918 cm3/g, respectively, and the pore size
is about 4.0 nm. The results show that the mesoporous structure
of MSN in FMPBs was not significantly changed after being
coated with PDA and BSA. FMPBs have good colloidal stability
in water, PBS, and DMEM (1 mg/mL, Figure 2F) and exhibit
the typical Tyndall effect in the above solutions (Figure S8).
Moreover, it is proved that FMPBs can keep stable in water for a
long time. The above experiments fully prove that the synthesized
FMPBs have good magnetic properties and dispersibility, which
provide a reliable guarantee for the long-term tumor treatment.

Fenton Reaction Induced ·OH Generation
Different from normal cells, tumor cells are rich in hydrogen
ions and H2O2 (Wu et al., 2019). This specificity in the TME
can play an important role in the CDT of tumors. As shown
in Figure 3A, because the synthesized Fe3O4 contains Fe

2+, the
Fenton reaction catalyzed by it can produce a large amount
of cytotoxic ·OH. The solution will change from colorless to
blue because ·OH can have a significant color reaction with

TMB (Wu et al., 2019). The solution after the reaction has
a maximum absorption peak at 651 nm, further proving the
formation of ·OH in the Fenton reaction (Dong et al., 2019;
Wu et al., 2019). However, without of Fe3O4, no absorption
peak was detected of H2O2 and TMB mixed solution. Owing
to the reducibility of the amino group, the PDA could prevent
the oxidization of Fe3O4 and thus support the long-term Fenton
reactions (Zeng et al., 2018). Therefore, after adding 1 mg/mL of
Fe3O4@MSN, Fe3O4@MSN@PDA, and FMPBs to the solution
for 1min, the absorbance of Fe3O4@MSN@PDA was the largest
(Figure 3A). In addition, at the same material concentration,
the Fenton reaction rate of the material coated with PDA is
greater than that without the PDA coating (Figure 3B). This
further proves the role of PDA in promoting the Fenton
response. We also examined the influence of H2O2 on the Fenton
reaction (Figure 3C). As the H2O2 concentration increases,
the rate of Fenton reaction also increases. Further, with the
increase of FMPB concentration, the Fenton reaction rate is
faster (Figure 3D). Besides, the temperature and the acidic
environment simulating the TME environment can also promote
the production of ·OH. As shown in Figure 3E, the absorbance
of FMPBs/TMB/H2O2 solution at 651 nm at 50◦C increases
faster than 25◦C. The inserted photograph also proves that the
higher temperature solution is darker in its color. Similarly,
the absorbance value of the solution increases faster in an
acidic environment with a pH of 6.4 (Figure 3F). All of these
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FIGURE 4 | (A) UV-Vis-NIR spectra of FMPBs with different concentrations; (B) the concentration-dependent temperature curve of FMPBs dispersion during the

irradiation of 808-nm laser for 500 s (power density: 1 W/cm2); (C) corresponding thermal imaging of (B); (D) recycling heating profiles of FMPBs; (E) power

density-dependent temperature curve of 1 mg/mL FMPBs during 500 s of 808-nm laser irradiation; (F) corresponding thermal imaging of (E); (G) time constant of

FMPBs heat transfer under laser irradiation; (H) steady-state heating curves of FMPBs and distilled water; (I) photothermal conversion profiles of FMPBs dispersed in

water after 15 days.

experiments show that the synthesized FMPBs have a good effect
in the Fenton reaction and provide good prospects for the TME-
specific CDT of tumors.

Photothermal Conversion Performance
Many studies have shown that PDA with good biocompatibility
and adhesion can effectively absorb NIR lasers (Maziukiewicz
et al., 2019; Tiwari et al., 2019) and efficiently transform light into
heat (Liu et al., 2014; Lin et al., 2018; Chen et al., 2019). Therefore,
we studied the light absorption behavior of FMPBs to determine
their photothermal conversion ability for PTT of tumors
(Maziukiewicz et al., 2019). In the NIR region, FMPBs show
absorption of light, and the absorption increases with increasing
material concentration (Figure 4A). To study the photothermal
properties of FMPBs, we select 808-nm laser to irradiate FMPBs
with different concentrations. It was found that the heating rate

of the solution increased as the concentration of the FMPBs
solution increased. When the concentration of FMPBs is 0.25,
0.5, and 1 mg/mL respectively, the temperature of nanomaterials
increases rapidly at 10◦, 12.5◦, and 22◦C under laser irradiation
in 500 s (Figure 4B). However, when the material concentration
drops to 0, the temperature change is not obvious. We then
collected the temperature corresponding photographs of the
infrared thermal image, which further provide the evidence
of the temperature change of FMPBs (Figure 4C). When the
concentration of FMPBs in the solution is 1 mg/mL, the 1T
was 3◦, 10◦, 17◦, and 23◦C when the laser intensity was 0.2,
0.5, 0.8, and 1.0 W/cm2, respectively (Figure 4E). Figure 4F
further provides evidence of temperature changes. We further
investigated the photothermal stability of FMPBs. After five
NIR laser on/off cycles, there is no significant difference in 1T,
which proves that FMPBs have a good photothermal stability
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FIGURE 5 | (A) Cell viability after incubating HT29 cells with different concentrations of FMPBs for 48 h; (B) hemolytic ratio of FMPBs with different concentrations; (C)

the staining morphology of HT29 cells treated with different concentrations of FMPBs, corresponding to (A); (D) digital images of centrifuged mRBCs incubated with

different concentrations of FMPBs: (1) water, (2) PBS, (3) 0.5 mg/mL, (4) 1 mg/mL, (5) 1.5 mg/mL, and (6) 2 mg/mL.
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FIGURE 6 | (A) Drug loading efficiency of 1 mg/mL FMPBs at different DOX concentrations; (B) in vitro drug DOX release curve of FMPBs in buffer solutions with

different temperature/pH; (C) cell viability of HT29 cells after different therapy (* with H2O2 in DMEM); (D) digital images of live or dead HT29 cells corresponding to

(C): (1 and 2) control, (3) DOX@FMPBs, (4) FMPBs + H2O2, (5) FMPBs + NIR, (6) DOX@FMPBs + H2O2 + NIR.

(Figure 4D). Using 808-nm laser with a power density of 0.8
W/cm2, the heating transfer time was calculated to be 257.7 s
(Figure 4G), and the photothermal conversion efficiency was
26.8% (Figure 4H). Interestingly, the temperature of FMPBs
stored at room temperature for 15 days with low-power laser
(0.8 W/cm2) irradiation still increased by 13◦C within 10min,
showing that the material still has good photothermal efficiency
after being left for a long time (Figure 4I).

In vitro Cytocompatibility Examination and
Hemocompatibility
We investigated the biocompatibility of FMPBs. As shown in
Figure 5A, HT29 was incubated with 0.25 mg/mL FMPBs for
48 h, and its cell viability was 99.12% ± 0.79%. When the
concentration of FMPBs increased to 1 mg/mL, the cell viability
reached 95.65 ± 1.44%. Figure 5C is the photograph of cell
morphology after coincubation corroborating the cell viability
assay, which indicates that FMPBs have good biocompatibility.
Then, the hemolysis experiment was performed to further
evaluate the safety of FMPBs in the clinical application. In this

experiment, the hemolysis rate of mRBCs treated with water and
PBS was set as 100 and 0%, respectively. As can be seen from
the Figure 5B, with different concentrations of FMPBs, the HP
is 2.73 ± 0.15%, 2.87 ± 0.21%, 2.85 ± 0.23%, and 3.12 ± 0.21%
when FMPB concentrations are 0.5, 1.0, 1.5, and 2.0 mg/mL,
respectively. The result of HPs is all less than 5%, indicating that
the FMPBs have good blood compatibility. The mRBCs after the
centrifugation (Figure 5D) further prove the above conclusion.

Drug Loading and Release
The porous structure of FMPBs can be used to encapsulate
various drug molecules, such as DOX. By dispersing FMPBs
and DOX in water, this simple method also easily loads
drug molecules into the pores of the material. The drug
loading efficiency of nanoparticles was studied. When the drug
concentration increased from 0.1 to 1 mg/mL, the loading
efficiency of DOX increased from 14.17 ± 7.59% to 79.31 ±

0.003% (Figure 6A). Meanwhile, the drug loading percentage
was calculated. As can be seen from Figure S9, as the DOX
concentration continuously increased from 100µg/mL to 1
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mg/mL, the drug loading percentage increased from 1.28 ±

0.006% to 39.65 ± 1.56%. According to the results of the above
experiments, 1 mg/mL DOX and 1 mg/mL FMPBs were selected
to achieve the optimal loading concentration of nanoparticles.

In the study of the pH and temperature-responsive drug
release, it was found that the rate of drug release in acidic
solutions (pH 6.4) is greater than that in neutral solutions (pH
7.4, Figure 6B). Similarly, the rate of drug release in a solution
with a temperature of 47◦C is greater than a temperature of
37◦C, and the drug release rate increases significantly to 51.8
± 0.1% at 47◦C. In the normal cell environment (pH 7.4,
T = 37◦C), the percentage of DOX released was 36 ± 1.5%
(48 h), whereas the percentage of DOX released in the acidic
environment was 44 ± 1.4%. The pH response of the FMPB
experiment can be considered to the better solubility of the drug
in an acidic environment. The temperature response is because
the higher temperature increases the thermal motion of the DOX
molecule. The DOX release kinetics that relies on the NIR/pH
makes FMPBs provide it with a good opportunity to enhance
tumor chemotherapy.

In vitro Tumor Therapy
To investigate the in vitro tumor therapy of FMPBs, we validated
the influence of DOX@FMPBs on the viability of HT29 cells
in vitro (Figures 6C,D). To mimic the endogenous redox and
acid nature of TME, H2O2 (the final concentration of 10mM)
and HCl (the final pH of 6.4) were added in the DMEM. The
concentration of FMPBs was 0.25 mg/mL in all the experiments.
As can be seen from Figure 6C, the viability of HT29 cells
treated with DOX@FMPBs decreased to 3.95 ± 1.89% after
24 h, indicating that DOX has released from FMPBs in vitro.
After incubating with FMPBs and H2O2, the viability of HT29
cells decreased to 3.84 ± 1.14% after 24 h, showing that the
FMPBs have reacted with H2O2 and produced ·OH to kill tumor
cells. With laser irradiation (1 W/cm2, 5min), the viability of
HT29 cells was 41.53 ± 2.37%, while combined with CDT,
PTT, and chemotherapy, all of the HT29 cells had been killed.
Figure 6D further supports the cell-killing outcome, where the
living cells showing green fluorescence and dead cells are red.
These experiments indicate that the FMPBs have an obvious in
vitro tumor CDT, PTT, and chemotherapy capability.

CONCLUSIONS

In summary, FMPB nanomaterials with high biocompatibility
and good magnetic properties were synthesized by a layer-
by-layer coating of Fe3O4. It was found that FMPBs gave a

photothermal efficiency of 26.8% and a drug loading efficiency
of 79.31 ± 0.003%. PDA was found to play a key role in the
entire nanoparticle formation. The high photothermal capability
of the nanoparticles not only achieves the heat-induced release
by irradiating drug-loaded FMPBs, but also kills tumor cells by
increasing the temperature. Meanwhile, the reducibility of the
PDA can be utilized to reduce the Fe3+ in the Fenton reaction
to Fe2+. The produced Fe2+ can react with H2O2 in TME and
release ·OH to kill tumor cells. Therefore, the structural feature
of MSN, the photothermal and the reducibility characteristics of
PDA, and the biocompatibility of BSA are integrated into the
one nanomaterial, which is anticipated to further promote the
development of the precise cancer treatment.
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Nanomaterials are increasingly valued tools in drug delivery research as they offer

enhanced stability, controlled release and more effective drug encapsulation. Though

yet to be introduced in clinical trial, mesoporous silica nanoparticles are promising

delivery systems, due to their high chemical and mechanical stability while remaining

biodegradable. This work provides proof of concept for particle based vaccines as

cost-effective alternatives for dendritic cell immunotherapy. Synthesis and surface

chemistry of the nanoparticles are optimized for protein conjugation and nanoparticles

are characterized for their physicochemical properties and biodegradation. Ovalbumin

is used as a model protein to load nanoparticles to produce a nanovaccine. The

vaccine is tested in vitro on dendritic cultures to verify particle and vaccine uptake,

toxicity, maturation effects and explicitly ovalbumin cross-presentation on MHC class

I molecules. The optimized synthesis protocol renders reproducible mesoporous silica

nanoparticles, resistant against agglomeration, within the required size range and

have carboxylic surface functionalization necessary for protein conjugation. They are

biodegradable over a time span of 1 week. This period is adjustable by changing

synthesis parameters. UV sterilization of the particles does not induce quality loss,

nor does it have toxic effects on cells. Treatment with mesoporous silica nanoparticles

increases expression of MHC and costimulatory molecules of dendritic cells, indicating

an adjuvant effect of nanoparticles on the adaptive immune system. Nanovaccine uptake

and cross-presentation of ovalbumin are observed and the latter is increased when

delivered by nanoparticles as compared to control conditions. This confirms the large

potential of mesoporous silica nanoparticle based vaccines to replace dendritic-based

active specific immunotherapy, offering a more standardized production process and

higher efficacy.
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1. INTRODUCTION

Cancer is a leading cause of morbidity and mortality with
∼18 million new cases and 9.6 million cancer-related deaths
worldwide in 2018. The number of new cases is expected to rise
globally by 70% over the next decade according to the world
health organization. Immunogenic tumors, such as breast and
prostate cancer are among the leading cancer types in terms of
the number of new cases, with 2.1 and 1.3 million diagnoses in
2018, respectively (IARC, 2018). Additionally, cancer is known to
be a costly illness to the patient and the overall health care system.

Over the past decades, the role of the immune system in
the development and maintenance of tumors was unraveled
(Van Gool, 2015). On this basis, cancer immunotherapy emerged
as an innovative treatment for immunogenic tumors. It intents to
activate or stimulate components of the immune system against
the tumor, while minimizing off-target effects as compared to
agents that directly kill cancer cells, such as chemotherapy.
A plethora of immunotherapeutic approaches is available, but
the general goal of immunotherapy is to destroy remaining
cancer cells and prevent tumor regrowth (Van Gool, 2015; Riley
et al., 2019). One particularly promising approach is active
specific immunotherapy based on autologous dendritic cells
(DCs) loaded with autologous tumor lysate. DC vaccination is
nowadays combined with standard treatment in Phase II and
Phase III clinical trials for the treatment of immunogenic tumors,
such as prostate cancer, ovarian cancer, glioblastoma, among
others. It was demonstrated that these vaccines are safe, elicit
an anti-tumor immune response and control tumor growth
(Van Gool and De Vleeschouwer, 2012; Dejaegher et al., 2014;
Galluzzi et al., 2014; Makkouk andWeiner, 2015). Unfortunately,
these responses did not significantly improve subsequent clinical
outcomes. Reintroducing DCs from the ex vivo cell culture into
the immunosuppressive environment of the patient probably
affects their viability and functionality (Le Gall et al., 2018).
Therefore, an effort should be made to increase the efficacy of
the vaccine to obtain higher long term survival rates. Moreover,
the small-scale production process of DC-based vaccines is
expensive, with an estimated cost of 20,500 euros per patient
(Van de Velde et al., 2014; Le Gall et al., 2018). One solution is the
development of an off-the-shelf, universal drug delivery system
(DDS) that carries tumor lysate and immunomodulatory agents
to target DCs in vivo.

The development of DDSs is a research field of all times.
The need for more efficient encapsulation and controlled-
release technologies increased, due to the development of new
drugs often with poorer stability in biological environments,
higher dose sensitivities and larger molecular sizes (Barbé
et al., 2004). In the drug delivery research field, nanoparticles
(NPs) have been a hot topic for almost 20 years due to their
quantum mechanical properties, high surface to volume ratio
and therefore relatively large functional surface to bind and
carry drugs or probes (De Jong and Brom, 2008). NPs come
in all shapes and sizes, but not all of them are suitable for
(bio)medical applications. Specifically considering drug delivery,
biocompatibility or biodegradability of the NPs is required to
release their cargo at the targeted site and reduce or eliminate

potential risks. The majority of research on NP-based DDSs
focuses therefore mostly on liposomes, micelles and polymeric
particles. The NP-based DDS can be specifically chosen and
optimized depending on the drug, route of administration and
desired pharmacokinetics. Liposomes consist of a lipid bilayer,
which is also an important component of the cell membrane.
Therefore, research on this type of particles began and developed
very early (Delves, 1998). Micelles offer a relatively simple
synthesis procedure, as they are formed through self assembly
of amphiphilic molecules at a critical micelle concentration
(Marasini et al., 2017; Mitra et al., 2017). Liposomes and micelles
gained large interest as DDS because they enable encapsulation
and delivery of hydrophilic and hydrophobic agents, increasing
the bioavailability of these agents. Less favorable properties of
these DDS include limited shelf life and administration route
due to poor chemical and mechanical stability. In addition,
designing these types of particles is more difficult (Barbé et al.,
2004). Polymeric particles, partially overcome these limitations
and can be categorized in natural and synthetic polymeric NPs.
Potential antigenicity and poor batch-to-batch reproducibility
are an impediment to the use of natural polymeric NPs
(Reverchon et al., 2012; Andronescu and Grumezscu, 2017). On
the other hand, synthetic polymers release acidic byproducts
during degradation, raising a toxicity issue (Liechty et al.,
2010). In comparison to other types of NPs, mesoporous
silica nanoparticles (MSNPs) show large potential. Silica is
already an additive in medical formulations. In addition, these
particles offer biocompatibility and biodegradability, relatively
high chemical and mechanical stability, a variety of surface
functionalization due to abundant silanol groups and a simple
synthesis procedure which can easily be upscaled to industrial
applications (Seré et al., 2018).

In this work, proof of concept is provided for the use of
biodegradable MSNPs as a carrier of (tumor)proteins as an
alternative for DC immunotherapy. We report the relatively
simple one pot synthesis of carboxylic functionalized MSNPs.
In a first stage, the synthesis procedure is reassessed and
optimized. The effect of the washing alcohol on the functional
groups, the optimal amount of carboxylation and the optimal
silica precursor were studied by complete characterization
and biodegradation. From these studies, the optimal synthesis
procedure was determined significantly lowering the cost of the
vaccine production. The selected particles were then conjugated
with proteins and used for in vitro stimulation of DCs. Besides
being a good cost-effective alternative, another strong feature of
this NP-based vaccine is the ability to load the particles with
immunomodulatory agents to amplify the immune stimulating
effects and increase the efficacy of the vaccine.

2. EXPERIMENTAL SECTION

2.1. MSNP Synthesis and Characterization
This work is a refinement of our previously reported MSNP
synthesis procedure (Seré et al., 2018). Therefore, the influence
of different silica precursors and dialysis alcohols was assessed,
and NPs with different functional groups were produced as a
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TABLE 1 | MSNPs examined in this work.

Sample Functional groups Precursor Alcohol

MSNP-OH None TEOS TBA

MSNP-NH2 Amine TEOS TBA

MSNP-COOH-l Carboxyl 0.075 mmol TEOS TBA

MSNP-COOH-m Carboxyl 0.15 mmol TEOS TBA

MSNP-COOH-h Carboxyl 0.30 mmol TEOS TBA

MSNP-OH* None TPOS TBA

MSNP-COOH* Carboxyl 0.15 mmol TPOS TBA

MSNP-COOH** Carboxyl 0.15 mmol TEOS EtOH

*refers to the type of silica precursor used. Samples with * were produced using TPOS in

stead of TEOS. **represents particles washed with ethanol in stead of tert-butyl alcohol.

reference for characterization.Table 1 lists the examined particles
in this work.

First, 0.5 g hexadecyltrimethylammonium bromide (CTAB,
acros organics) and 0.4 g triethanolamine (TEA, acros organics)
were dissolved in 60 mL ultrapure water. The solution was
heated to 80◦C and 2.75 mmol tetraethoxysilane (TEOS, Sigma-
Aldrich) or tetrapropyl orthosilicate (TPOS, Sigma-Aldrich)
was added while continuously stirring. Next, the mixture
was stirred for 24 h to achieve a colloidal state. The NPs
were either functionalized with amine or carboxylic surface
functionalization, or they were washed without further surface
modifications. The carboxylic surface functionalization was
performed adding 0.13 mmol extra silica precursor (TEOS or
TPOS) and 0.15 mmol carboxyethylsilanetriol (CES, Gelest) in
case of standard (medium) carboxylation, denoted as MSNP-
COOH or MSNP-COOH-m. In this work, the amount of CES
was varied. Particles with a low amount of CES (0.075 mmol)
or high amount (0.30 mmol) are denoted as MSNP-COOH-
l and MSNP-COOH-h, respectively. CES provides the desired
functionalization and additional silica precursor stabilizes the
incorporation of carboxyl groups on the particle surface. The
structural differences between CES and TEOS/TPOS causes faster
hydrolysis and condensation of CES on the particle surface,
resulting in an unstable surface chemistry. Therefore, CES was
added 20 min after the silica precursor in order to have both
substances condensate on the NP core simultaneously. Amine
functionalized particles were produced by adding 0.13 mmol
silica precursor and 0.13 mmol (3-aminopropyl) triethoxysilane
(APTES, Sigma-Aldrich). For both functionalization types, the
mixture was stirred for another 24 h at 80◦C. After NP synthesis,
the CTAB template was removed by dialysis (dialysis tubing
membrane 14 kDa molecular weight cut off (MWCO), Sigma-
Aldrich) of the NPs in 250 mL ultrapure water, 280 mL tert-butyl
alcohol (TBA), or 280 mL ethanol (MSNP-COOH**) and 2.5 M
aqueous acetic acid solution (Sigma-Aldrich) whilst vigorously
stirring. Two different washing alcohols were tested to verify their
influence on the carboxylic surface functionalization in acidic
conditions. This mixture was refreshed five times after 12 h,
afterwards replaced by ultrapure water and refreshed another five
times until a neutral pH was reached.

The NP concentration was determined by centrifuging 1
mL MSNP solution for 10 min at 12,000 rcf to precipitate the

particles. The sample was frozen and defrosted to destabilize
the remaining particles in solution, and centrifuged again.
Afterwards, the supernatant was removed and the precipitate
was freeze dried under vacuum for 2 days (Alpha 1–4 LSC,
Martin Christ). The dry particles were weighed to determine the
concentration per milliliter.

Finally the MSNPs were fully characterized by a variety
of techniques. The surface chemistry was determined with
thermogravimetric analysis (TGA, STA 449 F1 Netzsch), Fourier
transform infrared spectroscopy (FTIR, FTIR spectrometer
Vertex 80v Bruker) and zeta potential (WALLIS zeta potential
analyzer, Cordouan Technologies) measurements in function of
the pH of the solution. Transmission electron microscopy (TEM,
ARM200F JEOL) was performed at 200 keV after drying 10
µL of NP solution on a holey carbon-coated copper grid (Agar
Scientific) under ambient conditions. The images were afterwards
analyzed with ImageJ (Schneider et al., 2012), at least 100 NPs
were taken into account to determine the core diameter.

2.2. Biodegradation of MSNPs and
Spectrophotometric Determination of
Silicate With Molybdenum Blue
The biodegradation procedure and analysis were based on
our previous work (Seré et al., 2018). In order to verify the
degradation of particles in the administration fluid for patients,
the degradability was examined in saline solution in stead of PBS.
The set-up remained similar, 6 mL of NPs was transferred to a
dialysis membrane (dialysis tubing membrane 7 kDa MWCO,
Sigma-Aldrich) and dialyzed against 100 mL 0.9% sodium
chloride. In the first stage of degradation, a sample was taken
every hour and the saline solution was refreshed to prevent
concentration built-up of silicates [Si(OH)4]. Gradually the time
intervals prolonged as the degradation speed has been shown to
decrease with increasing time (Seré et al., 2018).

The spectrophotometric determination of the amount of
silicates and subsequent analysis was performed as described
earlier (Seré et al., 2018).

2.3. Conjugation of MSNP With OVA and
FITC
To prepare the nanovaccine, carboxylic functionalized
MSNPs (MSNP-COOH) underwent standard carbodiimide
cross linking chemistry using N-hydroxysulfosuccinimide
(sulfo-NHS, Thermo Fisher) and N-(3-Dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloric acid (EDC, Sigma-Aldrich).
For this, an activation mixture of 50 mM buffer 2-
(N-morpholino)ethanesulfonic acid sodium salt (MES,
Sigma-Aldrich), 50 mM sulfo-NHS and 25 mM EDC was
prepared in ultrapure water. After adding the particles to the
activation mixture at an end concentration of 1 mg/mL, they
were left to react on a rotary wheel for 10–15 min. Next, 2
mg/mL OVA (Sigma-Aldrich) was added, and the mixture was
left to react for 1 h while rotating. The conjugated particles
(MSNP-COOH-OVA) were either immediately added to a
DC culture, or ultrafiltrated (vivaspin 2 10000 MWCO PES
VS0201, VWR) in case they were stored overnight to separate the
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activation mixture from the nanovaccine. The vivaspin filtration
membranes were washed 3 times before use with 2 mL ultrapure
water and centrifugation at 1,000 g for 3 min. After filtration, the
MSNP-COOH-OVA residue was recovered by resuspension in 1
mL ultrapure water and reverse spinning it into the recovery cap.
Finally, the vaccine was administered to DCs at a concentration
of 100 µg MSNPs and 200 µg OVA per million cells.

The NP uptake by DCs was investigated by labeling
the MSNPs with 5-(aminoacetamido)fluorescein (fluoresceinyl
glycine amide) (FITC, Thermo Fisher) using the same sulfo-NHS,
EDC chemistry. FITC was added after activation of the carboxyl
groups at a concentration of 0.25 mM and left on the rotary
wheel for 1 h. Afterwards, the excess of FITC was separated from
the labeled MSNPs (MSNP-COOH-FITC) using ultrafiltration as
discussed in previous paragraph.

2.4. DC Generation and Culturing
The generation and maintenance of bone marrow derived
DCs were based on the protocol of Belmans et al. (2017).
First, DC culture medium was prepared using RPMI-1640
medium (Thermo Fisher), 10% FCS (Thermo Fisher), L-
glutamine (Thermo Fisher), pen/strep (Thermo Fisher), 50
µM β-mercaptoethanol (Sigma), and 20 ng/mL granulocyte-
macrophage colony-stimulating factor (GM-CSF, Peprotech).
Bone marrow was collected from the femur and tibia of 8–10
weeks old female C57BL/6J mice (envigo). The bone marrow was
flushed with PBS, the progenitor cells were counted (ABXMicros
60, Horiba) and finally cultured at one million cells per mL DC
medium. The medium was refreshed on the third and fifth day of
the culture. On the sixth and seventh day, the cells were prepared
for confocal microscopy and flow cytometry, respectively.

2.5. Confocal Microscopy Staining
On the sixth day of the culture, immature DCs (iDCs) were
collected, counted, and seeded onto coverslips. After 24 h of
incubation, on day 7, DCs were treated with MSNP-COOH-
FITC. Both iDCs (untreated) and mature DCs (mDCs) were
used as control groups. The latter were treated with 1 µg/mL
Escherichia coli lipopolysaccharide (LPS, Sigma-Aldrich). The
cells were incubated for another 24 h before staining. They were
then washed three times with PBS and incubated at 4◦C for
10 min with fragment, crystallizable receptor blocker (FC-block,
Anti-Mouse CD16/CD32 clone 93, ebioscience). Subsequently,
the cells were further incubated at 4◦C for 30 min while stained
forMHC class I (H-2Kb-PE-Cy7 clone AF6-88.5.5.3, ebioscience).
DCs underwent another washing procedure with PBS, were
then fixed for 20 min at room temperature, followed by a final
wash. Confocal microscopy images were analyzed using Fiji
after recording on a Zeiss LSM 880—Airyscan (Cell and Tissue
Imaging Cluster, KU Leuven) (Schindelin et al., 2012).

2.6. Flow Cytometry Staining
On the seventh day of the culture, DCs were treated withMSNPs,
OVA, or MSNP-COOH-OVA. After 90 min incubation at 37◦C,
treated DCs were matured with LPS. iDCs and mDCs were
used as control groups. After 24 h, the cells were collected and
stained. The flow cytometry panel was based on the work of

TABLE 2 | Murine DC antibodies used in this work.

Antigen Fluorochrome Clone Supplier

CD11c Allophycocyanin N418 eBioscience

CD80 PE-Cy7 16-10A1 eBiosciene

CD86 PE-Cy7 GL1 BD Bioscience

MHC-I (H-2Kb) PE-Cy7 AF6-88.5.5.3 eBioscience

MHC-II (I-A/I-E) PE-Cy7 M5/114.15.2 eBioscience

CD40 PE-Cy7 3/23 BioLegend

SIINFEKL/H-2Kb PE eBio25-D1.16 eBioscience

Baert et al. (2016) CD11c is typically highly expressed by DCs,
an anti-CD11C mAb was therefore used to distinguish DCs from
other cells in our samples. Fixable Viability Dye (FVD eFluor
506) was used to exclude dead cells from the data sets. This
dye penetrates the compromised cell membranes of dead DCs
and reacts with intracellular proteins. Costimulary molecules
(CD40, CD86, CD80) and MHC class I and II molecules were
stained as maturation markers. In addition, cells were stained
for SIINFEKL/H-2Kb interaction. This mAb marked cross-
presentation of the OVA257−264 octapeptide SIINFEKL on MHC
class I molecules. The used clones are listed in Table 2. Finally,
flow cytometry was performed using a LSR Fortessa Analyzer
(BD Biosciences) and analyzed with FlowJo software (Tree Star).
The gating strategy is included in the Supplementary Figure 2.

3. RESULTS AND DISCUSSION

3.1. MSNP Characterization and
Optimization
A limited number of attempts have been made to produce
carboxyl functionalized MSNPs in a one-pot process (Han et al.,
2007; Kozlova and Kirik, 2010; Gu et al., 2013). Most groups
report a complex post-synthesis process consisting of multiple
steps (Yang et al., 2003; Chen et al., 2011; Han et al., 2011;
Soo et al., 2019). To obtain a cost-effective alternative, we
developed a simple one-pot wet chemistry process which is
scalable to produce industrial quantities. The optimization of
the protocol consisted of complete characterization, followed
by improvements of experimental parameters, such as washing
alcohol, functionalization precursor, and silica precursor.

3.1.1. Effect of the Washing Alcohol
In a first stage, the influence of the washing alcohol on
carboxylic surface functionalization in acidic conditions was
assessed. In previous work, ethanol was used to remove the
structure directing agent (Yamada et al., 2012; Seré et al., 2018).
Inefficient protein conjugation with these particles suggested
Fischer esterification of the carboxyl groups when the template
was removed with ethanol (Master Organic Chemistry LLC,
2020). To prevent this reaction, NPs were washed with TBA
instead. TBA offers more steric hindrance, inhibiting the
electrophilic carbon of the carboxylic acid to attack the alcohol.
It is therefore less reactive than ethanol. Functionalization of
these particles was first assessed with FTIR represented in
Figure 1. Non-functionalized particles (MSNP-OH, blue curve)
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FIGURE 1 | FTIR spectra of non-functionalized MSNPs (MSNP-OH, blue), and

carboxy-MSNPs washed with TBA (MSNP-COOH, red) or ethanol

(MSNP-COOH**, orange). The characteristic absorption bands for carboxylic

functionalization are visible in the TBA washed samples, to a lesser extend in

the ethanol washed samples. Non functionalized particles did not show these

characteristic bands.

show absorption bands at 480 cm−1 corresponding to O–Si–
O bending, 800 cm−1 for Si-O bending, 950 cm−1 for SiO-
H bending, in the range of 1,000–1,200 cm−1 for Si–O–Si
stretching and a broad band around 3,500 cm−1 for SiO–
H stretching. The band at 1,640 cm−1 is probably due to
scissor bending vibrations of molecular water. Coating the
particle surface with carboxyl groups, introduces additional
bands at 1,720 cm−1 corresponding with the C=O stretch and
1,420 cm−1 which corresponds to the C–O stretch. The latter
band is slightly visible in the FTIR spectrum of TBA washed
particles (MSNP-COOH, red curve in Figure 1), but not present
for ethanol washed particles (MSNP-COOH**, orange). Other
infrared absorption bands characteristic for carboxyl groups,
such as the O–H and C–H stretching band at 3,500 cm−1 and
the O–H bending at 950 cm−1, overlap with the spectrum for
non-functionalized particles.

In essence, the FTIR spectra gave a first indication of
successful carboxylic functionalization of MSNPs, especially for
TBA washed MSNPs. The distinctive absorption bands for
carboxyl groups are less abundant for ethanol washed particles,
confirming the Fisher esterification hypothesis. It was therefore
decided to use TBA during template removal.

SAXS and TEM analysis confirmed the mesoporous structure
(Supplementary Figure 1 and Figure 5). Zeta potential and
TGA were performed for aforementioned samples and amine
functionalized particles (MSNP-NH2) in order to assess
the grafted functional groups. Figure 2A, shows the zeta
potential as a function of pH for MSNPs with different surface
functionalization. The shape of the curve confirms successful
carboxylic surface functionalization. As a reference, the
isoelectric point (IEP) is considered. Non-functionalized MSNPs
have an IEP at a pH value of 3.5. This value shifts to 6.7 for
MSNP-NH2, due to the change of surface charge. MSNP-COOH
show no IEP as the zeta potential of these samples is negative
over the complete pH range, confirming efficient carboxylic
surface functionalization. Following the same reasoning, the

shift of MSNP-COOH toward lower zeta potential values in the
higher pH range suggests more carboxyl groups as compared to
ethanol washed particles (MSNP-COOH**).

TGA decomposition profiles give a quantitative indication
of the functional groups and were normalized to the weight
of dry samples. This weight was set at 150◦C, after removal
of impurities and adsorbed moisture (Musso et al., 2015).
Three regions can be observed for samples with functional
groups and each can be ascribed to a certain surface chemistry
(Gallas et al., 2009; Kozlova and Kirik, 2010; Musso et al.,
2015). The first region from 150 to 370◦C for carboxylated
MSNPs and from 150 to 500◦C for MSNP-NH2, is attributed
to the loss of silanol groups. The decomposition profile of
carboxylated MSNPs shows a plateau before going into the
second region ranging from 440 to 700◦C. This steep decline
is ascribed to the carboxylic surface functionalization. Amine
functionalized MSNPs show a steep slope in the range from
500 to 700◦C, representing amine functionalization. The gradual
weight loss when increasing the temperature beyond 700◦C is
ascribed to further dehyroxylation. The TGA curves in Figure 2B
demonstrate that the particles are grafted with carboxyl groups.
The curves of carboxylated MSNP coincide for both washing
methods in the first region, indicating an equal amount of silanol
groups. In the second region, which represents the carboxylic
surface functionalization, the TBA washed particles (MSNP-
COOH) show slightly more weight-loss than ethanol washed
particles (MSNP-COOH**). This confirms a higher amount of
carboxyl groups, supporting the esterification hypothesis for
ethanol washed particles.

The particles were degraded in 0.9% NaCl solution and
molybdenum blue chemistry was used to assess the degradation
kinetics shown in Figure 3. The results indicate that degradation
occurs fastest for amine functionalized particles (green curve),
followed by non-functionalized (blue curve) and carboxylated
particles (orange and red curve). It has been shown that the
negatively charged ions of a medium are the main mediators
for particle degradation (Seré et al., 2018). The fast degradation
for amine functionalized MSNPs can therefore be ascribed to
the attractive electrostatic interactions between the degrading
ions and the positively charged particles. Both silanol groups
of non-functionalized particles as well as carboxyl groups of
carboxy-MSNP, repel the negative ions. Due to the larger negative
potential of carboxylated MSNPs, repulsion is higher and
degradation therefore slower as compared to non-functionalized
particles. As for the particles produced with different template
removing alcohols, TBA washed particles (MSNP-COOH, red
curve) degrade slower than ethanol washed particles (MSNP-
COOH**, orange curve). Data in Figure 2A show that ethanol
washed particles have lower absolute zeta potential values,
suggesting a decreased ability to repel the degrading ions and
resulting in faster degradation.

Based on these results, we conclude that the washing
procedure has an impact on the surface functionalization.
In addition, TBA washed particles degrade slightly slower,
increasing their availability for DCs. We therefore selected TBA
as the better washing alcohol for further NP production in
this work.
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FIGURE 2 | (A) Zeta potential as a function of pH for MSNP-OH (blue), MSNP-NH2 (green), MSNP-COOH (red), and MSNP-COOH** (orange). The first IEP occurs for

MSNP-OH in the lower pH region, followed by MSNP-NH2 in at high pH values. MSNP-COOH have a negative potential over the complete pH range and therefore do

not show an IEP. The shift of the curve offers a first indication of the surface functionalization. (B) TGA decomposition profiles for MSNP-OH (blue), MSNP-NH2

(green), MSNP-COOH (red), and MSNP-COOH**(orange). The first temperature window of the decomposition curves is attributed to the loss of silanol groups,

followed by the range characteristic for the functional groups. These are 440–700 and 500–700◦C for MSNP-COOH and MSNP-NH2, respectively.

FIGURE 3 | Degradation kinetics for MSNP-OH (blue), MSNP-NH2 (green),

MSNP-COOH (red), and MSNP-COOH** (orange). Fast degradation of

MSNP-NH2 is due to the attractive electrostatic interaction of the particle with

the degrading ions. MSNP-OH and carboxy-MSNP both repel the negatively

charged ions of the solution. However, carboxy-MSNP have a larger negative

potential and will therefore degrade slower. Finally, the zeta potential is more

negative for TBA washed carboxy-MSNPs (MSNP-COOH), as compared to

ethanol washed carboxy-MSNPs (MSNP-COOH**), causing slower

degradation of MSNP-COOH.

3.1.2. Optimal Carboxylation
After improving the washing procedure, the optimal amount
of CES for carboxylation was determined. Carboxylic surface
functionalization of mesoporous silica materials using the CES
precursor, has mainly received attention in the catalytic research
field where SBA-15 sieves are functionalized (Han et al., 2007; Tsai
et al., 2009). In addition, it is also used for carboxylic mesoporous

silica coating of superparamagnetic iron oxide NPs (Sharifi et al.,
2013). Other groups produced MSNP-COOH by producing 5-
(Triethoxysilyl)pentanoic acid and incorporating it in a one-pot
synthesis. The silica end of this carboxyl precursor resembles
the TEOS structure more closely but requires another synthesis
step (Feinle et al., 2017). Keeping the industrial scaling and costs
in mind, water soluble CES was used in this work. Traditional
co-condensation might cause the formation of additional silica
entities in the solution, especially when higher amounts are used.
Earlier research could therefore only implement trace amounts
of CES (Gu et al., 2013; Sharifi et al., 2013). Since this work
improved the functionalization route, the optimal carboxylation
was investigated.

MSNP-COOH samples were produced following the standard
protocol and using TBA to remove the CTAB template. The
samples were denoted as MSNP-COOH-l, MSNP-COOH-m,
and MSNP-COOH-h as the amount of CES was varied 0.075,
0.150, and 0.300 mmol, respectively. Figure 4A represents zeta
potential measurements. Incorporating more carboxyl groups
on the particle surface, increases inter-particle repulsion in the
higher pH range (Duffy and Hill, 2011). It results in a higher
zeta potential and more stable NPs. MSNP-COOH-h samples in
Figure 4A (triangle full line) do not follow this expected trend.
The progression of the zeta potential curve deviates, suggesting
saturation of the NP surface when higher amounts of CES are
used during synthesis.

The amount of grafted carboxyl groups was estimated with

TGA. The normalized decomposition profiles are illustrated in

Figure 4B and associated results in Table 3. The first temperature

region from 150 to 370◦C, represents the mass loss due to
silanol groups. MSNP-COOH-l show more mass loss in this
window as compared to the other two samples. The mass loss
due to silanol groups of MSNP-COOH-m and MSNP-COOH-h
samples is equal. This suggests an unsaturated particle surface
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FIGURE 4 | (A) Zeta potential as a function of pH for MSNP-COOH-l, MSNP-COOH-m, and MSNP-COOH-h. NPs are expected to be more stable in the higher pH

range, when more carboxyl groups are incorporated. MSNP-COOH-h do not follow this trend, suggesting surface saturation. (B) TGA decomposition profiles of

MSNP-COOH-l, MSNP-COOH-m, and MSNP-COOH-h. MSNP-COOH-l show more mass loss in the silanol range, as compared to the other two samples. Mass loss

in thisl region is equal for MSNP-COOH-m and MSNP-COOH-h. MSNP-COOH-m and MSNP-COOH-h show equal mass loss in the COOH characteristic window.

Low amount of CES during synthesis renders particles with unsaturated surface. Saturation of the surface occurs (MSNP-COOH-m), and therefore no increase in

functional groups occurs when even more CES is used (MSNP-COOH-h).

TABLE 3 | TGA decomposition of carboxy-MSNPS.

Sample Weight loss silanol Weight loss carboxyl

(150–370◦C) (%) (440–700◦C) (%)

MSNP-COOH-l 1.4 2.6

MSNP-COOH-m 1.0 3.6

MSNP-COOH-h 1.0 3.6

when functionalized with 0.075 mmol CES; while adding 0.15
mmol CES or more, decreases the amount of silanol groups to
a constant value, indicating particle saturation. The same trend
is observed in the temperature range ascribed to the weight loss
of carboxyl groups from 440 to 700◦C. The amount of carboxyl
groups is lower when a low amount of CES (0.075 mmol) is
used. On the other hand, amount of grafted carboxyl groups is
the same for both 0.15 and 0.30 mmol CES. An equal amount
of carboxyl groups suggests saturation of the NP surface, which
occurs due to steric hindrance of the carboxyl groups. Adding
more CES results therefore in the same amount of carboxylic
surface functionalization.

Particles functionalized with 0.15 mmol CES were considered
to be optimal for protein loading, as this amount seems to
saturate the particle surface.

3.1.3. Optimal Silica Precursor
Finally, in search of the optimal particle, two different silica
precursors were examined. TEOS is a well-known and widely
used precursor, a standard in the synthesis of silica NP synthesis
(Rahman and Padavettan, 2012; Wu et al., 2013; Liberman
et al., 2014; Zulfiqar et al., 2016). TPOS is known to render
slightly larger particles and larger size distribution due to a lower

hydrolysis rate during synthesis (Yamada et al., 2012). The size
of TPOS based NPs would still be suitable for passive targeting
of DCs (Yamada et al., 2012). Large particulate systems are
mainly taken up by DCs, then transferred toward the lymph
nodes where they stimulate the CD8+ T-cells. By contrast, smaller
particles are taken up by macrophages in the skin which are
considered to be tissue resident (Manolova et al., 2008). We
therefore aim to produce MSNPs between 20 and 50 nm in this
work. In addition, the system’s diameter increases with 300–500
nm by coating the MSNPs with tumor proteins to produce the
nanovaccine. Therefore, NP monodispersity is not required, as
the conjugation of peptides and proteins causes polydispersity
of the final product. Our hypothesis is that slower hydrolysis
during synthesis could result in more stable particles with regard
to biodegradation, arousing interest in TPOS based particles.

TEOS or TPOS silica precursor (2.75 mmol) were used
during synthesis and both non-functionalized and carboxy-
MSNP were produced for further characterization. Figures 5, 6
show typical TEM images and the size distribution of carboxy-
MSNP produced with TEOS (MSNP-COOH) and TPOS (MSNP-
COOH*), respectively. As expected, TPOS based particles are
larger with an average core diameter of (48 ± 8) nm. The TEOS
precursor rendered smaller particles with an average diameter of
(29 ± 4) nm. In addition, the size distribution of TPOS based
particles is larger.

The MSNPs were characterized using zeta potential, TGA,

and biodegradation experiments. Zeta potential and TGA data

were comparable for TEOS and TPOS based nanoparticles,
for both non-functionalized as well as carboxy-MSNP (data

not shown). Thus, the silica precursor does not influence the
electrochemical stability of the particles in solution, nor does it
affect the surface chemistry. Biodegradation experiments were
performed in 0.9% sodium chloride and results are shown
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FIGURE 5 | Representative TEM images of (A) MSNP-COOH and (B) MSNP-COOH*.

FIGURE 6 | Size distribution MSNP-COOH (TBA washed) and MSNP-COOH* (ethanol washed) based on TEM measurements. The size distribution is narrower when

CTAB templates are washed with TBA during synthesis.

in Figure 7. All MSNPs degraded in saline solution. The
degradation behavior of non-functionalized and carboxylated
MSNPs is in line with aforementioned conclusions. Particles
with carboxylic surface chemistry degrade slower due to the
repulsive interaction with the degrading ions in the medium.
In contrast to our expectations, TEOS based particles degrade
slower than particles synthesized with TPOS comparing particles
with identical functionalization. The degradation curves follow
the same course, but are shifted when TEOS is used for core
synthesis. At a degradation of 50%, the curve is shifted for 12
and 18 h in case of non-functionalized and carboxylated MSNPs,
respectively. The effect of the silica precursor is in contrast to
what is expected from the study of Yamada et al. (2012). Probably,
the synthesis route used in this work, affects the pore and
particle size and hence the biodegradability. Slower degradation
implies more chance of DCs to take up the nanovaccine in the
human body.

The optimal particles for this work were MSNP-COOH,
synthesized with a TEOS precursor, functionalized with 0.15
mmol CES and washed with TBA.

3.2. In vitro Assessment of MSNPs and the
Nanovaccine
3.2.1. Dose-Response Relationship Between MSNPs

and DCs
The first in vitro steps were taken by determining the optimal
MSNP dose to treat and analyze DCs. The dose response
relationship between MSNPs and the viability of DCs is shown
in Figure 8A. The graph was established by culturing DCs and
exposing them to MSNPs. After flow cytometry acquisition, the
viability was determined using an adjustment of the general
gating strategy in Supplementary Figure 2. Single cell selection
(Supplementary Figures 1A,B) was followed by extracting the
CD11c+, FVD− populations in a single gate as represented in
Figure 8B. Control conditions were taken into account with iDCs
(untreated) and mDCs (LPS stimulated). The test conditions
consisted of DCs incubated with: 50, 100, 200, and 400µgMSNPs
per million DCs. Each NP treated DC culture received an LPS
stimulation signal 90 min after the particles were introduced.
Data were pooled from two experiments containing five cultures
per condition.
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The main factors affecting NP cytotoxicity are surface
functionalization, size, and concentration. Although MSNPs are
known to be biocompatible and biodegradable, their cytotoxicity
significantly increased when their concentration increased as
shown in Figure 8. Anova pairwise comparison was used to
determine statistical significance, using iDC and mDC as control
conditions. No significant difference was observed when DCs
were treated with 50 or 100 µg MSNPs per million DCs.
Increasing the quantity of MSNPs significantly decreased DC
viability (***p ≤ 0.001). The threshold toward cytotoxicity for
the NPs in this work was set at 100 µg per million DCs and

FIGURE 7 | Degradation behavior of non-functionalized and carboxy-MSNP,

produced with TEOS and TPOS (*). The shape of the degradation curve is the

same for particles with identical functionalization, regardless the silica

precursor used during synthesis. Curves shifts to the right for TEOS based

particles, indicating slower degradation.

was therefore used as standard for loading DCs. In addition,
the viability of DCs treated with 50 or 100 µg MSNPs was
significantly higher than DCs treated with higher NP doses (not
indicated on graph).

3.2.2. MSNP and Nanovaccine Uptake by DCs
The uptake of particles and nanovaccine by DCs was examined
using confocal microscopy. First, DCs were incubated with
labeled MSNPs (MSNP-FITC), stimulated with LPS and stained
for MHC class I molecules. To gain a better insight in the
uptake process, half of the cells were incubated at 4◦C and the
other half at normal physiological temperatures, i.e., 37◦C. The
results are illustrated in Figure 9. Figures 9A,B show images of
MSNP treated DCs, incubated at 37◦C. The green signal was
attributed to the FITC labeled MSNPs, the red signal to PE-Cy7
labeled MHC class I molecules. Since MHC class I molecules
are membrane molecules, they visualize the cells’ exterior. The
green signal of MSNPs is concentrated inside the red MHC
signal. No particles were observed being attached to the cell
surface, indicating cellular uptake of the MSNPs. In addition,
Figures 9C,D, display the uptake mechanism since these cells
were incubated at different temperatures. It is known that cell
metabolism shuts down at 4◦C (Figure 9C) (De Vleeschouwer
et al., 2005; Belmans et al., 2017). The absence of the greenMSNP
signal, stipulated no particle uptake by DCs. Incubation at 37◦C
on the other hand, did show particle uptake within the same
experiment (Figure 9D). In conclusion this demonstrated that
particle internalization is an active process (ATP dependent) and
not merely NPs penetrating the membrane of DCs. This was an
indication of endocytosis, meaning that particles and transported
proteins enter the cross-presentation pathway.

Nanovaccine uptake, or at least the internalization of the
transported tumor proteins, is of great importance to induce
an anti-tumor immune response. To determine protein uptake

FIGURE 8 | (A) Shows the effect of various doses of MSNPs on the DC viability. iDC and mDC are the control conditions. Blue represents the viability of MSNP

treated DCs. The doses included (from dark to light blue) 50, 100, 200, and 400 µg NPs per million DCs. (B) Pictures the gating strategy to select viable (FVD-) DCs

(CD11c+). Anova multiple comparison was used to determine significance. The viability of DCs decreased significantly when incubated with 200 or 400 µg MSNPs

per million DCs. *p ≤ 0.1, **p ≤ 0.01, and ***p ≤ 0.001 are refers to statistical significance of the data.
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FIGURE 9 | Uptake of MSNPs by DCs. The red signal represents MHC class I molecules at the cell surface. The green signal represents the FITC label on the MSNPs.

(A,B) Demonstrate NP uptake by DCs as the red signal of the cells’ exterior encircles the green signal of the MSNPs. (C,D) Show the uptake of NPs when cells are

incubated at 37 and 4◦C, respectively. When cells are incubated at 4◦C, the cell metabolism in shut down. A lack of green signal in (C), represents no particle uptake.

Therefore, the uptake is a determined to be an active process.

by DCs after treatment with the nanovaccine, MSNPs were
loaded with OVA, Alexa Fluor 488 conjugates (OVA-Alexa).
The same incubation and staining process was followed as for
particle uptake. Confocal microscopy images confirmed uptake
of OVA-Alexa, as shown in Figure 10. The green OVA signal
is observed within the red MHC signal. Moreover, a yellow
overlay of the green OVA signal and the red MHC class I signal
was observed for several cells. This was a first suggestion of
cross-presentation of OVA by DCs. The cross-presentation was
quantitatively determined with flow cytometry.

3.2.3. Nanovaccine Effect on DCs and

Cross-Presentation
In a first stage of these experiments, the effect of MSNPs on
DCs was investigated by incubating the cells with as-synthesized
and UV-sterilized particles. The effect of the nanovaccine was
tested as well by incubating the cells with MSNP-OVA. The
viability and maturation effect on the DCs were examined with
flow cytometry. No significant difference was observed between
the viability of treated DCs and control conditions iDC and

mDC (data not shown). In addition, the sterilized particles were
characterized and no changes were observed before or after
sterilization. These results imply that the sterilization step can be
included for further application as it does not negatively affect
DCs, nor does it affect the quality of the NPs.

After demonstrating particle and vaccine uptake, the

maturation effect of the treatment on DCs was examined.
Figure 11 shows the expression levels of the most important

maturation markers of these cells, which include CD86,
IA/IE, and CD40. MHC class I and CD80 expression levels
were excluded from the data as these levels were high and
comparable for all samples. The complete data can be found
in the Supplementary Figure 3. The results were obtained by
pooling data of six experiments with three cultures per condition
per experiment.

iDCs showed low expression levels for the maturation
markers, as expected (Figure 11, yellow). The immature state
is typically specialized in sampling its environment in vivo.
Increased expression of costimulatory molecules and MHC only
takes place once pathogens are encountered and stimulation
occurs. mDCs thus represented the positive control group for
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FIGURE 10 | Uptake of the model nanovaccine by DCs. The red signal represents MHC class I molecules at the cell surface. The green signal represents the alexa

488 labeled OVA. (A) Confirms nanovaccine uptake. (B) Shows a yellow overlay of the green and red signal, indicating cross presentation of OVA on MHC class I

molecules.

FIGURE 11 | Mean maturation expression levels of DCs are shown. iDCs and mDCs are control conditions, represented in yellow and orange, respectively. The

expression levels of costimulatory and MHC molecules are clearly higher for mDCs. DCs treated with MSNPs (as-synthesized and UV sterilized), are represented in

blue. No significant difference between DCs treated with sterilized and non-sterilized particles was observed. MSNP treated DCs show elevated expression levels of

costimulatory and MHC molecules as compared to iDCs. Albeit the expression was not as high as mature DCs, indicating rather moderate maturation effect of

MSNPs. The expression levels of DCs treated with the nanovaccine and stimulated with LPS are shown in red and are significantly higher than MSNP treated DCs and

iDCs. *p ≤ 0.1 and **p ≤ 0.01 are refers to statistical significance of the data.

the maturation effect (Figure 11, orange). The expression levels
of the shown markers was significantly higher for mDCs (Anova
Dunnett’s multiple comparisons test (**p ≤ 0.01), not indicated
on the graph). DCs treated with particles alone (Figure 11,
blue) did not receive a maturation trigger, in order to assess
the effect of MSNPs. These DCs showed significantly increased
expression levels of CD86 and MHC class II as compared to
iDCs (*p ≤ 0.1 for MSNP and **p ≤ 0.01 for UV MSNP).
In addition, higher expression of CD40 was observed. However,
the expression levels of maturation markers were still lower
than those of mDCs. These results were significant for CD40
(*p ≤ 0.1) and CD86 (*p ≤ 0.1 for MSNP and ***p ≤

0.001 for UV MSNP). We concluded that MSNPs have a
moderate adjuvant effect on DCs and thus possibly the adaptive
immune system. Incorporating immunomodulatory agents, such

as TLR ligands (R848), on the particle surface could increase the
stimulating effect further. In addition, DCs treated with MSNPs
and UV sterilized MSNPs exhibited comparable expression
levels of costimulatory and MHC molecules. As expected, DCs
treated with the nanovaccine exhibited similar expression levels
of MHC and costimulatory molecules as compared to mDCs
(Figure 11, red, no significant difference). Both conditions were
stimulated with LPS. The expression levels of DCs treated
with the nanovaccine seemed even higher, which was possibly
associated with the accumulative effect of LPS and NPs. MSNPs
caused moderate maturation, which is further increased by LPS.
These results indicated the adjuvant effect of MSNPs on DCs.
which was a first suggestion of DCs being able to communicate
the protein information delivered by NPs to the T-cells of the
immune system.
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FIGURE 12 | Cross-presentation of the SIINFEKL peptide on MHC class I.

iDCs and mDCs are control conditions, represented in yellow and orange,

respectively. DCs treated with MSNPs, OVA and the model nanovaccine

(MSNP-OVA) are represented in blue, green, and red, respectively. DCs treated

with nanovaccine cross-presented the OVA antigen in higher levels. *p ≤ 0.1,

**p ≤ 0.01, and ***p ≤ 0.001 are refers to statistical significance of the data.

In order to investigate the cross-presentation of OVA
on MHC class I molecules, DCs were loaded with the
nanovaccine and cells were stained for flow cytometry with
SIINFEKL-PE. This antibody stains the combination of the
SIINFEKL peptide and MHC class I, and is therefore a
quantitative indication of the cross-presentation of MSNP
delivered OVA. The data and statistical analysis can be found in
the Supplementary Figures 4, 5 and Supplementary Tables 1, 2,
results are shown in Figure 12. Data of four experiments were
pooled, each experiment consisted of three to five groups
per condition. Tukey HSD all pairwise comparison implicated
significant differences between the cross-presentation of all
negative control groups (i.e., iDC, mDC, andMSNP treated DCs)
and DCs treated with the model nanovaccine (***p ≤ 0.001). In
addition, cross-presentation of OVA onMHC class I by iDCs was
significantly lower than OVA treated DCs (**p ≤ 0.01). A clear
tendency toward higher cross-presentation was perceived when
cells were treated with the nanovaccine. This indicated that DCs
should be able to stimulate the CTLs of the immune system to
specifically attack the tumor.

4. CONCLUSION

The MSNP synthesis and functionalization reported in this
work consist of a one pot wet chemistry process which can
easily be up-scaled to industrial production. The synthesis and
functionalization, were optimized by assessing different silica
precursors and different amounts of surface functionalization.
These small manipulations during synthesis enable modification
of physicochemical properties of the particles. MSNPs were

produced within the desired size range (20–50 nm) for
passive targeting of DCs after producing the nanovaccine.
Characterization confirmed carboxylic surface functionalization
necessary for subsequent protein conjugation. The developed
MSNPs are resistant against agglomeration at experimental
and physiological pH. In addition, they have shown to be
biodegradable over a time span of 1 week, which is sufficiently
long for DCs to take up the nanovaccine. This period was
adjustable by varying the functionalization and silica precursor
during synthesis. TEOS based MSNPs were found to be
smaller but more resistant against biodegradation in comparison
to TPOS based particles. Therefore, TEOS was preferred in
further experiments. The optimal amount of carboxylic surface
functionalization was reached using 0.15 mmol CES during
NP synthesis.

NPs and the nanovaccine were taken up by DCs and this
was found to be an active physiological process. Overlay of the
MHC-I and OVA signal suggested the ability of DCs to cross-
present proteins delivered by MSNPs. UV sterilization of the
MSNPs did not induce any decrease in particle quality, nor did
it have toxic effects on DC cultures. Treatment with MSNPs
increased expression levels of MHC and costimulatory molecules
of DCs in culture, indicating an adjuvant effect of the particles
on DCs and possibly the adaptive immune system. Finally, cross-
presentation was examined quantitatively with flow cytometry.
Compared to control conditions, increased cross-presentation of
OVAwas observed when DCs were treated with the nanovaccine.
These preliminary results confirm the large potential of MSNP
based nanovaccines as a replacement of the expensive DC-based
vaccines for active specific immunotherapy, offering a more
standardized production process and possibly higher efficacy.
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Nanogels (Ng) are crosslinked polymer-based hydrogel nanoparticles considered to

be next-generation drug delivery systems due to their superior properties, including

high drug loading capacity, low toxicity, and stimuli responsiveness. In this study,

dually thermo-pH-responsive plasmonic nanogel (AuNP@Ng) was synthesized by

grafting poly (N-isopropyl acrylamide) (PNIPAM) to chitosan (CS) in the presence

of a chemical crosslinker to serve as a drug carrier system. The nanogel was

further incorporated with gold nanoparticles (AuNP) to provide simultaneous drug

delivery and photothermal therapy (PTT). Curcumin’s (Cur) low water solubility and low

bioavailability are the biggest obstacles to effective use of curcumin for anticancer

therapy, and these obstacles can be overcome by utilizing an efficient delivery system.

Therefore, curcumin was chosen as a model drug to be loaded into the nanogel

for enhancing the anticancer efficiency, and further, its therapeutic efficiency was

enhanced by PTT of the formulated AuNP@Ng. Thorough characterization of Ng based

on CS and PNIPAM was conducted to confirm successful synthesis. Furthermore,

photothermal properties and swelling ratio of fabricated nanoparticles were evaluated.

Morphology and size measurements of nanogel were determined by transmission

electron microscopy (TEM), scanning electron microscopy (SEM) and energy-dispersive

X-ray spectroscopy (EDX). Nanogel was found to have a hydrodynamic size of ∼167 nm

and exhibited sustained release of curcumin up to 72 h with dual thermo-pH responsive

drug release behavior, as examined under different temperature and pH conditions.

Cytocompatibility of plasmonic nanogel was evaluated on MDA-MB-231 human breast

cancer and non-tumorigenic MCF 10A cell lines, and the findings indicated the

nanogel formulation to be cytocompatible. Nanoparticle uptake studies showed high

internalization of nanoparticles in cancer cells when compared with non-tumorigenic cells

and confocal microscopy further demonstrated that AuNP@Ng were internalized into

the MDA-MB-231 cancer cells via endosomal route. In vitro cytotoxicity studies revealed

dose-dependent and time-dependent drug delivery of curcumin loaded AuNP@Ng/Cur.

Furthermore, the developed nanoparticles showed an improved chemotherapy efficacy
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when irradiated with near-infrared (NIR) laser (808 nm) in vitro. This work revealed

that synthesized plasmonic nanogel loaded with curcumin (AuNP@Ng/Cur) can act

as stimuli-responsive nanocarriers, having potential for dual therapy i.e., delivery of

hydrophobic drug and photothermal therapy.

Keywords: plasmonic nanogel, AuNP, curcumin, stimuli-responsive, photothermal therapy

INTRODUCTION

Breast cancer is the second most common cause of cancer
among women worldwide (Bray et al., 2018). Breast cancer
treatment usually requires a combination of chemotherapy,
radiotherapy, and surgery (Waks and Winer, 2019). However,
conventional chemotherapy agents suffer from a lack of aqueous
solubility, lack of selectivity, and are subject to multidrug
resistance. Nanotherapeutics are rapidly developing to overcome
the limitations of traditional drug delivery systems (Dong et al.,
2019; He et al., 2020; Liu et al., 2020). Common anticancer
drugs damage peripheral tissues and cells other than the targeted
tissue, and here, using herbal medicines could be a safer
alternative choice to avoid harmful side effects (Pavan et al.,
2016; Unlu et al., 2016; Oun et al., 2018). Curcumin is the
main component of turmeric, a polyphenol with low molecular
weight. In vivo studies have shown that curcumin helps to
prevent metastatic progression in models of breast cancer and to
inhibit cancer cell proliferation and invasion by downregulating
the PI3K/Akt signaling pathway (Xu et al., 2014). However,
the most significant problems restricting its use in therapy
are the poor solubility, instability, rapid metabolism, systemic
elimination, and inadequate tissue absorption of curcumin
(Kunnumakkara et al., 2017). For instance, the administration
of 8 grams of curcumin per day led to only 1.77µM absorption
in the body (Unlu et al., 2016). Thus far, various approaches
have been used to overcome curcumin-related issues, some of
which are using nanocarriers such as phospholipids, micelles,
liposomes, and polymeric nanoparticles (Gatti and Perucca,
1994; Kunwar et al., 2006; Li et al., 2007; Ma et al., 2007;
Suresh and Srinivasan, 2007; Takahashi et al., 2009; Bani
et al., 2016; Esmatabadi et al., 2018; Farsani et al., 2020).
Nanogels are water-soluble crosslinked hydrogel materials that
have both hydrogel and nanoparticle properties at the same
time, in addition to controlled drug release capability. These
carriers thus provide a polymeric nanotechnological approach
which has exceptional characteristics such as high drug loading
capacity, high stability, responsiveness to a wide variety of
environmental stimuli whereby they may shrink or swell in
response to pH or temperature change, resulting in the release
of the drug under specific conditions. Hence, various bioactive
compounds can be encapsulated into nanogels, exceptionally also
hydrophobic drugs (Maya et al., 2013). In this context, the use
of a responsive polymer for the synthesis of the nanogel is one
method of delivering drugs to cancer cells. PNIPAM is a pH
and temperature-responsive polymer that can be synthesized via
free-radical polymerization. It can be effectively functionalized,
making it useful in a range of medical applications. It undergoes

a reversible lower critical solution temperature (LCST) around
32◦C in water, in which the phase transition from a swollen
hydrated state to a shrunken dehydrated state takes place; losing
about 90% of its volume(Ormategui et al., 2012). Since PNIPAM
expels its liquid content at temperatures close to the human body,
several researchers have investigated its potential applications
in tissue engineering, biosensors and controlled drug delivery,
but its use is limited due to its synthetic nature (Guan and
Zhang, 2011). In comparison, the use of chitosan, a natural
polymer, enhances the biodegradability and biocompatibility of
the synthesized nanogel and improves PNIPAM’s LCST by rising
it to a drug-release-appropriate temperature at or above body
temperature (Oh et al., 2010; Pereira et al., 2015).

AuNP has attracted tremendous as promising PTT agents
for the treatment of malignant tumors with impressive
localized surface-plasma-resonance (LSPR) properties including
absorption in the NIR region, which is essentially required
for PTT. Additionally, AuNP is visible in confocal laser
scanning microscopy through internal reflection, which
provides a tool for tracking the uptake of nanoparticles by
cells (Shukla et al., 2005; Murphy et al., 2008; Kim et al.,
2015). The present contribution reports the development
of stimuli-responsive plasmonic nanogel for combinable
curcumin and photothermal therapy, composed of AuNP
and PNIPAM-chitosan nanogel. In this work, citrate capped
AuNP were synthesized using the Turkevich method and were
incorporated into the nanogel in order to introduce imaging
and PTT capabilities to the synthesized nanogels (Figure 1).
Physicochemical properties of developed nanogel including
morphology, size, net surface charge (zeta potential), swelling
ratio, thermal analysis and size dispersity were characterized.
Developed nanogel delivery system not only showed excellent
cytocompatibility but could also be utilized as a cellular
imaging probe due to the strong light scattering property
of incorporated AuNP. Moreover, the chemotherapy, laser-
induced PTT therapy efficacy and quantitative cellular uptake of
multifunctional AuNP@ Ng were compared by using curcumin
as a chemotherapeutic agent and testing single and combined
therapy on MDA-MB-231 breast cancer cells and non-tumor
cell line MCF 10A. The results showed sustained drug release
from nanoparticles and a significant synergistic effect upon
combined therapy.

EXPERIMENTAL

Materials
The medium molecular weight chitosan (CS) (190–310
kDa and degree of deacetylation of 75–85%), L-cysteine
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FIGURE 1 | Graphical abstract showing the steps of formation of AuNP@Ng/Cur. Chitosan was thiolated using L-Cysteine, afterwards, it crosslinked to PNIPAM to

form the nanogel. The next step was the incorporation of AuNP to nanogel via semi covalent bond of the gold nanoparticle to SH groups in the nanogel. In the end,

using the incubation method, the curcumin was loaded to AuNP@Ng.

97%, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide(EDC)
99%, N-isopropylacrylamide 97%, acetic acid glacial ≥99%,
N, N′-methylenebis(acrylamide) (MBA)99%, ammonium
persulfate (APS) 98%, hydrochloric acid 37%, gold(III)
chloride trihydrate ≥99.9%, sodium citrate dihydrate
≥99%, curcumin powder from Curcuma longa (Turmeric),
crystal Violet solution 2.3% (w/v), paraformaldehyde
95% (PFA), hydrocortisone, cholera toxin and insulin all
were commercially available and supplied from Sigma-
Aldrich Co. Dulbecco’s Modified Eagle’s Medium (DMEM),
Penicillin-Streptomycin, Dulbecco’s Phosphate Buffered
Saline, Penicillin-Streptomycin(pen/strep) and L-Glutamine
were obtained from Lonza. Dil Stain (1,1’-Dioctadecyl-
3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate [’DiI’;
DiIC18(3)], Gibco fetal bovine serum (FBS), Gibco DMEM/F12–
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12,
Gibco horse serum and MEM Non-Essential Amino Acids
Solution (100X) (NEAA) were purchased from Thermofisher.
The epidermal growth factor was purchased from Abcam.
AlamarBlue Cell Viability Reagent was obtained from
TCI Europe and Vectashield DAPI mounting media from
Vector Labs.

Synthesis of AuNP@Ng/Cur
The chitosan was thiolated via attaching L-cysteine to chitosan
by the formation of amide bonds to connect the AuNP with
Ng, the degree of thiol group modification was measured
spectrophotometrically with Ellman’s reagent (Schmitz et al.,
2008). Subsequently, thiolated Chitosan-PNIPAM Ng were
synthesized employing the free radical surfactant-free emulsion
polymerization method following the previously described
procedure with some desired modification. Briefly, to ionize free
-NH2 group of CS, 500mg of thiolated CS (4.618 ± 0.25 µmol
SH /mg CS) was dissolved in 20ml acetic acid (1%) solution in a
250ml three-neck round bottom flask on the heater stirrer under
nitrogen atmosphere. After the absolute dissolution of ionized
chitosan, 500mg of NIPAM dissolved in 80ml of Milli-Q water
and 1.7mg MBA as a crosslinker were added to the reaction,
and the temperature was increased gradually to the 80◦C. The
polymerization was initiated by adding 0.85ml APS (0.05M in
water) as an initiator to the flask after purging with nitrogen for
about 30–40min. The reaction was proceeded for 3 h at 80◦C
and then terminated by cooling down to room temperature. The
obtained samples were filtered with a 1µm membrane filter and
then dialyzed with a dialysis membrane (12,000 Da MWCO)
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against Milli-Q water, the water was changed periodically 15
times for 3 days. For long-term storage, nanogel was freeze-dried
overnight (Echeverria et al., 2015; Khan et al., 2015).

The Turkevich method was used to synthesize Citrate capped
AuNP (Kimling et al., 2006). Subsequently, in order to attach
AuNP to nanogel via semi covalent interaction of SH group of
Ng and AuNP, 1ml (5 mg/ml) of synthesized nanogel was added
to 5ml (1 mg/ml) of AuNP suspension and continuously stirred
for 2 days at room temperature in the dark. The content was
then dialyzed against Milli-Q water overnight using a dialysis
membrane (12,000 Da MWCO), and the water was changed
at specified intervals (Ding et al., 2009). Curcumin was loaded
to the nanogel using the incubation method. Briefly, curcumin
(0.25 and 0.5 mg/ml) was dissolved in ethanol with 1mM
concentration and added to the 1ml AuNP@ nanogel and 1ml
nanogel solution dropwise and at a temperature higher than 32◦C
under constant stirring in the dark for 24 h. Finally, nanogel
was centrifuged by Thermo ScientificTM Sorvall LYNX 4000
Centrifuge at 8,000 rpm for 20min and lyophilized overnight in
Heto CT60e freeze-dryer for storage (Luckanagul et al., 2018).

Characterization of AuNP@Ng/Cur
To analyze the structure of synthesized nanogel, the FTIR
spectra of CS, thiolated CS, NIPAM, SH- CS-PNIPAM were
obtained using Perkin-Elmer Spectrum Two, scanning from
4,000 to 400 cm−1.

In order to calculate the deswelling ratio of synthesized
nanoparticles, the average hydrodynamic size of nanogel and
AuNP@Ng was determined at different temperatures and then
the deswelling ratio was calculated according to the following
equation (Zhao et al., 2019; Agnihotri et al., 2020):

Deswelling ratio = Ss/Sd (1)

Where the Ss is the size of Ng in room temperature and Sd is the
size of Ng above LSCT which we measured at 25, 32, 37, 42, and
60◦C temperature.

Moreover, polydispersity index (PDI) and zeta potential of
nanogel were determined at 25, 32, 37, 42, and 60◦C by
a Malvern Zeta Sizer ZS (PCS, Malvern Instruments Ltd).
The optical properties of AuNP@Ng were obtained by Themo
scientific 2000c UV-Vis spectrophotometer using a 1-cm-wide
quartz cuvette. TEM was conducted using JEM-1400 Plus TEM
following negative staining with uranyl acetate to confirm the
size of nanogel as well as the morphology. TEM images were
illustrated using Fiji Image J software.

Using a field-emission SEM (FESEM) TeScan-Mira III model,
10 times diluted AuNP@Ng/Cur nanoparticles were sputter-
coated with gold after dropping it on the grid to achieve
more homogeneous and transparent images. SEM and Elemental
analysis for AuNP@Ng/Cur was acquired by EDX X-ray detector
of SEM (Thermo Scientific LEO Gemini 1530 model (using
uncoated sample.

The thermal analysis of synthesized AuNP@Ng/Cur, AuNP,
and control (nanogel) were characterized by measuring the
temperature at different time points of 0, 3, 5, 7, and 10 at
two different concentrations of 2.5 and 5µg/ml under NIR

exposure(Fu et al., 2018). Using thermal camera GUIDE B from
Sensmart, the thermal image and measured temperature were
obtained and the temperature change (1T) was determined using
the following equation (Fu et al., 2018):

1T = T2 − T1 (2)

1T is the temperature difference between two heating times. T2

is the temperature measured for one nanoparticle at one-time
point and T1 is the temperature measured for control at the same
time point.

Encapsulation Efficiency (EE%) and Drug
Loading (DL%)
The EE% of AuNP@Ng/Cur was determined by measuring the
amount of curcumin indirectly from the supernatant. Briefly,
Curcumin (0.25 and 0.5 mg/ml) was dissolved in ethanol and
then added to both 1ml Ng and 1ml AuNP@Ng and stirred
for 24 h at room temperature by protecting from light. The
following day, nanogel was centrifuged at 3,000 rpm for 5min.
The supernatant was collected, and the amount of excessive
curcumin was estimated by using Thermo scientific 2000c UV-
Vis spectrophotometer at 450 nm. The EE% and gDL% were
calculated using the following equations (Equations 3, 4) (Sarika
et al., 2016; Luckanagul et al., 2018).

EE% =
Total amount of feeding curcumin− free curcumin

Total amount of curcumin
∗100(3)

DL% =
Total amount of feeding curcumin − Free curcumin

Weight of nanogel
∗100(4)

In vitro Curcumin Release
In vitro curcumin release from nanogel and AuNP@Ng was
carried out in a shaker incubator in phosphate-buffered saline
containing Tween 80 (0.5% w/v) in two different pH values (pH
7.4 and pH 5.5) and two different temperatures (25 and 37◦C)
(n = 3) for 72 h. Samples were collected (1ml) at defined time
intervals and centrifuged at 13,000 rpm for 8min. The absorption
intensity of the diluted supernatant in DMSO was measured at
450 nm(Sarika and Nirmala, 2016).

Cell Studies
Cell Culture and Maintenance
Human triple-negative breast cancer cell line MDA-MB-
231 was cultured with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 2mM L-glutamine, 0.1mM MEM Non-Essential
Amino Acids (NEAA), 100 IU/ml penicillin and 100 ug/ml
of Streptomycin at 37◦C with 5% CO2. Cells were passaged
when they reached 80–90% confluency. Human breast epithelial
cell line MCF10A was cultured with Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12) supplemented
with 5% heat-inactivated horse serum, 100 IU/ml penicillin and
100 ug/ml of Streptomycin, 20 ng/ml Epidermal Growth Factor,
0.5 mg/ml hydrocortisone, 10µg/ml insulin and 100 ng/ml
cholera toxin.
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Cytotoxicity and Chemo-Photothermal Efficacy of

AuNP@Ng/Cur Nanoparticles
Alamar Blue cell proliferation assay was carried out to investigate
the cytocompatibility of AuNP@Ng and AuNP@Ng/Cur
nanoparticles. Briefly, MDA-MB-231 cells (5 × 103 cells/cm2)
and MCF10A cells (7.5 × 103 cells/cm2) were cultured in a
96-well plate overnight and cell media was replaced with pre-
warmed fresh media containing AuNP@Ng (30-60-120µg/ml)
with the corresponding concentrations of AuNP(5-10-20µg/ml),
and nanogel (25-50-100µg/ml) individually (n= 4). Cytotoxicity
of nanoparticles was evaluated after 24 and 48 h incubation.
Subsequently, the Alamar Blue reagent was added to each well
(10% final concentration) as suggested by the manufacturer and
incubated at 37◦C for 4 h to allow resazurin to undergo metabolic
reaction. Fluorescence intensity of reduced form of resazurin was
measured spectrophotometrically at 570 nm excitation and 580–
600 nm as emission wavelength (Wu et al., 2011; Osterman et al.,
2016; Tang et al., 2020) by using Thermo Scientific Varioskan
Flash multi-plate reader. The percentage of cell proliferation was
reported relative to untreated cells (100% viability) according
the following equation using relative fluorescence units (RFU)
(Eilenberger et al., 2018):

Cell viability % =
Experimental RFU with chemical compound − background RFU

Untreated cell control RFU value− background RFU
∗100 (5)

The data in each time point were normalized by their
corresponding control. A similar procedure was followed
to determine the cytotoxicity of AuNP@Ng/Cur. Cells were
incubated with the cell media suspension of free curcumin,
AuNP@Ng and AuNP@Ng/Cur containing 10, 25, 50, and
100µg/ml curcumin for 24 and 48 h (n = 4). At designated
time intervals, Alamar Blue reagent was added to suspension,
and fluorescence was measured after 4 h incubation. The
autofluorescence of curcumin was subtracted from the
acquired measurements.

For photothermal and curcumin-photothermal treatment, the
MDA-MB-231 cells were incubated with AuNP, AuNP@Ng,
AuNP@Ng/Cur containing 5µg/ml and 2.5µg/ml AuNP for
24 h. Following day, the MDA-MB-231 cells were exposed to
2.19 W/cm2, 808 nm NIR laser for 10min by an ∼6mm
focused spot size, and cell viability was determined by Alamar
Blue assay described as previously (Yang et al., 2017; Ong
et al., 2019; Park et al., 2019). In parallel, cells were stained
with crystal violet after NIR laser treatment to demonstrate
the effect of chemo-photothermal treatment on MDA-MB-
231 cells visually. Cell media was discarded, and the cells
were washed 2 times with 300 µl of PBS, following with
the fixation using 200 µl of 4% PFA for 7min at RT.
Finally, the fixed cells were stained with 200 µl crystal violet
stain (0.1% in 20% methanol) for 5min and subsequently
washed twice with 300 µl Milli-Q water to remove the
excess dye and left to dry. Cell images were acquired
by Thermo Fisher EVOS XL Core Cell Imaging System
(Palmieri et al., 2015).

Cellular Uptake Study of AuNP and AuNP@Ng by

Flow Cytometry and Confocal Microscopy
Cellular internalization of AuNP, AuNP@Ng, and Ng was
investigated for cancer cell line MDA-MB-231 and non-
tumorigenic cell line MCF10A by using flow cytometry. In
brief, MDA-MB-231 and MCF10A cells were seeded in the 12-
well plates for overnight attachment with the concentration of
(60 × 103 cells/cm2) and (90 × 103 cells/cm2), respectively.
One day later, the cell media was substituted by fresh
media containing AuNP (20µg/ml), nanogel (100µg/ml), and
AuNP@Ng (120µg/ml) and incubated at 37◦C, 5% CO2 for 24 h
(n = 3). Afterwards, cells were harvested with trypsinization,
washed twice with ice cold PBS and resuspended in 250
µl of PBS, kept on ice until analysis (Bansal et al., 2020).
Mean fluorescence intensity was recorded by using a 561 nm
excitation laser and the emission was collected by using RFP
582/15 band pass filter with LSRFortessa (BD Sciences, San
Diego, CA, USA). The analyzer was set to record 10,000
events per sample. Flowing Software (Open source software,
Turku Center for Biotechnology, Finland) was used for data
analysis and WinList 9.0 was used for the visualization of the
overlay histograms.

For confocal microscopy, MDA-MB-231 cells were seeded
on autoclaved coverslips (19ø) at the density of 16 × 103

cells/cm2 in 12-well cell culture plates to examine the cellular
uptake of AuNP@Ng and Au@Ng/Cur and incubated for 24 h
at 37◦C. Following day, cells were treated with AuNP, nanogel,
AuNP@Ng, and AuNP@Ng/Cur with the concentration range
of 2.5–5µg/ml AuNP, by replacing fresh media containing
nanoparticles. After 24 h incubation, cells were rinsed with PBS,
and the cell membrane was stained by incubating cells with
1ml fresh cell media containing 1µg/ml of DiI hydrophobic
dye for 10min at 37◦C. Stained cells were fixed with 4%
PFA for 10min at room temperature, washed thrice with PBS
followed by a final washing with MiliQ water. Coverslips were
mounted with VECTASHIELD mounting medium and cellular
uptake of nanoparticles was imaged by Leica TCS SP5 confocal
microscopy. AuNP were detected by reflection imaging by using
488 nm excitation, 481–493 nm emission, and DiI cell membrane
dye was detected with 561 nm excitation, 563–612 nm emission
wavelength. Images were illustrated using Fiji Image J software
(Liu et al., 2015; Senthilkumar et al., 2015).

Statistical Analysis
Statistical analysis was carried out using two-way ANOVA
accompanied by Tukey’s multiple comparisons test and two-
tailed Student’s t-test in GraphPad Prism 6 software. The
collected data is presented in terms of “mean ± standard
deviation” values. If the p < 0.05, differences are considered
statistically significant.
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RESULTS AND DISCUSSION

Synthesis and Characterization of
Nanogel, AuNP@Ng and AuNP @Ng/Cur
In this study, thermo-responsive plasmonic nanogel was
synthesized in order to increase the solubility of curcumin
and prevent its rapid degradation metabolism. AuNP were
incorporated into the nanogel to add PTT features to the
product by thiolating the chitosan using L-cysteine, and the
amount of free thiol group on chitosan was quantified using
Ellman’s reagent. As shown in Table 1, by increasing the EDC
amount from 150 to 200mM, the ratio of thiol group on the
CS backbone increased from 4.618 ± 0.25 to 9.247 ± 0.381
µmol/mg. Afterward, NIPAM was grafted to thiolated chitosan
and crosslinked using MBA. NIPAM/MBA was polymerized by
a free radical surfactant-free emulsion polymerization method to
form CS-based Ng. For this purpose, PNIPAM and MBA were
grafted to CS by the formation of an amide bond between the
free -NH2 group of chitosan and the carboxyl group of NIPAM
as well as by free-radical generated onto the CS (Wu et al.,
2018). Polymer networks have been formed using MBA as a
crosslinker during polymerization. AuNP were then synthesized
by the Turkevich process, and incorporated by the semi-covalent
bond of -SH groups in the thiolated CS into the nanogel. Finally,
curcumin was loaded at a temperature higher than LCST using
the incubation method to facilitate the hydrophobic interaction
between curcumin and nanogel, which can be clarified based
on the phase change from hydrophilic to hydrophilic PNIPAM
(Asghar et al., 2017; García-Peñas et al., 2019).

FTIR spectroscopy was used to demonstrate the presence of
different functional groups in the nanogel system. The FTIR
spectra of pure NIPAM, chitosan, thiolated chitosan, and nanogel
are demonstrated in Figure 2A, The spectrum of thiolated-CS
showed deformation of the –NH- stretching signal at 3225 cm1

compared to chitosan spectra [Figure 2A(a,b)], which confirm
the formation of (C-NH) amide bond by attachment of amine
groups of chitosan to carboxyl groups of L-cysteine. Moreover,
the amine groups of chitosan have sharp peaks in the wavelength
between 1,450 and 1,650, and these peaks get weaker after
thiolation with the L-cysteine as a result of the formation
of amide bonds (Esquivel et al., 2015). In NIPAM spectrum,
peaks around 3,280, 1,622, and 1,414 cm−1 are assigned to
C-H, C=C and CH2 = respectively, characteristic of vinyl
monomer (Figure 2A). Compared to NIPAM and thiolated
chitosan spectra, the CS-PNIPAM spectrum showed some new
signals and many others either disappeared or deformed. As
shown in Figure 2A, the FTIR spectrum of pure NIPAM has
peaks characterizing double bonds, but the FTIR spectrum of

nanogel did not show any characteristic peak of the double bond
in the range of 1,600–1,650 cm−1 (C=C aliphatic and aromatic)
and 610–990 cm−1 (stretching mode of vinyl double bonds).
Similarly, no characteristic peaks of cis-trans and substituted
groups with double bonds (700–900 cm−1) or a peak for =C-H
could be found. Furthermore, the broad and intense peak near
3,292 cm−1 suggests N-H stretching in the spectrum of Ng. This
peak showed hydrogen bonding due to the presence of water of
hydration attached to the polymer and confirmed gel formation.
Thus, our FTIR spectrum results suggest successful CS-PNIPAM
polymerization and nanogel formation (Figure 2A; Kim et al.,
2005; Shah et al., 2013; Esquivel et al., 2015; Khan et al., 2015).

The interaction of AuNP [Figure 2C(a)] with Ng
[Figure 2C(b)] and curcumin loading in AuNP@Ng
[Figure 2C(d)] was further investigated with UV-spectroscopy.
As shown in Figure 2B(a) peak at 522 nm can be ascribed to
the plasmon resonance effect of the AuNP. After the interaction
of AuNP with nanogel, the AuNP peak had a lower absorbance
value and showed a redshift in wavelength; this shift in the
plasmon resonance effect of the AuNP confirms the interaction
of AuNP with Ng and formation of AuNP@Ng (Park et al.,
2018). The UV-VIS spectroscopy was also employed to confirm
the curcumin loading of AuNP@Ng. As shown in Figure 2B,
there is a peak at 450 nm in addition to the AuNP peak in the
spectrum of AuNP@Ng/Cur, which indicated the encapsulation
of curcumin by the nanogel. The difference in the intensity of
peaks is due to the difference in concentration of AuNP and
curcumin in AuNP@Ng and AuNP@Ng/Cur samples compared
to bare curcumin and AuNP (Alam et al., 2012).

Formulated AuNP@Ng were characterized in terms of
dynamic light scattering (DLS) analysis, to determine the average
hydrodynamic diameter, polydispersity index (PDI), and zeta
potential (ZP). The hydrodynamic diameter, PDI, and ZP of bare
AuNPwere 22.24 nm, 0.305, and−31.1mV, respectively. Besides,
DLS results showed a larger average particle size for AuNP@Ng
(215.16 ± 5.78 nm) compared to the bare nanogel (166.8 ±

0.60 nm) (Table 2). The results could be explained with the size
of nanogel depending on how many AuNP could attach to the
CS-SH in the cross-linked nanogel, resulting in a reduction of
monodispersity. The size of plasmonic nanogel after curcumin
loading was found to be 226 ± 1.49 nm, and it was seen that
curcumin loading did not significantly change the nanoparticle
size. This result may be due to the high loading capacity of
the plasmonic nanogel attributed to its softness and flexibility,
where curcumin can be trapped easily (Karg et al., 2019). Changes
in the size and swelling ratio of nanoparticles under different
environmental conditions may have an impact on the controlled
release of drugs. Therefore, to observe the thermal response

TABLE 1 | Characterization of thiolated CS using Ellman’s reagent.

CS-SH CS solution (12.5 mg/ml) EDC

(mM)

L-cystiene(mg) Total thiol groups

(µmol/mg CS) ±SD

Free thiol group

(umol/mg) ±SD

1 0.5ml 150 62 4.618 ± 0.25 0.967 ± 0.013

2 0.5ml 200 62 9.247 ± 0.381 2.289 ± 0.062
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FIGURE 2 | FT-IR spectra of chitosan (a), thiolated chitosan (b), pure NIPAM and Ng. (A) UV-VIS spectrum of AuNP, Curcumin, AuNP@Ng, and AuNP@Ng/Cur (B).

Physical appearance of AuNP (a), Ng (b), AuNP@Ng (c), and AuNP@Ng/Cur (d) (C).

behavior of synthesized nanoparticles, DLS measurements were
applied. For this reason, the size of nanogel and AuNP@Ng was
measured at different temperatures: 25, 32, 37, 42, and 60◦C
and the deswelling ratio was calculated according to Equation
1. As shown in Figure 3B, by increasing the temperature to
37◦C the size of AuNP@Ng and nanogel were significantly
reduced (P < 0.0001), and this reduction continued slightly
above 37◦C. Accordingly, as shown in Figure 3A, the deswelling
ratio significantly increased (P < 0.0001). This change in size
demonstrated the thermo-responsive behavior of synthesized
nanogel due to the low critical solution temperature property
of PNIPAM, which makes the nanogel collapse in temperatures
higher than LCST. The LCST of PNIPAM is 32◦C, but the use
of chitosan increased the LCST of PNIPAm to 37◦C, making
the drug delivery system more suitable for drug release at
body temperature (Ashraf et al., 2016). Thermally-induced color

TABLE 2 | Average size, PDI, and Zeta potential of AuNP, Ng, AuNP@Ng, and

AuNP@Ng/Cur determined using DLS and TEM.

Nanoparticle TEM size (nm) DLS size (nm) PDI Zeta potential (mV)

AuNP 19.57 ± 1.22 22.24 ± 0.131 0.051 −31.1

Ng 167.81 ± 4.74 166.8 ± 0.60 0.195 3.97

AuNP@Ng 197.94 ± 2.33 215.16 ± 5.78 0.228 0.655

AuNP @Ng/Cur 214.77 ± 4.28 226 ± 1.49 0.354 0.676

change from transparent to milky was observed by increasing the
temperature of Ng as a result of phase transition from swollen
state to shrunk state (Figure 3B; Christau et al., 2016).

Zeta potential is one of the most crucial parameters in
colloidal systems that affect the fate of nanoparticles in
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FIGURE 3 | Deswelling ratio of Nanogel and AuNP@Ng at different temperatures. (A) The average sizes of the Ng and AuNP@Ng at different temperatures (25–60◦C)

measured by DLS, physical appearance of Ng at different temperatures of 25 and 42◦C. (B) Zeta potential of AuNP@Ng and Ng at different temperatures. (C) Thermal

images of Ng, AuNP and AuNP@Ng/Cur in two different concentrations after 10min exposure of NIR irradiation. (D) 1T(◦C) of AuNP and AuNP@Ng/Cur solutions at

different time points after NIR irradiation. (E) Two-way ANOVA followed by Tukey’s multiple comparisons test was performed to investigate the significant difference

(****p < 0.0001; ***p < 0.0001–0.001).

drug delivery, cellular uptake, and drug interactions with
the surrounding environment (Honary and Zahir, 2013). In
this study, the zeta potential measurement of AuNP@Ng at
different temperatures showed a considerable increase from
0.665mV at 25◦C to 17.76 ± 0.64mV at 37◦C, still gradually
increasing to 20.33 ± 0.305mV at 60◦C. Nanogel has a more
abrupt change in zeta potential compared to AuNP@Ng at
37◦C. This data supports the shrinkage of the nanogel by
increasing the temperature, which is due to the placement of
positively charged isopropyl groups of polymer on the surface
of nanogel in temperatures higher than LCST (Figure 3C;
Utashiro et al., 2017).

The presence of AuNP incorporated in the nanogel improves
the therapeutic effect of the formulation by means of AuNP’s
surface plasmon resonance property generating heat after
exposure to NIR irradiation. In order to demonstrate the
photothermal activity of synthesized nanoparticles, nanogel,
AuNP, and AuNP@Ng/Cur thermal analysis after exposure
of 808 nm NIR laser were assessed at different time points.
According to statistical analysis, calculated 1T according to
Equation 1 at different time points of 0, 3, 5, 7, and 10min
showed significant time and dose dependent differences in
comparison with the control samples (P < 0.001). Both
AuNP@Ng/Cur and AuNP samples, respectively, exhibited
5.1 and 8.4◦C temperature raise compared with control

(Figure 3E; Fu et al., 2018). The thermal images show the
temperature change of samples after 10min of exposure of NIR
radiation for two different concentration of AuNP, nanogel, and
AuNP@Ng/Cur (Figure 3D).

According to TEM analysis, AuNP (Figure 4A), nanogel
(Figure 4B), AuNP@Ng (Figure 4C), and AuNP@Ng/Cur
(Figure 4D) were found to be of spherical shape, showing an
excellent monodispersity with a corresponding hydrodynamic
size of 19.57 ± 1.22, 167.81 ± 4.74, 197.94 ± 2.33, and 214.77
± 4.28 nm, respectively (Table 2). The hydrodynamic size of
the nanoparticles obtained by TEM analysis was found smaller
compared to the diameter obtained by the DLS method, which is
expected due to the difference in the operating principles of these
two measurement methods (Kaasalainen et al., 2017). Attributed
to the impact of the dispersant on the hydrodynamic diameter
of the nanogel, it is predicted that the values obtained from DLS
would be slightly higher than TEM, which reveals the solid state
size of Ng upon TEM imaging (Zhao et al., 2011).

Due to the impact of drying on the nanogel network structure,
FESEM and SEM imaging showed distributed spherical
AuNP@Ng/Cur with some heterogeneous nanoparticles
(Figures 4E,F) (Sidhu et al., 2019). The AuNP@Ng/Cur
elemental analysis (EDX) (Figure 4G) showed a high content
of carbon, nitrogen, and oxygen elements corresponding to
chitosan, PNIPAm, and curcumin in the nanogel structure,
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FIGURE 4 | Electron micrograph and analysis. TEM images of the AuNP (A), Negatively stained Ng (B), and AuNP@ Ng with uranyl acetate (scale bar 200 nm) (C)

AuNP@ Ng loaded with Curcumin without being negatively stained (scale bar 1000 nm) (D). Untreated SEM image of AuNP@Ng/Cur (scale bar 1µm) (E). Gold

sputter-coated AuNP@Ng/Cur FESEM image (scale bar 750 nm) (F). EDX spectrum and quantitative atom% information of AuNP@Ng/Cur (G).
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TABLE 3 | DD% and EE% of nanogel before and after conjugation with AuNP.

Nanoparticle Concentration of

curcumin (mg/ml)

DL (%) ± SD EE (%) ± SD

Ng 0.25 4.7 ± 0.57% 69.03 ± 1.39%

Ng 0.5 8.04 ± 0.25% 90.03 ± 1.01%

AuNP @Ng 0.25 9.2 ± 0.43% 84 ± 1.62%

AuNP @Ng 0.5 17.01 ± 0.33% 92 ± 0.98%

Moreover, the presence of sulfur and gold in the elemental
analysis verified the synthesis of thiolated chitosan and existence
of AuNP in the structure of AuNP@Ng/Cur (Sidhu et al., 2019).

Curcumin Loading and Encapsulation
Efficiency in AuNP@Ng
Curcumin is classified as a Biopharmaceutics Classification
System (BCS) Class IV substance and thus, exhibits both poor
solubility and permeability (Wang et al., 2017). Consequently,
low bioavailability, low solubility in water, and rapid metabolism
of curcumin lead to profound problems in inducing an anti-
cancer effect. Here, using a plasmonic nanogel as a drug
delivery system could protect curcumin from rapid metabolism
inside the body and could circumvent any solubility and
permeability issues, since these would be determined by the
carrier. The higher the drug loading and EE% of a carrier,
along with low premature drug loss would overall result in a
more significant impact. It has been reported that polymeric Ng
have promising potential as drug delivery carriers in terms of
drug loading capacity, biocompatibility, and thermal responsivity
(Liechty and Peppas, 2012). It is expected that the interaction
between nanogel and curcumin is hydrophobic due to the
interaction between curcumin and PNIPAM (Asghar et al.,
2017). The curcumin loading capacity and EE% of nanogel
were measured spectrophotometrically and calculated before and
after conjugation with AuNP with two different concentrations
of curcumin (0.25 and 0.5 mg/ml). The highest DL% (17%)
and EE% (92%) were found with AuNP@Ng formulation at a
concentration of 0.5 mg/ml curcumin (Table 3). The higher EE%
and DL% of AuNP@Ng compared to nanogel is probably related
to the ability of curcumin to conjugate to AuNP (Luckanagul
et al., 2018). Moreover, it has been observed that the conjugation
efficiency of curcumin to AuNP increases with respect to time
(Mahalunkar et al., 2019). In this study, it was thought that the
24-h mixing time after adding curcumin to the formulation also
increased the conjugation of curcumin to gold nanoparticles.
Ng, on the other hand, have the ability to trap drugs due to
the presence of an internal network structure(Ghorbani et al.,
2016; Vashist et al., 2018). Therefore, it was thought that higher
loading capacity was obtained in the AuNPs@Ng formulation
with the combination of these two methods. Furthermore, as
mentioned, UV-VIS absorption of AuNP@Ng/Cur confirmed the
encapsulation of curcumin by the nanogel, as it exhibited a peak
at 450 nm wavelength in addition to the AuNP peak, which
indicates the presence of curcumin (Alam et al., 2012).

Thermo-pH-Responsive Curcumin Release
From AuNP@Ng
One of the major benefits of nanogels is its thermo-responsive
property that enables controlled drug release in the cellular
environment with an on-off trigger mechanism. In order to
evaluate the thermo-pH sensitivity of nanogel, the in vitro
release of curcumin from Ng and AuNP@Ng was carried
out at two different temperatures of 25 and 37◦C under pH
conditions of 5.5 and 7.4 in a dissolution medium containing
tween 20 to provide sink conditions in the release environment
(Shahani and Panyam, 2011; Ching et al., 2019). According
to statistical analysis, there are significant differences in drug
release between the 4 different conditions of 37◦C pH 5.5,
37◦C pH 7.4, 25◦C pH 5.5, and 25◦C pH 7.4 for nanogel and
AuNP@Ng (∗∗∗∗P < 0.0001). The release profiles of curcumin
from the Ng and AuNP@Ng shown in Figure 5, demonstrated no
burst release, which indicated that curcumin was not adsorbed
to the nanogel surface and was entirely encapsulated in the
nanogel structure. Higher curcumin release was observed at
acidic pH compared to the release at physiological pH. Drug
release reached equilibrium at 80% after 72 h for both nanogel
and AuNP@Ng formulations at 37◦C and acidic pH. Only
20% of the drug was released from AuNP@Ng within 72 h
at 25◦C and pH 7.4. The low critical solution temperature
(LCST) properties of PNIPAM cause an extraordinary shrinkage,
leading to curcumin release at temperatures higher than LCST;
whereby the drug release only depends on free diffusion
resulting in lower drug release. The significant size transition
measured by DLS confirmed the gradual shrinkage of nanogel
in temperatures above LCST (Figure 3B; Kim et al., 2019).
Thus, using chitosan in this formulation not only improved
the LCST properties of nanogel by increasing it to the body
temperature, but also, the pKa value of linear chitosan chains
make the nanogel pH-responsive and this leads to the rupture
of the Ng under acidic conditions, followed by curcumin release
(Pujana et al., 2012). Since the tumor cells have an acidic
environment, curcumin-loaded Ng appear to be advantageous
to deliver the encapsulated drug to tumor cells (Swietach
et al., 2014). Hyperthermia generated by Au nanoparticles under
NIR irradiation can stimulate drug release from particles after
cellular uptake and could effectively reverse drug resistance
of tumor cells, which highly enhanced the killing effects of
chemotherapeutics and promoted cell apoptosis (Li et al., 2019;
Gao et al., 2020).

Cellular Viability of AuNP@Ng/Cur
Cell viability of the nanoparticles was investigated in terms
of the effect on the cell proliferation by Alamar Blue
assay. MDA-MB-231 and MCF10A cells were treated with
different concentrations of AuNP@Ng and the corresponding
concentrations of individual AuNP and Ng for 24 and 48 h, as
shown in Figure 6, The performed statistical analysis for both
MDA-MB-231 and MCF 10A cells treated with nanoparticles
using two-way ANOVA revealed no significant difference in
cell viability between two time points (p > 0.05). According to
Tukey’s multiple comparisons test, there is significant differences
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FIGURE 5 | In vitro curcumin release at different pH (5.5 and 7.4) and different temperatures (25 and 37◦C) from Cur/Ng and AuNP @Ng/Cur (n = 3).

in cell viability of MCF10A cells in sample treated with
AuNP@Ng 120µg/ml in 24 h in comparison with control sample
(∗p < 0.01). Same statistical analysis for MDA-MB-231 cells,
showed significant difference in cell viability for samples treated
with nanogel 100µg/ml and AuNP@Ng 120µg/ml in 24 h in
comparison with control sample (respectively, ∗p < 0.01 and
∗∗p < 0.001). Moreover, there are significant differences in
increasing the cell viability of MDA-MB-231 cells for samples

treated with Ng 50µg/ml, Ng 100µg/ml, 60µg/ml AuNP@Ng,

and 120µg/ml AuNP@Ng after 48 h in comparison with control
sample (respectively, ∗p < 0.01; ∗∗p < 0.01; ∗∗p < 0.01; ∗∗∗p

< 0.001). These findings show that nanoparticle treated MDA-

MB-231 and MCF10A cells exhibited slightly higher viability in
comparison to control cells (100%). These results suggest that
AuNPmay have a promoting effect on cell proliferation of MDA-
MB-231 and MCF10A cells at low concentrations (Gao et al.,
2020). Thus, these results indicated that AuNP@Ng nanocarriers
are safe for in vitro applications where the concentration is
below 120 µg/ml.

Intracellular Uptake of AuNP@Ng and
AuNP@Ng/Cur Nanoparticles
Following the cellular viability, cellular internalization
quantification of the AuNP@Ng nanocarriers was investigated
by employing the AuNP detection by flow cytometry. The
incubation duration was fixed to 24 h as most of the doubling
time of mammalian cell lines are longer than 24 h, and thus
cell proliferation effects such as dilution of intracellular
nanoparticles due to cell cycling would be eliminated (Shin
et al., 2020). Traditionally, AuNPs are detected by the side
scattering mode with 488 nm laser illumination (SSC channel).
However, this mode of action was found to be not sensitive
enough for our application, presumably due to detection range
not being close to the SPR peak of AuNPs, and the difference
being insignificant due to the small AuNPs particle size and low
particle concentration. The other proposed method(Wu et al.,
2019) was employing the SPR phenomena of AuNP which gives
peak in the 510-550 nm range, and the aggregation of AuNP
inside the cells causes a red shift in the SPR peak(Liu et al.,
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FIGURE 6 | Cellular viability of MDA-MB-231 and MCF-10A cells treated with Ng (25, 50, and 100 µg/ml), AuNP (5, 10, and 20 µg/ml), and AuNP@Ng (30, 60, and

120 µg/ml) nanoparticles after 24 and 48 h treatment. Data are presented as the mean ± standard deviation (SD) (n = 4). Two-way ANOVA followed by Tukey’s

multiple comparisons test was performed to investigate the significant difference (***p < 0.0001-0.001; **p < 0.001-0.01; *p < 0.01).

2017). Therefore, this mode of action is more sensitive to detect
the scattered light in a flow cytometer. When the excitation
laser 561 nm and corresponding 582/15 band pass filter (RFP
filter) was used, MDA-MB-231 cells that internalized AuNP
containing nanoparticles showed significant difference in flow
cytometry intensity (FCM) (respectively, ∗∗p < 0.001 and ∗p <

0.01) (Figure 7A). Both AuNP and AuNP@Ng showed similar
results, whereas the signal intensity of Ng internalized cells was
similar to the untreated cells suggesting that the signal is specific
to AuNPs, and nanogel-AuNP conjugation does not alter the
detection of AuNPs. However, no significant difference was
observed for MCF 10A non-tumorigenic cell line (p> 0.05). This
could be attributed to the slower metabolism of non-tumorigenic
cell lines compared with cancer cells (Zancan et al., 2010),
resulting with the internalized nanoparticle concentration being
below detection range. Additionally, Figure 7B, demonstrated
that following AuNP or AuNP@Ng nanoparticle treatment,
histograms on RFP channel shifted to larger intensities, whereas
Ng nanoparticle treatment showed no histogram shift, suggesting
the FCM intensity detection was specific to AuNPs. To verify the
presence and location of the nanoparticles inside the cells, AuNP,
AuNP@Ng treated cells were imaged with confocal microscopy
after 24 h incubation. AuNP were detected by using reflection
imaging due to its extraordinary efficiency of light absorption
and emission. The cell membrane was stained with carbocyanine
dye DiI in order to explore the cellular internalization pattern
of nanoparticles, as DiI dye stains entire lipid components of
the cell (Jensen and Berg, 2016). The scattered light signals of
AuNP were bright enough to be distinguished from cellular
autofluorescence (Figure 7C) when the reflection imaging
settings were optimized for image acquisition. Nanoparticles
were efficiently internalized by MDA-MB-231 cells and localized
in the cytoplasm as aggregates suggesting their endosomal
entrapment (Kim et al., 2015). Acquired images suggested
dose-dependent internalization with the observations of higher

concentration of AuNP and AuNP@Ng, resulting in denser
aggregations inside the cells. Recently, it was reported that
gelatin/protein Ng serve as reducing and stabilizing agents for
the AuNP by allowing for nucleation in a gel network that
exhibits colloidal stability (Chen et al., 2019). Our results showed
similar results in confocal microscopy, AuNP@Ng showed more
dispersed aggregates compared with densely packed AuNP.

Curcumin Delivery and PTT Efficiency
Evaluations of AuNP, AuNP@Ng, and
AuNP@Ng/Cur Against MDA-MB-231 Cells
The potential anticancer ability of AuNP@Ng/Cur was evaluated
by using MDA-MB-231 and MCF10A cells directly comparing
its time and dose-dependent efficacy to free curcumin performed
by Alamar Blue cell proliferation assay. According to obtained
statistical analysis using two-way ANOVA followed by Tukey’s
multiple comparisons test for MDA-MB-231 and MCF10A cells,
there are significant dose dependant decrease in cell viability
for both samples treated with curcumin and AuNP@Ng/Cur in
comparison with samples treated with 10µg/ml concentration
of curcumin for both time points Figure 8A (p < 0.05).
Therefore, these findings demonstrate the inhibition of the
proliferation of cells at the tested concentrations, which increase
by increasing the concentration of the treatments (Zancan
et al., 2010). For both MDA-MB-231 and MCF10A cells there
are time dependent significant differences in cell viability for
samples treated with 100µg/ml (p < 0.05). AuNP@NG/Cur
nanoparticles had lower proliferation inhibition efficiency when
compared with free curcumin. These results suggested nanogels
having stimuli-responsive and sustained drug release profile and
requiring a longer period for drug release in comparison with
the immediate access of free curcumin for cells (Sultana et al.,
2013). According to Figure 5, ∼75% of the drug was released
after 48 h. This sustained-release pattern might be the reason for

Frontiers in Chemistry | www.frontiersin.org 12 January 2021 | Volume 8 | Article 602941180

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Howaili et al. Stimuli-Responsive Plasmonic Nanogel

FIGURE 7 | Cellular uptake study of nanoparticles Quantification of cellular uptake by flow cytometry after 24-h incubation of Ng, AuNP, and AuNP@Ng with

MDA-MB-231 breast cancer cell line and non-tumorigenic MCF 10A cell line. Significant differences were observed in cellular uptake of nanoparticles in the statistical

analysis using the two-tailed Student t-test (**p < 0.0001–0.001; *p < 0.001–0.01) by MDA-MB-231 cells when treated with AuNP and AuNP@Ng compared to

untreated samples (A). AuNP intensity histograms detected by RFP filter representing Ng, AuNP, and AuNP@Ng cellular internalization in MDA-MB-231 and MCF 10A

cells (B). Confocal microscopy images of MDA-MB-231 cells incubated with AuNP (2.5 and 5µg/ml), AuNP@Ng (2.5 and 5µg/ml), and AuNP@Ng/Cur for 24 h.

AuNP are acquired with reflection imaging (green), the cell membrane was stained with carbocyanine dye DiI (red). The scale bar is 30µm (C).

the lower inhibition in cell proliferation in the sample treated
with AuNP@Ng/Cur.

In addition to curcumin delivery, the photothermal
therapeutic effect of AuNP@Ng/Cur against MDA-MB-231
cells was evaluated by applying NIR irradiation after incubating
cells with AuNP@Ng/Cur containing 2.5 and 5µg/ml AuNP.
After 24 h of incubation, cells were exposed to NIR irradiation
for 10min. AuNP represent LPSR, which has the ability in
absorbing NIR light and converting it to heat. This heat
generation causes the shrinkage of nanogel and curcumin release

by triggering the thermoresponsive properties of synthesized
AuNP@Ng/Cur nanoparticles (Vines et al., 2019). The Alamar
blue assay and crystal violet staining after PTT indicated that
AuNP, AuNP@Ng, and AuNP@Ng/Cur could significantly
decrease the cell viability of MDA-MB-231 cells compared to
the control cells with no NIR laser exposure, which were viable
after irradiation NIR laser (p < 0.05). These results clearly
showed the significant photothermal ability of the synthesized
nanoparticles against MDA-MB-231 cells when treated with
AuNP@Ng/Cur, in addition to increased concentration of AuNP
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FIGURE 8 | Cytotoxicity of free curcumin and AuNP@Ng/Cur incubated with MDA-MB-231 and MCF-10A cells for 24 and 48 h. Data are presented as the mean ±

standard deviation (SD) Two-way ANOVA followed by Tukey’s multiple comparisons test was performed to investigate the significant difference (****p < 0.0001; ***p <

0.0001–0.001; **p < 0.001–0.01; *p < 0.01) (A). Cell viability of MDA-MB-231 cells treated with AuNP, AuNP@Ng, and AuNP@Ng/Cur after exposure to NIR laser

(B). Crystal violates -stained MDA-MB-231 cells treated with AuNP (2.5–5µg/ml), AuNP@Ng (2.5–5µg/ml), and AuNP@Ng/Cur (2.5–5µg/ml) after laser exposure for

10min (Scale bar is 200µm) (C).

in AuNP@Ng/Cur and AuNP@Ng being able to remarkably
increase the photothermal efficiency of AuNP@Ng/Cur
(Figures 8B,C) (p < 0.05). Although drug loaded AuNP@Ng
nanoparticles showed less anticancer efficiency, our novel dual
therapy nanoparticle system constitutes a potential delivery
approach with overall advantages of Ng being cytocompatible
and containing AuNP for PTT and enhancing the solubility of
poorly water-soluble drugs.

CONCLUSION

Plasmonic nanogels are of interest to a range of medical
fields, including hydrophobic drug delivery and bioimaging,
due to their high biocompatibility, biodegradability, and
stimuli responsivity. To date, various nanogels have been
synthesized using different synthetic methods. Although there
is considerable progress in the success of nanogels, in practice
they suffer from multiple dilemmas such as high toxicity,
burst release, and poor diagnostic sensitivity. Therefore,
in this study, biocompatible, stimuli-responsive plasmonic
nanogel was successfully synthesized in the presence of an
MBA crosslinker with free radical surfactant-free emulsion
polymerization method by grafting PNIPAM to thiolated
chitosan. Having isopropyl hydrophobic groups rendered
the AuNP@Ng an appropriate nanocarrier for a wide range
of anticancer drugs with low solubility. Sustained curcumin
release pattern by AuNP@Ng was achieved for 72 h. Our
developed AuNP@Ng/Cur nanoparticles conveniently overcame

the cellular barrier and entered the MDA-MB-231 cells,
which was observed through confocal microscopy. The
pH-thermoresponsive plasmonic nanogel was found to have
efficient toxicity against MDA-MB-231 cells, which increased
with the combination of photothermal therapy. Thus, it
can be suggested that AuNP@Ng could be introduced as a
biocompatible multifunctional nanocarrier for the dual delivery
of curcumin and photothermal therapy.
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Zirconia nanoparticles (ZrO2 NPs) are commonly used in the field of biomedical materials,
but their antitumor activity and mechanism is unclear. Herein, we evaluated the anti-tumor
activity of ZrO2 NPs and explored the anti-tumor mechanism. The results of in vitro and in
vivo experiments showed that the level of intracellular reactive oxygen species (ROS) in
HeLa cells was elevated after ZrO2 NPs treatment. Transmission electron microscopy
(TEM) showed that after treatment with ZrO2 NPs, the mitochondria of HeLa cells were
swollen, accompanied with the induction of autophagic vacuoles. In addition, flow
cytometry analysis showed that the apoptotic rate of HeLa cells increased significantly
by Annexin staining after treatment with ZrO2 NPs, and the mitochondrial membrane
potential (MMP) was reduced significantly. The proliferation of HeLa cells decreased as
indicated by reduced Ki-67 labeling. In contrast, TUNEL-positive cells in tumor tissues
increased after treatment with ZrO2 NPs, which is accompanied by increased expression
of mitochondrial apoptotic proteins including Bax, Caspase-3, Caspase-9, and
Cytochrome C (Cyt C) and increased expression of autophagy-related proteins
including Atg5, Atg12, Beclin-1, and LC3-II. Treating HeLa cells with N-acetyl-L-
cysteine (NAC) significantly reduced ROS, rate of apoptosis, MMP, and in vivo anti-
tumor activity. In addition, apoptosis- and autophagy-related protein expressions were
also suppressed. Based on these observations, we conclude that ZrO2 NPs induce HeLa
cell death through ROS mediated mitochondrial apoptosis and autophagy.

Keywords: anticancer, reactive oxygen species, autophagy, apoptosis, zirconia

INTRODUCTION

ZrO2 NPs are the main raw material for synthetic casting sand, refractory and porcelain. In addition,
they are common biomedical materials used for biosensors, implants, joints and oral prosthesis
replacement (Lohbauer, et al., 2010; Qeblawi, et al., 2010). However, their anti-tumor activity is rarely
reported. Reduced graphene oxide modified by ZrO2 NPs are used for highly sensitive
electrochemical sensors for anticancer drugs (Venu, et al., 2018). Iron-manganese-doped sulfated
zirconia nanoparticles have been shown to induce HepG2 and MDA-MB-231 cell death, while they
are less effective at killing normal Chang cells and HUVECs (Al-Fahdawi, et al., 2015). Sulphated
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zirconia nanoparticles have significant cytotoxic effects on colon
cancer HT29 cells (Mftah, et al., 2015). Synthetic ZrO2 NPs can
play a role in biomedical applications through the production of
ROS and antioxidant activities (Balaji, et al., 2017), but the
detailed mechanism has not been explored. Based on this, we
investigated the anti-tumor activity and anti-tumor mechanism
of zirconia nanoparticles using in vivo and in vitro experiments.

ROS are molecules or ions composed of oxygen containing
single unpaired electrons, including hydroxyl radicals,
superoxides, and hydrogen peroxide, etc (Chen and Gibson,
2008). They play important roles in cell apoptosis and
autophagy (Araveti and Srivastava, 2019; Wang, et al., 2019;
Ye et al., 2019). Mitochondria are the main organelles for ROS
production (Addabbo, et al., 2009). Although autophagy is the
protective response of living organisms to various adverse stress
conditions during evolution, excessive autophagy is another way
for anti-tumor drugs to induce tumor cell death (Kroemer and
Levine, 2008). Overproduction of ROS can promote autophagy
(Chen and Gibson, 2008). Based on the close relationship
between ROS and apoptosis and autophagy, in this study, we
investigated the anti-tumor mechanism of ZrO2 NPs focusing
ROS generation, apoptosis and autophagy induction.

MATERIALS AND METHODS

Materials
Zirconia nanoparticle (XF101) was purchased from XFNANO
Materials Tech Co., Ltd. (China). NAC was purchased from
Sigma Aldrich (United States). MTT cell proliferation and
cytotoxicity assay kit was purchased from Beyotime
Biotechnology. Rhodamine 123 (Rh123) was obtained from
Yeasen Biotechnology (China). Annexin V-FITC/PI Apoptosis
Detection Kit, MMP Detection Kit (JC-1), and ROS Assay Kit
were purchased from KeyGEN BioTECH (China). BCA Protein
Assay Kit was purchased from Solarbio science and technology Co.,
Ltd. (China). DMEM-HG (high glucose), fetal bovine serum (FBS),
and trypsin were purchased from Life Technologies
(United States). BBoxiProbe® superoxide anion detection kit,
Singlet oxygen detection kit were from Shanghai Bestbio
Biotechnology Co., Ltd. (China). Hydroxyl radical in situ
fluorescence staining kit was from Shanghai Haling Biological
Technology Co., Ltd. (China). One Step TUNEL Apoptosis
Assay Kit, Ki-67 cell proliferation Detection Kit (IHC), DAPI
and hematoxylin and eosin (HE) were purchased from
Servicebio Tech Co., Ltd. (China). Anti-Bax, anti-Bcl-2, anti-
Caspase-9, anti-Caspase-3, anti-Cytochrome C, anti-LC3, anti-
Atg12, anti-Atg5, anti-Beclin-1, anti-β-actin antibodies, and
horseradish peroxidase (HRP) goat anti-mouse and goat anti-
rabbit IgG secondary antibodies were produced by Proteintech
(United States).

Cell Culture
Human cervical cancer HeLa cells were prepared in the
laboratory and cultured with DMEM-HG, containing 10%
fetal bovine serum at 37°C, in 5% CO2 and saturated humidity
condition.

Cell Viability and Mitochondrial Metabolic
Activity Detected by MTT Cell Proliferation
and Cytotoxicity Assay
HeLa cells growing in log phase were collected and inoculated
in 96-well plate (2 × 103/well). After 24 h, confluent cells were
divided into control group, NAC (160 μg/ml) group, ZrO2

NPs (100 μg/ml) + NAC (160 μg/ml) group, ZrO2 NPs (50 μg/
ml) group, and ZrO2 NPs (100 μg/ml) group, respectively.
After 24 h, 10 μL MTT solution was added to each well and the
plate was incubated for 4 h. 100 μl Formazan solution was
added to each well and the plate was incubated for additional
4 h. The absorbance (A) at 570 nm was detected by an EnSpire
2300 Multilabel Plate Reader. Cell viability (%) � (1 − average
A value of ZrO2 NPs group/average A value of negative
control group) × 100%. The experiment was performed in
triplicates.

Preparation of Samples for TEM
After being treated with fresh medium, ZrO2 NPs (100 μg/ml) +
NAC (160 μg/ml), ZrO2 NPs (50 μg/ml), or ZrO2 NPs (100 μg/
ml) for 24 h, respectively, HeLa cells were collected by trypsin
digestion, washed with PBS and centrifuged at 1,000 rpm for
5 min. PBS wash was repeated three times. Cell clumps (about
1–2 mm3) were fixed in 3% glutaraldehyde at 4°C for 2 h, after
being washed with PBS, and then fixed with 1% osmic acid for 2 h.
After dehydration with ethanol and acetone, cells were embedded
with Epon821 and followed by polymerization. Cell clumps were
sliced by an ultra-thin slicing machine, counterstained with oil
and citric lead acetate, and then observed under TEM (GEM-100-
CX Ⅱ, JEO, Japan) and pictures were taken.

Apoptosis Assay by Annexin V-FITC/PI
Double Staining
HeLa cells were inoculated into culture bottles, treated with fresh
medium, ZrO2 NPs (100 μg/ml) + NAC (160 μg/ml), ZrO2 NPs
(50 μg/ml), or ZrO2 NPs (100 μg/ml), respectively. After 24 h,
cells were digested with Trypsin that did not contain EDTA,
collected, washed with pre-cooled PBS twice, and centrifuged
(2000 rpm, 5 min) at 4°C. 1–5 × 105 cells were collected. PBS was
discarded, and 100 μl 1x Binding Buffer was added to re-suspend
the cells. 5 μl Annexin V-FITC and 10 μl PI Staining Solution was
added andmixed gently. The cells were incubated in dark at room
temperature for 10–15 min. 400 μl 1x Binding Buffer was added,
and the cells were suspended. The samples were subjected to FCM
(BectonDickinson-LSR, United States) within 1 h.

MMP Assay
HeLa cells were inoculated into culture bottles, treated with fresh
medium, ZrO2 NPs (100 μg/ml) + NAC (160 μg/ml), ZrO2 NPs
(50 μg/ml), or ZrO2 NPs (100 μg/ml), respectively. After 24 h,
cells were collected, washed, and suspended with 500 μl PBS.
500 μl Rhodamine 123 (10 mg/L) was added to each cell
suspension. After incubation at 37°C for 30 min, cells were
washed with PBS three times, and suspended with PBS. FCM
(BectonDickinson-LSR, United States) was used to detect the
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MMP of HeLa cells. The excitation wavelength is 488 nm and the
emission wavelength is 525 nm.

Reactive Oxygen Species Detection
HeLa cells were inoculated into culture bottles, treated with fresh
medium, ZrO2 NPs (100 μg/ml) + NAC (160 μg/ml), ZrO2 NPs
(50 μg/ml), or ZrO2 NPs (100 μg/ml), respectively. Cells were
collected after 24 h and washed with PBS three times. The cells
were collected and suspended in DCFH-DA (10 mmol/L) with a
cell concentration of 1–20 × 106/ml, and incubated at 37°C for
20 min. The cells were washed three times with serum-free cell
culture medium to fully remove DCFH-DA, and cellular ROS
level was detected by FCM (BectonDickinson-LSR,
United States).

Superoxide Anion, Singlet Oxygen, and
Hydroxyl Radical Detection
To further explore which kinds of ROS were generated by ZrO2

NPs, we detected the superoxide anion, singlet oxygen, and
hydroxyl radicals in HeLa cells after treated with ZrO2 NPs.

Superoxide Anion in HeLa Cells Detected by
Superoxide Anion Detection Kit After Treated With
ZrO2 NPs
The 100 fold diluted probe was added to serum-free cell culture
medium, and the cells were incubated at 37°C for 2 h in dark,
washed twice with PBS, observed and photographed under
fluorescence microscope (ECLIPSE TE2000-U, Nikon, Japan,
excitation wavelength: 518 nm, emission wavelength: 606 nm).

Singlet Oxygen in HeLa Cells Detected by Singlet
Oxygen Detection Kit After Treatment With ZrO2 NPs
The 100 fold diluted singlet oxygen R probe was added to serum-
free cell culture medium, and the cells were incubated at 37°C for
2 h in the dark, washed twice with PBS, and observed and
photographed under fluorescence microscope (ECLIPSE
TE2000-U, Nikon, Japan, excitation wavelength: 488 nm,
emission wavelength: 526 nm).

Hydroxyl Radicals in HeLa Cells Were Detected by
Hydroxyl Radical In Situ Fluorescence Staining Kit
After Treated With ZrO2 NPs
The cell medium was discarded and 500 μl of Reagent A added.
Cleaning agent (Reagent A) was disposed of, then 500 μl of
Reagent B and Reagent C were added, then incubated with
cells at 37°C in cell incubator for 30 min. The staining agent
was discarded, and 500 μl of preheated Reagent D was added at
37°C and observed and photographed with inverted fluorescence
microscope (ECLIPSE TE2000-U, Nikon, Japan, excitation
wavelength: 499 nm, emission wavelength: 515 nm).

Establishment of Xenograft Animal Model
Female BALB/c nude mice aged 6 weeks (about 20 g) were
purchased from Hunan Slake Jingda Laboratory animal Co.
Ltd. Xenograft tumor models of nude mice were prepared by
subcutaneous inoculation of HeLa cells at 1 × 107/100 μl.

Anticancer Effect of ZrO2 NPs on NudeMice
With Transplanted Tumor
Day 1 was defined when tumor volume reaches 100 mm3.
Female BALB/c nude mice were randomly divided into four
groups with five in each group. PBS, ZrO2 NPs (50 mg/Kg/d) +
NAC (80 mg/Kg/d), ZrO2 NPs (25 mg/Kg/d), and ZrO2 NPs
(50 mg/Kg/d) was injected into the tail vein in 100 μl daily for
four consecutive days. Tumor volume and body weight were
measured every 4 days. On the 20th day, mice were anesthetized
and sacrificed. Whole blood, tumor, and tissues (heart, liver,
spleen, lung, and kidney) were collected. Whole blood was
collected with EDTA anticoagulation, and analyzed on BC-
5390 (Mindray, China). Whole blood samples were
centrifuged at 3,000 rpm for 10 min, and the serum
enzymatic indexes were detected by automatic biochemical
analyzer (7100, HITACHI, Japan) and immune analyzer
(Cobas 6000 e601, ROCHE, United States). All the organs
and tumor tissues were either fixed with 4%
paraformaldehyde or stored in −80°C until use. Frozen tissue
sections were prepared for immunofluorescence staining and
Western Blotting. Fixed tissues were embedded in paraffin and
made into tissue sections for HE staining, immunofluorescence
and immunohistochemical staining.

Immunohistochemistry and
Immunofluorescence Staining
Ki-67 Assay
Paraffin-embedded tumor sections were dewaxed and antigen
repaired in the antigen repair solution. Slices were heated to
95°C for 20 min, then slowly cooled to 65°C, and placed in the
elution buffer for 5 min. The slices were incubated with peroxidase
blocker, rinsed with elution buffer for 5 min, incubated with
primary antibody for 20 min, washed with elution buffer,
incubated with secondary antibody for 20min, and flushed with
elution buffer. Then DAB was applied for color rendering. The
slices were rinsed with tap water, stained with hematoxylin, and
then rinsed in 70% alcohol, 80% alcohol, 90% alcohol, 100%
alcohol, and 100% alcohol for 2 min, respectively. The slices
were vitrified by dimethylbenzene. The slices were sealed with
neutral gum, observed and photographed under a light
microscope.

TUNEL, MMP and ROS Assay
Frozen sections of tumor tissues were used to detect the apoptosis
according to the instructions of One Step TUNEL Apoptosis
Assay Kit. The cells were fixed for 30–60 min with 4%
paraformaldehyde. The slices were washed with PBS twice for
10 min each time, incubated in PBS containing 0.5% Triton X-
100 at room temperature for 5 min, washed twice with PBS,
incubated with 50 μl TUNEL test solution at 37°C in the dark
for 60 min, and washed with PBS three times. The nuclei were
counterstained with DAPI. The slices were sealed with anti-
fluorescence quenching solution.

Frozen sections of tumor tissue were incubated with JC-1
staining solution at 37°C for 20 min, washed with JC-1 staining
buffer twice. The nuclei were counterstained with DAPI.
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Frozen tissue slices were incubated in DCFH-DA (10 mmol/L)
at 37°C for 20 min and washed three times with PBS to fully
remove DCFH-DA. The nuclei were counterstained with DAPI.
All the tissue sections were observed and photographed under
fluorescence microscope (ECLIPSE TE2000-U, Nikon, Japan).

Western Blot Detection of Apoptosis and
Autophagy-Related Proteins
The cryopreserved tumor tissues were blended with cell lysis
solution for 40min, centrifugated (13,000 rpm, 20 min) at 4°C,
and supernatant was taken for protein quantification with BCA
Protein Assay Kit. Protein samples were separated by 80 V
electrophoresis and transferred to nitrocellulose membrane.
Sealed membrane protein was blotted with Tris Buffered Saline
Tween (TBST) buffer containing 5% skimmilk at room temperature
for 1 h, and then blotted at room temperature for 1 h with anti-Bax,
anti-Bcl-2, anti-Caspase-3, anti-Caspase-9, anti-Cytochrome C,
anti-Beclin-1, anti-LC3, anti-Atg5, anti-Atg12, and anti-β-actin
antibody, respectively. Membranes were washed with TBST three
times, 10min each, and then incubated with horseradish peroxidase
(HRP)-labeled goat anti-mouse or goat anti-rabbit IgG secondary
antibody at room temperature for 1 h. Membranes were washed
with TBST three times, 10 min each, reacted with enhanced
chemical illuminant (ECL), and developed by exposure on X film.

Image and Statistical Analysis
SPSS 20.0 software was used for statistical analysis, and GraphPad
Prism plot was used to plot the data. Data was expressed as
mean ± standard deviation. ANOVA was used to evaluate the
differences between groups, and Tukey’s post-test was conducted.
* p < 0.05, **p < 0.01, *** p < 0.001, and **** p < 0.0001.

RESULTS AND DISCUSSION

Characterization of Zirconia Nanoparticles
Observed under TEM, ZrO2 NPs were monodispersed with
diameters averaging about 25 nm (Figure 1A), which were
larger than the previous reported green synthesized
Nanozirconia (of ∼9–11 nm) using leaf extract of Eucalyptus
globulus (E. globulus) (Balaji, et al., 2017). Based on dynamic
light scattering (DLS) data (Figure 1B), ZrO2 NPs averaged
25 nm in size, which was consistent with the data of TEM.
Zeta potential is related to colloid stability of nanoparticle-
dispersions, and Zeta potential values of ±0–10, ±10–20, and
±20–30 mV and >±30 mV are classified as highly unstable,
relatively stable, moderately stable and highly stable
(Bhattacharjee, 2016). Nanoparticles with low Zeta potential
are easy to agglomerate (Hanaor et al., 2012). ZrO2 NPs had
Zeta potential values of −51.5 ± 3.1 mV (Figure 1C), which was
higher than the reported green synthesized Nano zirconia
(−45.5 mV) (Balaji et al., 2017). Besides, Zeta potentials of
ZrO2 NPs over 180 days did not change significantly
(Supplementary Figure S1). Taking all these into account,
ZrO2 NPs exhibit higher colloid stability and anti-
agglomeration tendency. The X-Ray Diffraction (XRD) pattern
indicates that the fitting line is relatively flat and the fitting is very
good (Supplementary Figure S2A), and the crystallinity of ZrO2

NPs is 99.3% (Supplementary Figure S2B).

Cell Viability and Mitochondrial Metabolic
Activity of HeLa Cell Growth
MTT assay is widely used to assess cell viability, and the
involvement of mitochondrial metabolic activity in MTT

FIGURE 1 | Characterization of ZrO2 NPs. (A) TEM image of ZrO2 NPs. Scale bar: 100 nm. (B) The particle size of ZrO2 NPs. (C) Zeta potential of ZrO2 NPs. (D)
HeLa cell viability upon administration of NAC, ZrO2 NPs, and ZrO2 NPs + NAC for 24 h, respectively. Data are mean ± SD (n � 3). Compared to the control group: ***p <
0.001, and ****p < 0.0001.
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reduction has been confirmed (Berridge and Tan, 1993). NAC,
the ROS scavenger, was utilized to suppress ROS accumulation
(Singh, et al., 2005; Kim, et al., 2006). MTT assay showed that
NAC did not inhibit the viability and mitochondrial metabolic

activity of HeLa cells, but the cell viability and mitochondrial
metabolic activity of HeLa cells was significantly inhibited
(Figure 1D). Treating with ZrO2 NPs together with NAC did
not show obvious inhibitory effect (Figure 1D), indicating NAC

FIGURE 2 | Changes of ultrastructure, apoptosis ratio, MMP and ROS level of HeLa cells. (A) The ultrastructural changes of HeLa cells after treatment with ZrO2

NPs, and ZrO2 NPs + NAC for 24 h, respectively. (B) Apoptosis ratio of HeLa cells after treatement with ZrO2 NPs and ZrO2 NPs + NAC detected by Flow Cytometer. a:
Control; b: ZrO2 NPs (100 μg/ml) + NAC (160 μg/ml); c: ZrO2 NPs (50 μg/ml); d: ZrO2 NPs (100 μg/ml). Data are presented as the mean ± SD (n � 3). Compared to the
control group: ***p < 0.001 and ****p < 0.0001.
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could counter the cytotoxicity induced by ZrO2 NPs and ZrO2 NPs
could inhibit the growth of HeLa cells through ROS production.

UltrastructureChangesofHeLaCellsObserved
Under TEM
Autophagy has been involved in pathological conditions such as
cancer and inflammatory diseases (Choi, et al., 2013). Promotion

of autophagy has been a potent therapeutic target in human
diseases, including tumor (Yoshii and Mizushima, 2017). As
shown in Figures 2Aa,Ab, no autophagic vacuoles were found
in the cytoplasm of HeLa cells, but lots of autophagosomes (black
arrows) were present in the apoptotic cells (Figures 2Ac,Ad),
indicating NAC inhibited the autophagy induced by ZrO2 NPs.
Apoptotic cell death is an important mechanism of anti - tumor
therapy and most anticancer drugs exploit apoptotic signaling

FIGURE 3 | (A)MMP of HeLa cells after treatment with ZrO2 NPs and ZrO2 NPs +NAC detected by FlowCytometer. (B)ROS level of HeLa cells after treatment with
ZrO2 NPs and ZrO2 NPs + NAC detected by Flow Cytometer. a: Control; b: ZrO2 NPs (100 μg/ml) + NAC (160 μg/ml); c: ZrO2 NPs (50 μg/ml); d: ZrO2 NPs (100 μg/ml).
Data are presented as the mean ± SD (n � 3). Compared to the control group: ***p < 0.001 and ****p < 0.0001.
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pathways to induce cancer cell death (Pistritto et al., 2016).
TEM images also showed that autophagy was associated with
apoptosis. The membrane of HeLa cell in the control group was
intact, while the nuclei, nuclear membrane and nucleoli were
clearly visible (Figure 2Aa). After ZrO2 NPs treatment, cells
appeared wrinkled while the chromatin became dense and
gathered under the nuclear membrane. The mitochondria
were swollen and expanded, but the cell membrane was still
intact indicating apoptosis (Figures 2Ac,Ad). After ZrO2 NPs
plus NAC treatment, the swelling and enlargement of
mitochondria in the cells was not obvious, suggesting that
NAC inhibited the apoptosis induced by ZrO2 NPs
(Figure 2Ab).

Cell Apoptosis Rate, MMP Changes, and
ROS Levels Detected by FCM
Escaping from apoptosis is a hallmark of cancer and
promoting apoptosis is an interesting therapeutic strategy
(Pistritto, et al., 2016). The percentage of apoptotic cells in
the control group was low (4.33 ± 0.92%), but apoptosis
increased after cells were treated with ZrO2 NPs (100 μg/
ml), reaching 38.05 ± 3.20%. After ZrO2 NPs plus NAC
treatment, the percentage of apoptotic cells was
significantly lower than that in the ZrO2 NPs group,

showing that NAC inhibited apoptosis induced by ZrO2

NPs (Figure 2B).
Mitochondrial function, a key indicator of cell apoptosis, can

be assessed by monitoring changes in MMP (Sakamuru, et al.,
2016). MMP reflects the functional status of the mitochondrion
(Zhang, et al., 2015a), and a decrease in MMP is linked to
apoptosis (Lemasters, et al., 2002). As shown in Figure 3A, after
treating with ZrO2 NPs + NAC for 24 h, the proportion of HeLa
cells with weak fluorescence (M1 channel) was 3.99 ± 1.31%,
which was close to that in the control group (3.60 ± 1.26%). The
proportion of cells with weak fluorescence (M1 channel) in the
ZrO2 NPs (100 μg/ml) groups increased significantly, reaching
39.10 ± 3.22%. This result suggested that ZrO2 NPs decreased
the binding ability of mitochondria to Rhodamine 123, resulting
in a decrease of fluorescent dyes entering cells and an increase of
the percentage of cells with weak fluorescence, and a decrease of
MMP, while NAC could significantly inhibit this effect.

Mitochondria and potentially mitochondrial ROS play an
important role in regulating apoptosis (Bender and Martinou,
2013) and autophagy (Chen et al., 2009). As shown in
Figure 3B, the proportion of DCF-positive cells was 1.56 ±
0.80% in the control group, 1.84 ± 0.82% in the ZrO2 NPs +
NAC group, 21.60 ± 1.36% and 37.21 ± 2.37% in the ZrO2 NPs
50 and 100μg/ml groups, respectively, suggesting that ZrO2

NPs promote ROS production in HeLa cells, while NAC

FIGURE 4 | Anticancer effects of ZrO2 NPs and ZrO2 NPs + NAC on HeLa bearing BALB/c nude mice. (A) The change of body weight after treated with ZrO2 NPs
and ZrO2 NPs +NAC. (B) The representative picture of tumors. (C) The change of tumor volume after treated with ZrO2 NPs and ZrO2 NPs +NAC. (D) The representative
cell morphology of tumor tissues after treated with ZrO2 NPs and ZrO2 NPs + NAC, and HE staining. Scale bar: 20 μm. a: Control; b: ZrO2 NPs (50 mg/Kg/d) + NAC
(80 mg/Kg/d); c: ZrO2 NPs (25 mg/Kg/d); d: ZrO2 NPs (50 mg/Kg/d). Data are presented as the mean ± SD (n � 3). Compared to the control group: ***p < 0.001
and ****p < 0.0001.

Frontiers in Chemistry | www.frontiersin.org March 2021 | Volume 9 | Article 5227087

Shang et al. Anticancer Mechanism of Zircona Nanoparticles

192

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


significantly inhibits ROS production induced by ZrO2 NPs.
ROS generation by ZrO2 NPs is likely caused a decrease in
n →π* transition intensity due to the transfer of electron from
oxygen atom present in ZrO2 NPs (Balaji, et al., 2017). Further,
ZrO2 NPs may inhibit the scavenging of free radicals (Balaji,
et al., 2017).

Generation of Superoxide Anion, Singlet
Oxygen, and Hydroxyl Radicals After
Treated With Zirconia Nanoparticles
Superoxide Anion Assay
The Bestbio ® BBoxiProbe® superoxide anion detection kit is a
superoxide anion detection kit that utilizes the BBoxiProbe® O88
superoxide anion specific fluorescent probe. BBoxiProbe ® O88
can enter the cell freely through the living cell membrane and is
oxidized by the intracellular superoxide anion to produce red
fluorescence products. According to the production of red
fluorescence in living cells, the amount and change of cell
superoxide anion content can be determined. Superoxide
anion was transformed from an oxygen molecule which
accepted an electron. Repeated such reactions lead to an
excess of superoxide anions, resulting in cytotoxicity (Sun,
et al., 2020). After treatment with ZrO2 NPs, red fluorescence
in HeLa cells enhanced (Supplementary Figure S3A), indicating
generation of superoxide anion to induce cell death.

Singlet Oxygen Assay
Singlet oxygen specific fluorescent probe R in Singlet oxygen
detection kit was used to detect singlet oxygen. Singlet oxygen
probe R is a synthetic phenylanthracene fluorescent probe, which
can freely enter cells, react with singlet oxygen in cells, and be
oxidized to produce green fluorescent substances. The intensity of
green fluorescence is proportional to the level of singlet oxygen in
cells, and the changes of singlet oxygen in cells can be known by
detecting green fluorescence. O2 derivatives (such as singlet
oxygen and hydroxyl radical), owing to their redox potential,
can promote cell death (Bubici, et al., 2006). After being treated
with ZrO2 NPs, green fluorescence in HeLa cells was enhanced
(Supplementary Figure S3B), indicating that ZrO2 NPs
increased the generation of singlet oxygen to induce HeLa
cells death.

Hydroxyl Radical Assay
Hydroxyphenyl fluorescein (HPF) is a kind of dye that passes
through cell membrane freely. Once it reacts with hydroxyl
radicals, it generates o-dearylation and fluorescein. These
results proved the existence of hydroxyl radical reactive
oxygen group in cells. Enhanced green fluorescence
indicates high hydroxyl radical content. Excess hydroxyl
radical (OH) can promote oxidation and stimulate lipid
peroxidation (Polyakov, et al., 2018), damage DNA and
protein, and promote the apoptosis of cancer cells (Lin

FIGURE 5 | Ki-67 assay, TUNEL assay, MMP assessment and ROS analysis of tumor tissues at 20th day after the intravenous injection of ZrO2 NPs and ZrO2 NPs
+ NAC. a: Control; b: ZrO2 NPs (50 mg/Kg/d) + NAC (80 mg/Kg/d); c: ZrO2 NPs (25 mg/Kg/d); d: ZrO2 NPs (50 mg/Kg/d). Scale bar: 20 μm.
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et al., 2018). After being treated with ZrO2 NPs, green
fluorescence in HeLa cells was enhanced (Supplementary
Figure S3C), indicating that ZrO2 NPs can promote the
generation of hydroxyl radical, which may play an
important role in inducing HeLa cells apoptosis.

Antitumor Effect of Zirconia Nanoparticles
in vivo
As shown in Figure 4A, compared to the control group, there
was no significant change in body weight of nude mice treated
with ZrO2 NPs and ZrO2 NPs + NAC. As shown in Figures
4B,C, compared to the control group, tumor volume
decreased after ZrO2 NPs treatment, suggesting that ZrO2

NPs inhibit tumor growth. However, ZrO2 NPs plus NAC
treatment did not further decrease tumor volume. After HE
staining, tumor tissue sections (Figure 4D) showed tumor
cells were thriving in the control group and the ZrO2 NPs +
NAC group. After ZrO2 NPs treatment, necrotic HeLa cells
increased, suggesting that ZrO2 NPs inhibit HeLa cell growth
while NAC counteracts the inhibition effect induced by
ZrO2 NPs.

Immunohistochemistry and
Immunofluorescence Staining of Tumor
Sections
Ki-67 Immunohistochemistry and TUNEL
Immunofluorescence Assays
Ki-67, a nuclear and nucleolar protein, is associated with cell
proliferation (Campelo, et al., 2015). As shown in Figure 5,
compared to the control group, Ki-67-positive (brown) cells
decreased after ZrO2 NPs treatment, while the decrease of Ki-
67 labeling was not apparent in the ZrO2 NPs + NAC group
suggesting that ZrO2 NPs could inhibit HeLa cell proliferation,
and NAC could counter the inhibitory effect induced by ZrO2

NPs. TUNEL assay has been designed to detect apoptotic cells
that undergo extensive DNA degradation during the late stages of
apoptosis, which is based on the ability of TdT to label blunt ends
of double-stranded DNA breaks independent of a template
(Kyrylkova, et al., 2012). As shown in Figure 5, compared to
the control group, TUNEL-positive (green fluorescent) cells
increased after ZrO2 NPs treatment, but no obvious change
was detected in the ZrO2 NPs + NAC group, suggesting that
ZrO2 NPs induce apoptosis of HeLa cells and that NAC reverses
the apoptosis induced by ZrO2 NPs.

FIGURE 6 | Apoptosis and autophagy-associated protein expressions in tumor tissues at the 20th day after intravenous injection of ZrO2 NPs and ZrO2 NPs +
NAC. a: Control; b: ZrO2 NPs (50 mg/Kg/d) + NAC (80 mg/Kg/d); c: ZrO2 NPs (25 mg/Kg/d); d: ZrO2 NPs (50 mg/Kg/d). Data are presented as the mean ± SD (n � 3).
Compared to the control group: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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MMP and ROS Immunofluorescence Staining
The decrease of MMP is the direct consequence of the
imbalance between pro-apoptosis factor and anti-apoptosis
factor, which leads to altered mitochondrial permeability and
triggers an early and subsequent intracellular event in
apoptosis (Cetindere, et al., 2010; Indran, et al., 2011). The
lipophilic cation JC-1 has been used as a specific dye for
measuring MMP (De Biasi, et al., 2015). As shown in
Figure 5, cells of tumor tissue sections in the control group
and ZrO2 NPs + NAC group showed robust staining with JC-1,
indicating active proliferation. However, cells in the ZrO2 NPs
group had a significant decrease of MMP as indicated by the
increase of green fluorescent cells, suggesting that ZrO2 NPs
result in MMP reduction in HeLa cells. ROS formation has
long been found to play a vital role in mediating apoptosis
(Pierce, et al., 1991). As shown in Figure 5, DCFH-DA
intensity was much stronger in tumor cells treated with
ZrO2 NPs than that of the control group and ZrO2 NPs +
NAC group, and the intensity increases as the dose of ZrO2

NPs increases, suggesting that ZrO2 NPs induce tumor cells to
produce ROS while NAC could inhibit the ROS production
induced by ZrO2 NPs.

Changes in Apoptosis and
Autophagy-Associated Proteins Expression
The balance between Bcl-2 family members which include anti-
apoptotic proteins (such as Bcl-2) and pro-apoptotic proteins
(such as Bax) determine the fate of a cell (Adams and Cory, 2007).
Bcl-2 expression was down-regulated in the ZrO2 NPs groups
(25 mg/Kg/d, 50 mg/Kg/d) (Figure 6), suggesting that ZrO2 NPs
could promote apoptosis in HeLa cells. Compared to the ZrO2

NPs (50 mg/Kg/d) group, there was relatively milder up-
regulation of Bax and the down-regulation of Bcl-2 in the
ZrO2 NPs + NAC group.

The family of proteases known as the caspases play a key role
in apoptosis (Li and Yuan, 2008). Caspases are central to
apoptosis as they include both the initiators which are
primarily responsible for the beginning of the apoptotic
pathway (such as Caspase-2, -8, -9, and -10) and the executors
which are responsible for the definite cleavage of cellular
components (such as Caspase-3, -6 and -7) (Thornberry and
Lazebnik, 1998; Lakhani et al., 2006). ZrO2 NPs could down-
regulate the expressions of Pro-caspase-9 and Pro-caspase-3.
However, the expressions of Caspase-9 and Caspase-3 were
up-regulated by ZrO2 NPs, suggesting that Caspase-9 and
Caspase-3 are activated. Compared to the ZrO2 NPs (50 mg/
Kg/d) group, there was a milder up-regulation of Pro-caspase-9
and Pro-caspase-3 and a milder down-regulation of Caspase-9
and Caspase-3 in the ZrO2 NPs + NAC group, indicating that
ZrO2 NPs promote apoptosis and NAC inhibits the apoptosis
induced by ZrO2 NPs.

Translocation of Bax into mitochondria, which initiates the
mitochondrial apoptosis pathway and causes the release of Cyt C
from the mitochondria (Guo, et al., 2012) prompts the binding of
Apaf-1 to Caspase-9, thus activating Caspase-9 (Brentnall et al.,
2013) and inducing subsequent cell death (Jiang and Wang,
2004). Compared to the control group, cytoplasmic Cyt C
expression was significantly increased by ZrO2 NPs, while the
up-regulation of Cyt C in the ZrO2 NPs + NAC group was
relatively weak. Taken together, these results suggest that NAC
inhibits the mitochondria mediated apoptosis induced by
ZrO2 NPs.

ROS are involved in the regulation of a variety of biological
processes (Galadari et al., 2017). Increased ROS in cancer cells
may eliminate cancer cells via activating various ROS-induced
cell death pathways including autophagy (Chen et al., 2017). In
addition to apoptosis, autophagy is also a mode of programmed
cell death (Liu and Levine, 2015). LC3-II transforming from LC3-
I, a hallmark of autophagy (Rabinowitz and White, 2010),
participates in autolysosome formation (Boya et al., 2013). As

TABLE 1 | The blood cell counts, the enzyme level and myocardial enzyme spectrum analysis of tumor bearing mice after treated with ZrO2 NPs, or ZrO2 NPs + NAC.

Control ZrO2 NPs (50 mg/kg/d) + NAC (80 mg/Kg/d) ZrO2 NPs (25 mg/kg/d) ZrO2 NPs (50 mg/kg/d)

Blood cell count
WBC(109/L) 7.5 ± 0.4 7.3 ± 0.7 7.5 ± 0.4 7.6 ± 0.4
RBC(1012/L) 11.2 ± 1.3 11.3 ± 1.1 11.2 ± 0.7 11.3 ± 1.0
HGB(g/dl) 14.6 ± 0.4 14.7 ± 0.3 14.5 ± 0.5 14.4 ± 0.6
HCT(%) 49.0 ± 1.4 49.2 ± 0.3 48.8 ± 1.1 48.7 ± 0.3
PLT(1011/L) 8.6 ± 0.3 8.4 ± 0.5 8.4 ± 0.6 8.3 ± 0.7

Serum enzyme level
ALT(U/L) 9.6 ± 0.3 9.6 ± 0.4 9.7 ± 0.5 9.8 ± 0.6
AST(U/L) 47.6 ± 2.3 47.7 ± 2.1 48.5 ± 2.5 48.8 ± 2.6
BUN(mmol/L) 2.0 ± 0.2 2.0 ± 0.3 2.2 ± 0.2 2.3 ± 0.3
Cr(μmol/L) 6.6 ± 0.3 6.6 ± 0.4 6.7 ± 0.3 6.8 ± 0.3

Myocardial enzyme spectrum
TNT-HS(pg/ml) 47.5 ± 3.4 47.4 ± 3.8 47.9 ± 3.1 48.2 ± 3.2
CK(U/L) 3742.0 ± 120.2 3745.3 ± 122.8 3775.4 ± 131.9 3790.3 ± 147.2
LDH-L(U/L) 7695.2 ± 120.2 7699.5 ± 122.3 7695.4 ± 111.8 7709.3 ± 120.4
CK-MB(U/L) 3780.5 ± 76.1 3782.5 ± 101.2 3792.3 ± 104.0 3809.9 ± 112.5
Myo(ng/ml) 73.4 ± 2.8 73.5 ± 3.2 73.7 ± 3.4 73.9 ± 3.5

Data are mean ± SD (n � 3).
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shown in Figure 6, ZrO2 NPs decreased LC3-I expression in
HeLa cells but increased LC3-II expression, indicating that LC3-I
was transformed into LC3-II after ZrO2 NPs treatment. In
addition, NAC reversed the changes observed with ZrO2 NPs
treatment by restoring the expression levels of LC3-I and LC3-II
to close to those in the control group.

Recent studies suggest that autophagy plays a dual role in
determining cell fate. It either functions as a survival mechanism
or induce programmed cell death under different cellular stresses
(Zhang et al., 2015b). ATG 5 is a major autophagy gene required
for autophagosome synthesis (Mizushima, 2007). Beclin-1
governs autophagosome formation and recruits other
autophagy proteins to the pre-autophagosomal membrane
(Kihara, et al., 2001). During the expansion of
autophagosome membranes, Atg7 activates Atg12 which is
transferred to Atg10 and covalently linked to Atg5 (Kihara,
et al., 2001). ZrO2 NPs could up-regulate autophagy-related
proteins, including Atg5, Atg12, and Beclin-1, while NAC
inhibited the up-regulation of their expressions in the ZrO2

NPs + NAC group. These results suggest that ZrO2 NPs
promote autophagy in HeLa cells by activating ATGs and

upregulating the expression of autophagy related proteins,
while NAC inhibits the effect induced by ZrO2 NPs.

Complete Blood Count, Serum Enzyme
Levels and Tissue Images
To assess the hematologic toxicity of ZrO2 NPs, CBC analysis was
conducted. In mice treated with ZrO2 NPs, CBC analysis showed
that the counts of white blood cell (WBC), red blood cell (RBC)
and platelets (PLT) were all in the normal range. To assess the
effect of ZrO2 NPs on visceral organ function, serum enzyme
assays and histological assays were performed. As shown in
Table 1, liver function indicators (alanine transaminase
(ALT), aspartate amino-transferase (AST)) did not
increase. Renal function indicators (blood urea nitrogen
(BUN) and creatinine (Cr)) were not elevated either.
Further, ZrO2 NPs did not alter cardiac toxicity indexes
(lactate dehydrogenase (LDH), hypersensitive troponin T
(TNT - HS), creatine kinase (CK), creatine kinase-MB (CK
- MB) and myoglobin (Myo)) levels (Table 1). On day 20 after
treatment, nude mice vital tissue and organ specimens were

FIGURE 7 | Tissue morphology of heart, liver, spleen, lung, and kidney after ZrO2 NPs or ZrO2 NPs + NAC treatment, and HE staining. a: Control; b: ZrO2 NPs
(50 mg/Kg/d) + NAC (80 mg/Kg/d); c: ZrO2 NPs (25 mg/Kg/d); d: ZrO2 NPs (50 mg/Kg/d). Scale bar: 20 μm.
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sectioned and stained with HE. No significant abnormalities
were found in the heart, liver, spleen, lung, and kidney
(Figure 7). These results suggest that ZrO2 NPs do not
cause significant myelosuppression and toxicity to the
heart, liver, spleen, lungs, and kidneys. In summary, ZrO2

NPs have no apparent systemic toxic effects.

CONCLUSION

ZrO2 nanoparticles treatment results in swollen mitochondria,
increased apoptosis rate, decreased MMP, reduced Ki-67 labeling
and increased TUNEL-positive cells, increased expression of
mitochondrial apoptotic proteins (Bax, Caspase-3, Caspase-9,
and Cyt C). Besides, autophagic vacuoles, increased expression
of autophagy-related proteins (Atg5, Atg12, Beclin-1, and LC3-II)
can also be detected. To conclude, ZrO2 nanoparticles induce
HeLa cell death through apoptosis and autophagy pathways.
NAC, a ROS-reducing agent, significantly reduced the rate of
apoptosis, MMP, and in vivo anti-tumor activity. Based on these
observations, we conclude that ZrO2 NPs could induce tumor
cells death via apoptosis and autophagy, which is mediated by
ROS (Scheme 1).
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