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Stimuli-Responsive Polymeric
Nanoplatforms for Cancer Therapy
Di Chang†, Yuanyuan Ma†, Xiaoxuan Xu, Jinbing Xie* and Shenghong Ju*

Jiangsu Key Laboratory of Molecular and Functional Imaging, Department of Radiology, Zhongda Hospital, Medical School
of Southeast University, Nanjing, China

Polymeric nanoparticles have been widely used as carriers of drugs and bioimaging
agents due to their excellent biocompatibility, biodegradability, and structural versatility.
The principal application of polymeric nanoparticles in medicine is for cancer therapy,
with increased tumor accumulation, precision delivery of anticancer drugs to target sites,
higher solubility of pharmaceutical properties and lower systemic toxicity. Recently, the
stimuli-responsive polymeric nanoplatforms attracted more and more attention because
they can change their physicochemical properties responding to the stimuli conditions,
such as low pH, enzyme, redox agents, hypoxia, light, temperature, magnetic field,
ultrasound, and so on. Moreover, the unique properties of stimuli-responsive polymeric
nanocarriers in target tissues may significantly improve the bioactivity of delivered agents
for cancer treatment. This review introduces stimuli-responsive polymeric nanoparticles
and their applications in tumor theranostics with the loading of chemical drugs, nucleic
drugs and imaging molecules. In addition, we discuss the strategy for designing
multifunctional polymeric nanocarriers and provide the perspective for the clinical
applications of these stimuli-responsive polymeric nanoplatforms.

Keywords: theranostic, nanomedicine, polymeric nanoparticle, stimuli-responsive, cancer therapy

INTRODUCTION

Polymeric nanomaterials have gained much attention in medicine due to their unique advanced
properties in cancer theranostics at the molecular level (Ren et al., 2016; Ekladious et al., 2019).
Polymer molecules could be spontaneously self-assembled into nanomaterials under hydrophobic
or electrostatic adsorption interactions. The polymeric nanocarriers with the loading of therapeutic
drugs and imaging agents are promising to overcome the biological barriers for the theranostics of
cancer (Li and Pu, 2020; Xu et al., 2021). Within these polymeric nanoplatforms, the designed smart

Abbreviations: DOX, doxorubicin; PEG, polyethylene glycol; MRI, magnetic resonance imaging; IONPs, iron oxide
nanoparticles; QDs, quantum dots; AuNPs, gold nanoparticles; CT, computed tomography; CNTs, carbon nanotubes;
SWCNTs, single-walled carbon nanotubes; MWCNTs, multi-walled carbon nanotubes; EPR, permeability and retention;
HPMA, N-(2-Hydroxypropyl) methacrylamide; PLGA, poly (lactic co-glycolic acid); NIR, near infrared; HBPs,
hyperbranched polymers; PLA, poly (lactic acid); PGA, poly glycolic acid; Gd, gadolinium; PDT, photodynamic therapy; PEI,
polyethylene imine; CHT, chemotherapy; RT, radiation therapy; TME, tumor microenvironment; PEO, poly(ethylene oxide);
PCL, poly(ε-caprolactone); GSH, glutathione tripeptide (γ-glutamyl-cysteinyl-glycine); ROS, reactive oxygen species; MDR,
multidrug resistance; MMPs, matrix metalloproteinases; ECM, extracellular matrixes; CMD, carboxymethyl dextran; PTT,
photothermal therapy; SPNpd, semiconducting polymer nanoprodrug; UCNPs, upconversion nanoparticles; QDs, quantum
dots; LCST, lower critical solution temperature; UCST, upper critical solution temperature; MHT, magnetic hyperthermia;
TR-cubes, thermo-responsive iron oxide nanocubes; AMF, alternating magnetic field; PLL, polymer poly-L-lysine; MPUs,
multiblock polyurethanes; siRNA, small interfering RNA; NSCLC, non-small cell lung cancer.
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polymeric nanocarriers responsive to the special stimuli
conditions of tumor microenvironment have shown excellent
effects in diagnosing and treating cancer (Montero de Espinosa
et al., 2017; Wang F. et al., 2018). In particular, stimuli-responsive
polymeric nanocarriers could enable the controlled release of
drugs at the target sites. The distinct features of polymers to
respond to the specific stimuli facilitate a high-throughput
detection of molecular alterations as a result of the biological
environment and allows regulation of pharmacokinetics of
poorly soluble molecules, which becomes a novel trend for
cancer therapy and should be engineered to realize different
goals in the process of drug delivery (Li and Liu, 2014;
Jiang et al., 2015). However, the multifunctional and stimuli-
responsive nanocarriers also face several challenges, such as
the need for better characterization, possible toxicity issues,
limited absorption, and clinical transition of these nanocarrier-
based delivery systems. Hence, a better understanding of the
physiological environments-based stimuli of cancers and further
improvement of the polymer-based nanocarrier systems are
necessary for targeted therapeutic drug delivery applications. In
this review, we focus on introducing stimuli-responsive polymer-
based nanoplatforms and combined with imaging agents and
drug/gene molecules for cancer treatment and diagnosis.

THERANOSTIC NANOMATERIALS

Overview
Theranostic nanomaterials refer to the application of
nanotechnology for both diagnosis and therapy in various
diseases (Jain and Stylianopoulos, 2010; Xie et al., 2010;
Bobo et al., 2016). As a rapidly evolving field combining
nanotechnology, biomedical and pharmaceutical sciences, the
progress of multifunctional nanocarriers has shown tremendous
potential for enhancing therapeutics and diagnostics, especially
for cancer treatment. Several nanomaterial-based drug delivery
systems have already successfully improved the therapeutic
profile of conventional drugs (Caster et al., 2017). Decreased
toxicity and improved therapeutic effects are obtained by
utilizing nanocarriers to increase selectivity by delivering
chemicals or other agents toward a specific target (Table 1).

Recently, the progress of stimuli-responsive nanomaterials
has improved dramatically, especially in cancer treatment. The
stimuli can be divided into internal and external stimuli. The
internal stimuli generally include pH, redox potential, enzymes,
and hypoxia (Fleige et al., 2012), while the external stimuli
include light, magnetic field, ultrasound, temperature, radiation,
and others (Karimi et al., 2016). The unique properties of
nanomaterials enable them to respond to the stimuli, realizing
different goals in diagnosing and drug delivery systems. Stimuli-
responsive nanomaterials will become a new trend, and more
novel nanoparticles should be engineered for treating cancers.

Theranostic Platforms
The most commonly used theranostic nanoplatforms in basic
research and clinical practice are liposomes (Al-Jamal and
Kostarelos, 2011; Wen et al., 2012), inorganic nanomaterials

(Cabral et al., 2014; McHugh et al., 2018), and polymeric
nanoparticles (Wang Z. et al., 2014; Kamaly et al., 2016),
which are extensively employed theranostic nanocarriers in
cancer treatment.

Liposomes (Figure 1) are bilayered phospholipid vesicles that
can self-close to form spheres (Xing et al., 2016; Carita et al.,
2018). Due to their size, biocompatibility, biodegradability, low
immunogenicity and toxicity, and the encapsulating capacity
for hydrophilic and hydrophobic agents, liposomes have been
well applied in preclinical studies as drug and imaging agent
carriers. The liposomal formulation is the first nanomedicine
approved by the United States Food and Drug Administration
(US FDA) for clinical application. The best application of
liposomal formulation in the clinic is liposomal doxorubicin
(DOX), which encapsulates DOX inside of the aqueous core and
shields by polyethylene glycol (PEG) to overcome opsonization,
prolong systemic drug circulation, improve therapeutic efficacy,
and have been used for the treatment of Kaposi’s sarcoma, ovarian
cancer and multiple myeloma (Xing et al., 2016). Grange et al.
evaluated the therapeutic efficiency of DOX-loaded liposomes
in Kaposi’s sarcoma model, and tracked the liposome tissue
distribution as well as monitored drug release by in vivo magnetic
resonance imaging (MRI) (Grange et al., 2010). Wen et al.
evaluated the brain targeting theranostic liposomes loaded with
quantum dots and apomorphine (Wen et al., 2012). They studied
the distribution of theranostic liposomes by visualizing the
fluorescence derived from quantum dots and found a significant
increase in the accumulation of theranostic liposomes in the brain
compared with free quantum dots.

Numerous inorganic nanomaterials have been investigated
for biomedical applications because of their physical functions,
such as magnetic properties of iron oxide nanoparticles, light
emission of quantum dots, and optical and thermal properties
of gold nanoparticles (Vigderman and Zubarev, 2013; Sharma
et al., 2015; Her et al., 2017; He et al., 2021). These nanomaterials
can be prepared in ultra-small sizes, susceptible to renal
excretion (Prasad, 2012; Cabral et al., 2014). Currently, iron
oxide nanoparticles (IONPs) (Figure 1) are nanocrystals made
from magnetite or hematite and have been widely utilized as a
T2WI contrast agent due to their T2 substantial relaxation rate
effect for in vivo tumor MRI (Xie et al., 2010). Quantum dots
(QDs) (Figure 1) are semiconductor nanocrystals with available
diameters ranging from 2 to 10 nm. They are typically composed
of Groups II-VI such as CdSe and CdTe, III–V such as InP
and InAs (Prabhu and Patravale, 2012). QDs exhibit optical
properties with less photobleaching, longer photoluminescence
lifetime, and brighter fluorescence than other fluorophores. Gold
nanoparticles (AuNPs) (Figure 1) are helpful for cancer diagnosis
and photothermal therapy because of their optical properties
(Sharma et al., 2015). They can be synthesized in different sizes
and shapes such as spherical, rod-like, cage, or even irregular
shapes (Vigderman and Zubarev, 2013). In addition, AuNPs can
also be utilized as computed tomography (CT) contrast agents.
Carbon nanotubes (CNTs) (Figure 1) are cylinder nanomaterials
consisting of one or more graphene layers. CNTs can be single-
walled (SWCNTs) with a diameter typically 0.8 to 2 nm and
length ranging from less than 100 nm to several centimeters.
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TABLE 1 | Representative theranostic nanomaterials utilized in drug delivery system.

Type Size (nm) Pros Cons

Liposomes 80–150 � Biocompatibility and
biodegradability

� Ability to deliver both the
hydrophilic and hydrophobic
payloads

� Controlled pharmacokinetics and
reduced toxicity

� Diverse surface modification

� Limited loading efficiency
� Limited stability in vivo
� Rapid clearance from the blood

Polymers � Polymer
conjugate
complexes
� Polymer
nanospheres
� Polymer micelles
� Dendrimers

1–20

10–200

20–200
3–50

� Tunable physiochemical
properties

� Controllable size and
composition

� Diverse surface modification
� High loading efficiency and

sustained release
� Good circulation stability

� Limited storage stability
� Potential toxicity
� Limited capability for hydrophilic

drugs

� Limited chemical synthesis

Iron oxide nanoparticles varies � Clinical used MRI contrast agent
� Magnetic hyperthermia and PAI
� Easy surface modification

� Limited stability under aqueous
conditions

Quantum dots 2–10 � Unique optical properties
� Utilization for PDT

� Limited biodegradability and
potential toxicity

Carbon nanotubes 0.8-exceed 100 nm
(diameter)
less than
100 nm-several cm
(length)

� Strong optical absorbance and
utilization for PTT, PAI

� Unique electrical property
� Easy surface modification

� Potential toxicity
� Limited biodegradability

Gold nanoparticles � Gold nanosphere
� Gold nanorod
� Gold nanoshell
� Gold nanocage

5–150
20 nm-several µm
10–400
20–200

� Utilization for PTT, PAI, SERS
� Controllable size and structure

and easy surface modification
� Optical quenching ability

� Limited stability under aqueous
conditions

Upconversion
nanoparticles

<100 � Unique optical property and
utilization for luminescence
imaging

� Utilization for PDT, PTT
� Easy surface modification and

functionalization

� Potential toxicity
� Limited biodegradability

MRI, magnetic resonance imaging; PTT, photothermal therapy; PAI, photoacoustic imaging; SERS, surface-enhanced Raman spectroscopy.

Another form of CNTs is multi-walled (MWCNTs) with a 5 to
20 nm diameter and can exceed 100 nm (De Volder et al., 2013).
CNTs have thermal, mechanical and electrical properties related
to their structure, stability, ease for modification and morphology
(Kumar et al., 2017), thus having a potential application in Raman
and photoacoustic imaging and drug delivery (Wong et al., 2013).

Polymeric nanomaterials have been widely used as carriers
of drugs and bioimaging agents because of their excellent
biocompatibility, biodegradability and structural versatility (Luk
and Zhang, 2014; Wang Z. et al., 2014; Butowska et al., 2021).
Polymers could simultaneously self-assemble into polymeric
nanoparticles with encapsulating therapeutic drugs or imaging
agents, thus enabling multiple functions in one nanosystem
to meet the theranostic requirements. Polymeric nanomaterials
such as PEG, poly(D, L-glycolic acid), and poly(D, L-lactic acid)
have already been approved for clinical application (Luk and
Zhang, 2014). With different nanomaterials, polymers possess

different capabilities, including enhanced drug efficacy than free
drugs by improved drug encapsulation and delivery, prolonged
circulating half-life and triggered drug release, and so on (Wong
and Choi, 2015; Luque-Michel et al., 2017). For example, by
coating with PEG, they can circulate for a prolonged circulating
time in the blood, avoid quick recognition and elimination by
the immune system, then gradually release drugs in tumors
and simultaneously facilitate tumor imaging. Polymers can
still accumulate in the targeted areas of diseased tissues by
either passive targeting via enhanced permeability and retention
(EPR) effect or active targeting via cell surface ligands/receptors
(Luk and Zhang, 2014).

Polymeric nanomaterials can also combine their unique
properties with other modalities of theranostic agents, such
as combined with inorganic nanomaterials to form polymer-
based hybrid nanomaterials. For example, IONPs surface-
modified with targeting ligands or conjugated with polymers
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FIGURE 1 | Representative theranostic nanomaterials. The most commonly used theranostic platforms in basic research and clinical practice are liposomes,
polymeric nanoparticles (mainly including polymer conjugate complexes, polymeric nanospheres, polymeric micelles, and dendritic polymers), and inorganic
nanomaterials (mainly including iron oxide nanoparticles, quantum dots, carbon nanotubes, and various kinds of gold nanoparticles).

can be monitored in real-time through MRI, improving active
accumulation at the lesion sites (Caldorera-Moore et al., 2011;
Wang Z. et al., 2014; Sharma et al., 2017). These polymer-based
nanoparticles possess a powerful theranostic vehicle in both
preclinical and clinical use. So far, the distinctive properties of
polymeric nanomaterials have led to their extensive research and
application in cancer therapy.

More importantly, the stimuli-responsive polymeric
nanoparticles attract much attention, as they can alter their
physicochemical properties responding to external stimuli, such
as temperature, light, enzyme, and pH changes. After stimulation,
the volume, interior network permeability, or hydrophilicity-
hydrophobicity of the nanoparticles are possibly changed,
leading to imaging agents or drugs/genes release to generate
signals for imaging or affecting cell functions. For example,
pH-responsive polymeric nanoparticles could be stimulated at
pH 5.7–7.0 in the solid tumor microenvironment, stable at pH
7.4 in the blood. Bae et al. synthesized pH-responsive polymeric
nanoparticles using poly(L-histidine)-PEG block copolymer
for cancer treatment (Prasad, 2012; Cabral et al., 2014). The
hydrophobic poly histidine (PHis) was the pH-responsive
moiety, which can become hydrophilic by protonation at low
pH to induce drug release. These unique characteristics make
polymeric nanoparticles ideal nanocarriers for tumor-targeted
drug delivery.

Passive and Active Targeting of
Nanomaterials
In past decades, many responsive theranostic nanomaterials have
been developed to control the release and the rate of loading
drugs in cancer treatment (Choi et al., 2019; Zhang et al.,
2020). Theranostic nanomaterials carry therapeutic agents to
the target tissues and release them to kill the diseased cells.
The degree of drug delivery efficacy is highly dependent on
the structures and properties of the nanomaterials. The effective
localization and release rate of nanomaterials to tumor sites are
mainly achieved through passive or active targeting of controlled
chemicals or drugs to diseased tissues (Bertrand et al., 2014;
Wang et al., 2016b,c).

Passive Targeting
Passive targeting in cancer refers to the preferential accumulation
of nanoparticles to the tumor tissues. Due to the leaky tumor
vasculature and impaired lymphatic drainage, and the unique
microenvironment surrounding the cancer cells, theranostic
nanomaterials can accumulate and be retained in tumor
tissues longer than in normal tissues, which is also called
EPR effect (Overchuk and Zheng, 2018; He et al., 2019;
Maeda, 2021). Passive targeting is directly associated with
the nanoparticles’ inherent properties, including size, shape,
charge, flexibility, etc. Nanotechnology has accelerated the
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development of polymeric drugs for cancer therapy because
polymeric nanomaterials can alter the physicochemical features
such as size, shape and charge potential to enhance the
EPR effect directly or indirectly (Maeda et al., 2009; Huang
et al., 2021). The typical size of nanosystems ranges from
5 to 200 nm to avoid kidney filtration and extravasate the
leaky vasculature in tumor (Dai et al., 2017). The size of
nanomaterials can affect the penetration rates in solid tumors
and influence the biodistribution and tumor accumulation
behavior in vivo (Schadlich et al., 2011). In addition, the shape
can also affect the properties of nanomaterials. Nanomaterials
with different shape characters such as spherical, cubic, star-
like have been designed in the drug delivery system, which
can influence the cellular uptake and efficacy of loading
drugs. The surface charge is another crucial parameter for
the design and synthesis of nanomaterials. Positively charged
nanomaterials show a higher affinity to cells and enhance
cellular uptake due to the electrostatic interaction between
negatively charged cells surface. However, positively charged
nanomaterials have relatively high systemic toxicity and are
more vulnerable to be cleared by the mononuclear phagocyte
system, limiting their applications. In contrast, the neutral and
negatively charged nanomaterials can avoid the non-specific
interactions with proteins in the blood and have an extended
circulation period.

Active Targeting
Active targeting is developed to enhance the accumulation
of nanomaterials at the target sites in tumor tissues as a
complementary strategy of passive targeting (Rosenblum et al.,
2018; Ganguly et al., 2021; Wang et al., 2021). The theranostic
nanomaterials modified with affinity ligands (antibodies,
proteins, peptides, nucleic acids, aptamers or small molecules)
could be selectively recognized by the receptors expressed on
the target cells, or tissues could be delivered to the subcellular
locations through an endocytosis pathway (Tanner et al., 2011;
Choi et al., 2019; Mi et al., 2020). The targeting specificity and
the delivering capacity are known as the two principal features
in evaluating the targeting efficiency of nanomaterials (Bertrand
et al., 2014). Recently, Shmidt et al. found that for nanomaterials
with relatively large sizes (diameter ≥ 50 nm), active targeting
does not significantly increase the tumor localization than
non-targeted nanomaterials. However, the incorporation of
targeting ligands on the surface of nanomaterials increases their
cellular internalization by the target cells in the tumor, which
is a prominent role of active targeting nanomaterials (Schmidt
and Wittrup, 2009). Thus, active targeting has been utilized
to enhance the delivery of high molecular weight molecules
(macromolecules, e.g., proteins, RNA, DNA, etc.) to their target
cells. For example, when the nanoparticles are functionalized
with these targeting ligands, they can recognize the receptors
on the target cells and bind via receptor-ligand interactions,
whereby they are internalized through ligands-mediated
endocytosis (Sahay et al., 2010). After cellular internalization,
these nanoparticles trigger anticancer drugs inside the
cancer cells based on biological stimuli, leading to cell death
(Rosenblum et al., 2018).

POLYMERIC NANOMATERIALS

Polymeric nanoparticles are organic-based nanomaterials and
have been explored widely as theranostic agents due to the
plethora of benefits and significant efficacy in cancer treatment
(Luk et al., 2012; Senapati et al., 2018; Zielinska et al.,
2020; Mitchell et al., 2021). Various subtypes of polymeric
nanomaterials have been developed to aid in drug delivery to
cancerous sites, mainly including polymer conjugate complexes,
polymeric micelles, polymeric nanospheres, and dendritic
polymers (Luk and Zhang, 2014).

Polymer Conjugate Complexes
Conjugation of polymeric macromolecules with drugs and
functional imaging agents to form polymer conjugate complexes
is a new paradigm for delivering drugs and imaging agents,
improving the solubility of hydrophobic molecules, prolonging
their circulation time in vivo, and enhancing their specific
accumulation in tissues (Figure 1). N-(2-Hydroxypropyl)
methacrylamide (HPMA), poly (lactic-co-glycolic acid) (PLGA),
poly (lactic acid) (PLA) and poly glycolic acid (PGA) are the
commonly used polymers to synthesize nanoparticles because of
their stability and biocompatibility (Prabhu and Patravale, 2012).
For example, Li et al. conjugated PGA with gadolinium (Gd) and
paclitaxel and imaged tumor necrosis after administration using
MRI (Jackson et al., 2007); Lu et al. monitored the therapeutic
efficacy of photodynamic therapy (PDT) on xenograft tumors
by administration of PGA-photo-sensitizer/Gd conjugates with
contrast-enhanced MRI (Vaidya et al., 2006).

Polymeric Micelles
Polymeric micelles are an essential subtype of polymeric
nanoparticles, self-assembled structures with a hydrophobic
core and hydrophilic exterior with an approximate size range
of 20–200 nm (Zhou et al., 2018; Figure 1). They have
been widely used in theranostic systems for cancer therapy
owing to unique biocompatibility, high solubility and longer
circulation time in vivo (when crosslinked). For instance,
Wan et al. have developed a synergistic method with both
photothermal therapy and chemotherapy capabilities using
cyanine dye and DOX-loaded polymeric micelles in mice with
lung cancer, which achieved better synergistic therapeutic efficacy
compared to a single therapy (Wan et al., 2014). The micelles
were triggered successfully by photo-irradiation, which caused
photothermal damage to tumor cells and led to cytotoxic
damage induced by DOX simultaneously. General-PMTM is the
best example of a clinical polymeric micellar nanoparticle for
cancer therapy, which encapsulated paclitaxel in a polymeric
micelle formed by monomethoxy poly(ethylene glycol)-block-
poly(D, L-lactide) (Oerlemans et al., 2010; Martinelli et al.,
2019). However, due to the dynamic behavior of micelles and
the existence of critical micellar concentration, micelles often
face challenges such as lower in vivo stability and poor drug
loading capacity when applied in theranostic systems, which call
for improved nanotechnology in optimizing the physicochemical
features of micelles.
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Polymeric Nanospheres
Polymeric nanospheres possess a predominantly hydrophobic
feature to achieve an optimal nanosphere loading (Shim et al.,
2004; Guo et al., 2015; Figure 1). Polymeric nanospheres could
be spontaneously assembled by themselves in aqueous media
with hydrophobic blocks in the core and hydrophilic blocks
outside. As a result, hydrophobic drug or imaging agents could
be encapsulated in the core, while hydrophilic small molecular
therapeutics and macromolecules, such as proteins and nucleic
acids, could be loaded corona. As different hydrophobic and
hydrophilic blocks with various charges, lengths and structures,
have been utilized to form polymeric nanospheres for drug
and imaging agent delivery, the sizes, shapes, and stabilities
of polymeric nanospheres were different. Most have relatively
narrow size distributions with diameters ranging from 10 to
200 nm. Boltnarova et al. have prepared polymer nanospheres
based on PLGA with low molar weight for macrophage-targeted
drug delivery using both nanoprecipitation and emulsification
solvent evaporation methods, which serves as a compelling,
biodegradable and biocompatible drug delivery platform for
macrophages (Boltnarova et al., 2021).

Dendritic Polymers
Dendritic polymers are highly branched polymers with
controllable structures and many terminal functional groups
(Xie et al., 2010; Rizzo et al., 2013; Ma et al., 2016; Figure 1).
With three-dimensional architectures, various application-
related properties of dendritic polymers, such as self-assembly,
biodegradability, biocompatibility, and stimuli-responsiveness
ability, have been adjusted and controlled through synthetic
procedures. To date, progress has been made for dendritic
polymers in solving fundamental and technical problems
toward their theranostic applications. Ma et al. classified at
least six subclasses, including dendrimers, hyperbranched
polymers (HBPs), multi-arm star polymers, dendronized or
dendrigraft polymers, hypergraphs or hypergrafted polymers,
and dendritic-linear block polymers (Ma et al., 2016). Among
them, dendrimers and hyperbranched polymers and the
two major subclasses of dendritic polymers. Dendrimers are
an important class of dendritic polymers known for their
well-defined spherical-shaped structures, high functionality,
and versatile drug delivery capabilities (Madaan et al.,
2014). Dendrimers have potential abilities in entrapping
and conjugating various hydrophilic/hydrophobic entities by
host-guest interactions, and the high surface group functionality,
tunable size and low polydispersity have made them ideal
candidates for theranostic applications. For instance, Yousef
et al. have successfully applied galactosamine targeted G4
polyamidoamine dendrimer to fulfill the efficient delivery
of anticancer curcumin derivative for hepatocellular cellular
carcinoma treatment (Yousef et al., 2018). HBP is another
class of dendritic polymers with ill-defined structures and
can merge multiple functionalities into a single entity (Ma
et al., 2016). HBPs have unique advantages of facile one-
pot fabrication (Zheng et al., 2015). Compared with other

polymeric variants, the high end-group functionality and
structural versatility of HBPs allow the attachment of a higher
density of targeting ligands via non-covalent or covalent
interactions, which can trigger stimuli-responsive drug release
on the target site.

Biophysicochemical Features of
Polymeric Nanomaterials
Polymeric nanomaterials can alter their physicochemical features
such as size, shape and charge potential to enhance the EPR
effect directly or indirectly (Maeda et al., 2009). For example,
Schädlich et al. investigated the influence of size on the
biodegradable polymeric nanoparticles (Schadlich et al., 2011).
The nanoparticles were synthesized by polyethylene glycol-
polyesters poly(lactide) block polymers (PEG-PLA) loading
near-infrared (NIR)-dye which could be used to evaluate
the distribution in vivo. Three PEG2-PLA20 or PEG2PLA40
(numbers in kDa) nanoparticle formulations with different and
defined sizes were tested at two different xenograft tumor
types, the HT29 (colorectal carcinoma) and the A2780 (ovarian
carcinoma) cell lines in the research. The results showed that
nanoparticles with 111 nm and 141 nm in diameter could
efficiently accumulate in the tumor tissue, while the slightly
larger nanoparticle whose diameter was 166 nm tended to
be eliminated by the liver. Rampersaud et al. investigated the
influence of shape on the drug release and anticancer efficacy
of IONPs (Rampersaud et al., 2016). They used IONPs capped
by dextran, a neutral and hydrophilic polymer, with a cage
shape or a solid spherical shape, respectively loading riluzole,
and found that the anticancer efficacy increased 3-fold in
LM7 cells with the cage-shaped IONPs. The porous nature of
dextran allows drugs to be released at a controlled rate, and
the difference for anticancer efficacy was mainly based on the
surface charge caused by different shapes of nanomaterials. The
charge of riluzole-incorporated cage-shaped IONPs was more
damaging than the spherical ones, leading to a longer time for
riluzole to block membrane ion channels and kill more cancer
cells apoptosis.

Additionally, Ramos et al. investigated the influence of
cationic surface charge of the polymeric nanoparticles (Ramos
et al., 2014). Polyethylene imine (PEI), a typical example of
cationic polymer nanoparticles, showed increased membrane
permeability with repeating units of amine groups. The positively
charged nanomaterials can interact with the negatively charged
gene, which could be entrapped or conjugated in the polymer
nanosystem. Nevertheless, positively charged nanomaterials
have some limitations, such as systemic toxicity. In contrast,
neutrally and negatively charged nanomaterials have advantages
in avoiding non-specific interactions and prolonging circulation
time. Therefore, multiple cancer microenvironmental stimuli-
responsive nanomaterials have been developed, which could
alter their physicochemical features, such as reverse the surface
charge and release the loading agents at the target sites to
enhance drug/gene delivery (Han et al., 2012; Yuan et al., 2012;
Amin et al., 2015).
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STIMULI-RESPONSIVE POLYMERIC
NANOPARTICLES FOR CANCER
THERAPY

Cancer Therapy and Stimuli-Responsive
Microenvironment
Cancer is one of the most important public health problems and
the leading cause of death worldwide. Data from GLOBOCAN
in the year 2020, about 19.3 million new cancer cases and
10.0 million cancer deaths lead to a considerable burden
on society all over the world (Sung et al., 2021). The
therapeutic methods employed globally for cancer treatment
are surgery, chemotherapy (CHT), radiation therapy (RT) and
immunotherapy (Luque-Michel et al., 2017). Surgery is the
primary treatment modality for most solid tumors (Nguyen and
Tsien, 2013). However, not all tumors can be removed via surgery
due to their progression and stages, and surgical margins cannot
be eradicated because of the poor differentiation from normal
tissues. CHT and RT have shown their success in suppressing the
proliferation and increasing the survival rate of patients, but the
efficacy of CHT and RT is far from satisfactory due to the high
toxicity and the damage of healthy tissues. Immunotherapy only
works in a subset of cancers, and the percentage of patients who
respond is low (Nguyen and Tsien, 2013; Yang, 2015). Thus, some
breakthroughs should be made in the field of cancer treatment.

The tumor microenvironment (TME) is widely known as a
main contributor to the development and progression of many
cancers. TME in solid tumors mainly consists of immune cells,
such as tumor-associated macrophages, dendritic cells, T and B
lymphocytes; stromal cells such as cancer-associated fibroblasts
and mesenchymal stromal cells; extracellular matrix and other
secreted molecules, such as enzymes, cytokines, growth factors,
etc. In addition, abnormal physiological environments, such as
acidic extracellular pH and hypoxia, also play key roles in cancer
progression, metastasis and drug resistance (Spill et al., 2016;
Wang Y.A. et al., 2018; Bejarano et al., 2021; Figure 2). For
example, the extracellular pH in tumor tissues is more acidic (5.7–
6.9) than in the blood pH (7.4) at 37◦C (Alfarouk et al., 2011).
Compared to normal tissues, physiochemical properties in solid
tumors are largely different, such as temperature is higher, oxygen
partial pressure is reduced (hypoxia), and many enzymes and
cytokines are overexpressed in the TME (Li et al., 2014; Chen
et al., 2016; Hao et al., 2017).

Theranostic Polymeric Nanomaterials for
Cancer
The field of drug delivery systems becomes popular in recent
years by using synthetic polymers for drug development in
cancer therapy. These polymer-based new drug entities are called
“polymer therapeutics,” and theranostic polymeric nanomaterials
have already been utilized in numerous cancers for drug delivery
(Duncan, 2003; Duncan et al., 2005; Vicent and Duncan, 2006).
In general, polymer nanomedicines are designed to improve drug
performance by utilizing pathophysiological characteristics of
solid tumors, of which conventional low molecular weight drugs

are incapable. Improved tumor-selective targeting of polymer
nanomedicines and macromolecular drugs is shown due to the
prolonged circulation time of these nanoparticles, leading to
improved therapeutic efficacy and fewer side effects (Duncan,
2006; Greco and Vicent, 2009). Polymer-based theranostic
nanomaterials can load therapeutic agents to targeted tissues
or cells and regulate the release of drugs at a customized dose
and time, increasing the therapeutic efficiency and reducing
the side effect.

In particular, stimuli-responsive features of the polymeric
nanoparticles would make an unprecedented control over the
delivery and release of therapeutics at the disease site (Ke
et al., 2019). Hence, developing stimuli-responsive polymeric
nanoparticles that can specifically respond to TME offers
promising strategies for combating cancer (Jiang et al., 2020;
Qi et al., 2021). Recently, the progress of stimuli-responsive
nanomaterials has improved dramatically in cancer treatment
(Fleige et al., 2012; Yu J. et al., 2014; Karimi et al., 2016;
Alsehli, 2020; Pham et al., 2020; Xie et al., 2020). The
stimuli can be divided into internal and external stimuli. The
internal stimuli generally include pH, redox potential, enzymes,
hypoxia, etc. In contrast, the external stimuli include light,
magnetic field, ultrasound, temperature, radiation, etc. (Karimi
et al., 2016). After stimulation, the physicochemical features
of the nanoparticles, such as the interior network permeability
or hydrophilicity-hydrophobicity, are changed, which lead to
imaging agent or drug/gene release to target sites. Thus,
the following part will introduce different types of stimuli
and the applications of their corresponding stimuli-responsive
polymeric nanomaterials that expand the biomedical applications
of theranostic nanomaterials.

Internal Stimuli
pH-Responsive Polymers
Appreciable pH variation is one of the most commonly used
factors for the design of stimuli-responsive nanomaterials.
Because of the abnormally fast metabolism and proliferation,
a great amount of lactic acid and some end-products were
produced by tumor cells, which may induce toxic effects
to the adjacent tissue and an acidic pH ranging from 5.7–
6.9 (Liu J. et al., 2014). Thus, many responsive polymer
nanoparticles are designed to deliver drugs or genes and control
release at the target sites in cancer treatment (Du et al., 2015;
Kanamala et al., 2016; Li et al., 2016). For example, Chang
et al. developed a polymer micelle consisting of poly[(D,L-
lactide)-co-glycolide]-PEG-poly[(D,L-lactide) coglycolide]
copolymer capped with N-Boc-histidine (Chang et al., 2010).
Modification with N-Bochistidine enhanced the biodegradability
and biocompatibility of the micelles, and DOX was loaded
into micelles as an anticancer drug. Compared to pH 7.4 of
normal tissues, the acidic pH microenvironment in breast
cancer triggered significantly higher DOX release at pH 6.2. The
pH-sensitive polymer nanoparticles released anticancer drugs
with lower systemic toxicity compared with free drugs. The drugs
should be released rapidly from the polymeric nanosystems
under an acidic pH microenvironment in the tumor cells to
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FIGURE 2 | Representative tumor microenvironment of a solid tumor. This scheme shows the representative tumor microenvironment of a solid tumor (pancreatic
ductal adenocarcinoma). The tumor microenvironment in solid tumors commonly consists of tumor-associated macrophages (TAM), cancer-associated fibroblasts
(CAF), extracellular matrix (ECM), etc., and abnormal physiological environments such as acidic extracellular pH and hypoxia, as well as overexpressed enzymes,
cytokines, etc.

improve the pharmacological effects of drug-loaded polymers
and reduce multidrug resistance. Polymeric nanosystems that
can maximize intracellular drug delivery and minimize drug
release in the extracellular space are preferred. Hu et al. used
PEG-cis-aconityl-chitosan-stearic acid polymeric micelles for
pH-trigged DOX release, which reduced cytotoxicity due to the
high internalization of the micelles into the tumor cells (Hu

et al., 2012). In another study, Yu et al. designed polymeric
micelles based on PbAE, altering their size and surface charge at
tumor sites (Yu Y. et al., 2014). The micelles were synthesized
by poly(ethylene glycol)-poly(lactide)-poly(β-amino ester)
(MPEG-PLA-PAE) copolymers. In the circulation system,
the micelles remained a larger size and were composed of a
hydrophobic PLA/PAE core and hydrophilic PEG shell. When
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the micelles were exposed to the acidic environment, the tertiary
amine group in the PAE underwent protonation and switched
from hydrophobic to hydrophilic, leading to a shrinking size
to 20–30 nm the release of the loading drugs. This important
change caused a lower diffusional hindrance in the interstitial
matrix and an improved cellular uptake of the tumor tissues.
Zhao et al. reported mixed micelles consisting of poly[(D,
L-lactide)-co-glycolide]-PEG-folate (PLGA-PEGFOL) and poly
(b-amino ester)-poly(ethylene glycol)-folate (PAE-PEG-FOL)
for endosomal pH-triggered DOX release (Zhao et al., 2010).
These polymer micelles also showed improved cytotoxicity,
which is attributed to the specific binding of the ligands of
micelles to the cell membrane, and the micelles are internalized
by endocytosis. In another study, Xiong et al. reported a kind
of pH-responsive polymeric micelles that could deliver siRNA
and chemotherapeutic agent DOX in one system simultaneously
(Xiong and Lavasanifar, 2011; Figure 3). A micellar system
was constructed from degradable poly(ethylene oxide)-block-
poly(ε-caprolactone) (PEO-b-PCL) block copolymers with
functional groups on both blocks. The functional group on
the PCL block was used to incorporate short polyamines for
complexation with siRNA or to chemically conjugate DOX
via a pH-sensitive hydrazone linkage. The DOX could be
released in cancer cells via a pH-sensitive hydrazone linkage
in the acid environment. With the combination of siRNA
delivery, the P-glycoprotein expression could be inhibited,
leading to the inhibition of P-GP-mediated DOX resistance
in MDA-MB-435 tumor models. Additionally, this kind of

nanocarriers could incorporate fluorescent probes in the micellar
core to track the siRNA so that the theranostic goals could
be achieved (Xiong and Lavasanifar, 2011). Moreover, pH
alterations can modulate the imaging state of nanomaterials
and trigger anticancer therapy. Ling et al. developed a new
class of nanomaterials composed of self-assembled IONPs and
pH-responsive ligands (Ling et al., 2014). This multifunctional
system consists of a pH-sensitive polymer, which could target
the cancerous tissues through surface-charge switching induced
by the acidic extracellular microenvironment and extremely
small IONPs that can disassemble into the cancer cells, causing
a significant MR contrast effect as well as a photosensitizer with
fluorescence and photodynamic therapeutic ability. Because of a
lower pH in the subcellular compartments, the photosensitizers
were exposed and generated the singlet oxygen to enable the
photodynamic therapy to kill cancer cells selectively. These pH-
responsive nanoparticles showed superior therapeutic efficacy in
highly heterogeneous drug-resistant tumors (Ling et al., 2014).
However, the bioavailability of these nanomaterials still requires
to be improved, and the response rate to the pH stimulus must
be tuned for proper applications (Liu J. et al., 2014).

Redox-Responsive Polymers
Redox potential is another property that can control the release of
loading drugs in polymeric nanoparticle delivery systems (Zhang
et al., 2017). Similar to the pH, a gradient of redox potential
exists between healthy and cancerous tissues and intracellular
and extracellular compartments, which leads to the development

FIGURE 3 | Schematic representation of multifunctional micellar nanocarriers triggered by acidic pH. (A) Schematic illustration of acetal- and TAT-PEO-bP(CL-g-SP)
(I and II) and acetal- and RGD4C-PEO-bP(CL-Hyd- DOX) (III and IV). (B) Rational design of a multifunctional micellar nanomedicine for cancer-targeted co-delivery of
MDR-1 siRNA and DOX to overcome multidrug resistance. DOX release from NON-micelles triggered by acidic pH. Reprinted from Xiao-Bing Xiong and Afsaneh
Lavasanifar. Traceable Multifunctional Micellar Nanocarriers for Cancer-Targeted Co-delivery of MDR-1 siRNA and Doxorubicin. ACS Nano. 2011;5(6):5202–13. With
the permission of ACS publications/from reference (Xiong and Lavasanifar, 2011). MDR, multidrug resistance; PEO, poly(ethylene oxide); RGD, Arg-GLT-Asp (the
integrin αvβ3-specific ligand); DOX, doxorubicin; TAT, trans-activating transcriptional activator.
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of redox-responsive nanomaterials (Han et al., 2017). For
example, the level of glutathione tripeptide(γ-glutamyl-cysteinyl-
glycine) (GSH) in tumor tissues is at least four times higher
than that in normal tissues (Karimi et al., 2016; Thambi
et al., 2016). In addition, the intracellular concentration (2–
10 mM) of GSH is about 100–1000 times higher than that
in extracellular compartments (2–10 µM) (Han et al., 2017).
Therefore, many redox-responsive nanomaterials have been
developed with the ability to trigger the release of therapeutic
agents. Wang et al. developed an amphiphilic polyanhydride
copolymer containing disulfide bonds between the hydrophilic
and hydrophobic segments (Wang J. et al., 2014). The copolymer
can self-assemble into stable micelles with well-defined core-shell
structure, and GSH triggered the disassembly behaviors of the
micelles. These micelles showed excellent efficiency in inhibiting
the growth of cancer cells in 4T1 tumor-bearing BALB/c mice
due to the rapidly intracellular delivery of therapeutic agents.
Quantitative analysis revealed that the redox-responsive micelles
had enhanced therapeutic effects in solid tumors compared
with the redox-insensitive micelles. In addition, redox-sensitive
prodrug polymeric nanoparticles exhibit a unique advantage
in overcoming multidrug resistance (MDR) and improving the
overall therapeutic efficiency of anticancer drugs in cancer
treatment. Liu et al. developed a redox-responsive DOX prodrug
by conjugating DOX to DEX-PEI polymers via disulfide linkers
(Liu et al., 2013). The prodrug self-assembled into polymeric
micelles with an average size of 100–140 nm and exhibited a rapid
drug release rate under the intracellular reduction environment
(10 mM DTT). In the absence of DTT, a minimal amount of
DOX was released within 48 h; however, around 50% of DOX
was released within 4 h in 10 mM DTT. Additionally, the redox-
responsive prodrug micelles enhanced the cellular accumulation
of the DOX and achieved endosomal escape in human breast
cancer multidrug-resistant cells (MCF-7/ADR) compared to free
DOX. In another study, Han et al. developed self-assembled
redox-responsive polymeric nanoparticles based on hyaluronic
acid (HA)-polycaprolactone (PCL) block copolymer as drug
carriers for cancer therapy (Han et al., 2015). The HA shell was
crosslinked via a disulfide linkage. The anticancer drug DOX was
efficiently encapsulated into the nanoparticles with a high drug
loading rate. The DOX-loaded HA nanoparticles significantly
retarded the drug release under physiological conditions (pH
7.4). The drug release rate showed a marked increase in the
existence of GSH bonds in the cytoplasm. Improved antitumor
efficacy was investigated using such tumor-targeted crosslinked
polymeric nanoparticles than non-cross-linked nanoparticles and
free chemotherapeutic drugs. In addition, Chiang et al. generated
the dual redox-responsive micelles for selective cytotoxicity
of cancer (Chiang et al., 2015; Figure 4). This kind of
micelles could release the anticancer drug camptothecin in
the cancer cells after the explosion of reactive oxygen species
(ROS) and GSH. ROS is another essential factor in controlling
the balance of redox in cancer cells, and the concentration
in tumor tissues is about 100 times higher than that in
normal cells because of the oncogene stimulation, mitochondrial
malfunction and chronic inflammation. The ROS-responsive
diethyl sulfide of the micelles could cause a swollen effect,

and the GSH-responsive disulfide-containing cystamine further
promoted the process of copolymer fragmentation, which led to
the release of drugs in cancer cells. Redox-responsive polymeric
nanoparticles can also be used for effective gene delivery. Jia
et al. synthesized the chitosan oligosaccharide-based disulfide-
containing polyethyleneimine derivative PEG-ss-COS-ss-PEI as
a non-viral gene delivery carrier (Jia et al., 2013). The achieved
PEG-ss-COS-ss-PEI copolymers could effectively condense DNA
into small particles with an average diameter smaller than
120 nm. In the existence of 10 mM GSH, polyplexes of PEG-ss-
COS-ss-PEI were rapidly unpacked, as revealed by a significant
increase of particle sizes to over 800 nm. The PEG-ss-COS-ss-
PEI copolymers had much lower cytotoxicity and displayed high
transfection efficiency than the control branch, indicating that a
redox-responsive copolymer composed of low molecular weight
PEI, chitosan oligosaccharide and PEG via disulfide-containing
linkages can be a useful gene delivery nanocarrier.

Enzymes-Responsive Polymers
Enzymes serve various functions in all biological and metabolic
processes and exhibit abnormal expression levels in many
disease-associated microenvironments, especially cancer (Mu
et al., 2018). Compared with other stimuli, most enzymic
reactions are fast and efficient, and the reaction conditions are
moderate. Additionally, most enzyme-responsive nanomaterials,
based on polymers, liposomes, small organic molecules, and
inorganic/organic hybrid materials, can be triggered with
higher specificity, and biocompatibility is beneficial for clinical
translation (Mu et al., 2018). So far, several classes of enzymes
such as proteases and phosphatases have been regarded as
biomarkers for diagnosis and treatment, and many of them have
been exploited to generate stimuli-responsive nanomaterials for
diagnosis, imaging and drug delivery (He et al., 2016). Among
all those enzymes, matrix metalloproteinases (MMPs) are the
most well-established ones utilized as stimuli in the enzyme-
responsive systems, especially cancer theranostics. MMPs are
zinc-dependent endopeptidases responsible for the degradation
of extracellular matrixes (ECM) proteins and the modulation
of bioactive molecules on the cell surface (Khokha et al., 2013).
In cancerous tissue, their expression is much higher than that
in normal tissue. They could promote tumor metastases and
invasion because of the ability to degrade connective tissue
between cells and blood vessels lining, facilitating tumor cells
to escape from their original location (Vandenbroucke and
Libert, 2014). According to the expression level difference,
MMPs have served as triggers, and various nanomaterials have
been developed for different purposes (Ansari et al., 2014; Gallo
et al., 2014; Wang H.X. et al., 2014; Callmann et al., 2015).
For example, Chien et al. developed an enzyme-responsive
polymer composed of a hydrophobic backbone and a hydrophilic
MMP-responsive peptide (Chien et al., 2013). To date, MMP2
and MMP9 are the most widely explored enzymes for enzyme-
responsive drug delivery. Zhu et al. reported a tumor-targeted
micellar drug delivery platform prepared by self-assembly
of the block copolymers of MMP2-sensitive PEG2000-PTX
conjugate, transactivating transcriptional activator peptide-
PEG1000-phosphoethanolamine (PE), and PEG1000-PE,
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FIGURE 4 | Schematic illustration of dual redox-responsive micelles. (A) Chemical structure of mPEG-b-P(Des-alt-Cys) copolymer and (B) dual redox-responsive
micelles and CPT release triggered by ROS and GSH. The dual redox-responsive micelles enter into cancer cells and exhibited high levels of ROS and GSH, then the
structures of micelles are deformed, and the encapsulated CPT could be liberated from micelles, leading to selectively location-controlled drug release. Reprinted
from Yi-Ting Chiang, Yu-Wei Yen, and Chun-Liang Lo. Reactive oxygen species and glutathione dual redox-responsive micelles for selective cytotoxicity of cancer.
Biomaterials. 2015;61:150–61. With permission from reference (Chiang et al., 2015). PEG, poly(ethylene glycol); Des, diethyl sulfide; Cys, cystamine; CPT,
camptothecin; ROS, reactive oxygen species; GSH, glutathione.

acting as MMP2-sensitive functional polymer, cell-penetrating
enhancer, and nanocarrier building block, respectively (Zhu
et al., 2013). Compared to non-sensitive counterparts, this
MMP2 sensitivity of PEG2000-peptide-PTX micelle showed
superior cell internalization, cytotoxicity, tumor targeting, and
antitumor efficacy, which is promising for effective intracellular
drug delivery in cancer therapy. Furthermore, Zhu et al.
recently designed another MMP2-sensitive multifunctional
polymeric micelle for tumor-targeting co-delivery of siRNA and
hydrophobic drugs (Zhu et al., 2014). This micellar nanoplatform
was constructed by an MMP2-sensitive copolymer (PEG-pp-
PEI-PE) via self-assembly, which displayed exceptional stability,
efficient siRNA condensation by PEI, PTX solubilization in
the lipid core, and tumor targeting via both the EPR effect and
MMP2 sensitivity. Several enzymes can be used as markers to

monitor anticancer efficacy. Kulkarni et al. used caspases-3–
cleavable sequence as an enzyme reporter element consisting of
L-amino acids GKDEVDAPC-CONH2 (Kulkarni A. et al., 2016;
Figure 5). The effector element is conjugated to the polymeric
backbone via an esterase-cleavable bond, whereas the reporter
element is conjugated via an amide bond with the Gly residue.
In general, the reporter nanoparticles are engineered from a
novel two-staged stimuli-responsive polymeric material with an
optimal ratio of an enzyme-cleavable drug or immunotherapy
(effector elements) and a drug function-activatable reporter
element. In a drug-sensitive cell, the loading drug was released
due to initiated apoptosis through the activation of the caspase-3
enzyme, which then cleaved the specific peptide, leading to a
positive fluorescent signal. However, in a non-responder cell, the
process of apoptosis could not be initiated, and the fluorescent
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signal was silent. This distinction allowed the nanoparticles
to monitor the efficacy of treatment and evaluated the tumor
resistance to specific anticancer drugs (Kulkarni A. et al.,
2016). Although enzyme-responsive polymeric nanomaterials
have gained rapid progress and show great therapeutic and
diagnostic potentials, especially for cancer at both pre- and
clinical levels, challenges remain to be conquered. Different
cancers and different stages make the modulation of enzymes
difficult. Thus, more effective designing strategies are in need to
make the polymeric nanomaterials more precise (Hu et al., 2014;
Chandrawati, 2016).

Hypoxia-Responsive Polymers
Hypoxia is a specific microenvironment involved in the
pathogenesis of cancer. Hypoxia-associated pathological state

with insufficient oxygen plays an essential role in metastasis
and chemotherapy resistance in various kinds of cancers, which
provide an opportunity for cancer-specific drug delivery using
reduced oxygen partial pressure as a trigger (Brown and Wilson,
2004; Rao et al., 2018). Hydrophobic nitroimidazole is a well-
known hypoxia-responsive electron acceptor which can convert
into hydrophilic 2-aminoimidazole under hypoxia condition,
resulting in the delivery of the loaded DOX from the nanocarrier
system to the microenvironment (Uthaman et al., 2018). Thambi
et al. developed hypoxia-responsive polymers composed of a 2-
nitroimidazole derivative and the backbone of a carboxymethyl
dextran (CMD), selectively release drugs under hypoxic
conditions (Thambi et al., 2014; Figure 6). The anticancer
drug DOX was encapsulated in the polymeric nanoparticles,
released at a markedly elevated rate under hypoxic conditions

FIGURE 5 | Schematic illustration of the construct of a caspase-3 enzyme-responsive nanoparticle. The reporter nanoparticle comprises three components: a
polymeric backbone, an esterase-cleavable prodrug synthesized from an anticancer drug [effector element (EE)], and an activatable reporter element (RE). At the
optimal ratio of EE: RE, this stimuli-responsive polymer self-assembles into a nanoparticle. The reporter element is a caspase-3–cleavable sequence consisting of

L-amino acids GKDEVDAPC-CONH2, to which we conjugated a FRET pair such that cleavage of the DEVD sequence results in removal of the quenching of the
fluorescent signal. The effector element is conjugated to the polymeric backbone via an esterasecleavable bond, whereas the reporter element is conjugated via an
amide bond with the Gly residue. In normal conditions, the fluorescent signal from the reporter element is in the off-state because the drug is intact inside the
nanoparticle. In a drug-sensitive cell (lower right of the schematic), the released drug initiates apoptosis via the activation of the caspase-3 enzyme, which then
cleaves the DEVD peptide, unquenching the fluorescent signal (on the state). However, in a non-responder cell (lower left), the failure of the released drug to induce
apoptosis means the reporter element remains in the off state. Reprinted from Ashish Kulkarni, Poornima Rao, Siva Natarajan, et al. Reporter nanoparticle monitors
its anticancer efficacy in real-time. Proc Natl Acad Sci U S A. 2016;113(15): E2104–13. With permission from reference (Kulkarni A. et al., 2016). FRET, Förster
resonance energy transfer; DEVD, Asp-Glu-Val-Asp.
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compared with normoxic conditions. In another report, He
et al. designed fabrication of dual-sensitive nanoparticles with
hypoxia and photo-triggered release of the drug DOX. Dual
stimuli nanoparticles were developed through the self-assembly
of polyethyleneimine-nitroimidazole micelles (PEI-NI), further
co-assembled with Ce6-linked hyaluronic acid (HC), and
nitroimidazole was incorporated in the micelles as a hypoxia-
responsive electron acceptor that converted to hydrophilic
2-aminoimidazole under hypoxic conditions (He et al., 2018).
The Azobenzene group is another hypoxia-sensitive moiety.
Kulkarni et al. reported self-assembled polymersomes consisting
of poly(lactic acid)–azobenzene–poly(ethylene glycol) and
anticancer drugs gemcitabine and erlotinib (Kulkarni P. et al.,
2016). This polymeric nanoparticle released the encapsulated
anticancer drugs to the pancreatic cancer cells under hypoxic
conditions. Biomacromolecules such as siRNA can also be
delivered selectively to tumor sites by hypoxia-responsive
polymeric nanoparticles. Perche et al. reported hypoxia-induced
siRNA delivery using a polymer nanocarrier consisting of PEG,
azobenzene, polyethyleneimine, and phospholipid (Perche
et al., 2014). The siRNA polymer nanocarriers can be activated
to disassemble in oxygen-deprived microenvironments by
introducing an azobenzene group between PEG and PEI polymer
segments. In the hypoxic environment, the azobenzene bond
of the nanoparticles cleaved and deshielded the PEG coating.
The responsive polymer nanoparticles with siRNA loading
induced efficient gene silencing that mimic the hypoxic tumor

microenvironment, representing an ideal hypoxia-responsive
nanocarrier for cancer therapy. Although hypoxia-responsive
nanoparticles have unique advantages in cancer therapy, it
is challenging to deliver polymeric nanoparticles to hypoxic
areas because they are commonly far from the vasculatures.
Hence, the diffusion rate of the nanoparticles is sometimes
insufficient. Thus, polymeric nanocarriers which can release
hypoxia-responsive prodrugs to the hypoxic areas should be a
better option due to the higher diffusion rates of small molecules.

Other Internal Stimuli
In addition to the internal stimuli mentioned above, there are still
some other internal ones, such as adenosine triphosphate (ATP)
(Lai et al., 2015; Saravanakumar et al., 2017). To conclude, the
internal stimuli can increase the accumulation of polymer-based
nanoparticles and facilitate drug delivery in targeting tissues
because of the changes in pathophysiological properties.

External Stimuli
Light-Triggered Polymers
Among all external stimuli, light is the most commonly exploited
one due to the ease of control and utilization (Zhang et al., 2019).
The light-responsive polymeric nanomaterials have been widely
applied for cancer therapy, mainly photothermal therapy (PTT)
and photodynamic therapy (PDT). PTT refers to the use the light-
sensitive materials that can convert the light energy to heat to
increase the temperature and trigger the death of the surrounding

FIGURE 6 | Schematic illustration of a drug-loaded hypoxia-responsive polymer nanoparticle. The hypoxia-responsive polymers can reach the tumor site via the
EPR effect, followed by intracellular drug release at hypoxic tissue. Reprinted from Thavasyappan Thambi, V.G. Deepagan, Hong Yeol Yoon, et al.
Hypoxia-responsive polymeric nanoparticles for tumor-targeted drug delivery. Biomaterials. 2014;35(5):1735–43. With permission from reference (Thambi et al.,
2014). NPs, nanoparticles; EPR, enhanced permeation and retention; DOX, doxorubicin.
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cancer cells (Kim et al., 2016; Liu et al., 2019). Compared
with other therapies, PTT allows the precise dosage of external
irradiation to diminish the side-effect of the surrounding tissues.
Furthermore, studies have shown that PTT is highly effective
for various cancer and has multiple functions in treatment (Liu
et al., 2019). PTT can combine with other therapies such as
surgery (Wang S. et al., 2018), chemotherapy (Liu T. et al., 2014),
radiotherapy (Yong et al., 2015), immunotherapy (Wang C. et al.,
2014) to improve the overall treatment results and benefit from
the outcomes or effects. So far, many nanomaterials such as
semiconducting polymers have been explored for PTT, and some
of them have been under clinical investigation for tumors such
as head and neck cancers and primary/metastatic lung cancers
(Shi et al., 2017; Liu et al., 2019). For example, Cao et al. reported
a light-breakable amphiphilic block copolymer micelle with a
NIR dye cypionate (Ex/Em: 780/808 nm) encapsulated into the
hydrophobic core (Cao et al., 2013). A dual NIR emission induced
a faster photocleavage reaction when irradiated by NIR light
(765 nm), which facilitated the faster dissociation of the micelles
under NIR illumination ablate the tumor tissues in vivo through
PTT. Bagheri et al. developed an in situ, one-pot polymerization-
induced self-assembly method to synthesize light-responsive
pyrene-containing nanoparticles (Bagheri et al., 2019). Cleavage
of the pyrene moieties triggered a hydrophobic-to-hydrophilic
transition of the core-forming block and the dissociation of the
nanoparticles, and PTT triggered the therapeutic compounds to
release into the tumor. PDT is another important application
for light-responsive nanomaterials and has emerged as a precise
treatment modality. It utilizes the photosensitizers, which can
be activated by the light of a certain wavelength, to generate
cytotoxic ROS that can oxidize key cellular macromolecules and
induce tumor cell ablation (Lucky et al., 2015). Nanoparticles
utilized in PDT can serve as the carriers of photosensitizers

or the energy transducers themselves. Polymers capable of
encapsulating the photosensitizers can target the tumor sites and
release the payloads to generate ROS (Synatschke et al., 2014).
Similar to PTT, PDT also can combine with other therapies
or improve the overall outcomes (Yu et al., 2015; Wang et al.,
2016a, 2017). For example, Cui and co-workers synthesized
a semiconducting polymer nanoprodrug (SPNpd) that can
specifically release the chemo drugs under a photoirradiation-
promoted hypoxic environment to exert synergetic PDT and
chemotherapy (Cui et al., 2019; Figure 7). SPNpd is self-
assembled from an amphiphilic polymer brush comprising a
light-responsive photodynamic backbone grafted with PEG and
conjugated with the chemodrug molecules via hypoxia-cleavable
linkers. SPNpd (30 nm) enabled effective accumulation to the
target site of breast cancer xenograft and possessed a synergistic
photodynamic efficacy and chemotherapy, which acted as a
promising photoirradiation-promoted and hypoxia-responsive
polymeric nanoprodrug system for cancer therapy.

Light responsive polymeric nanomaterials can also be used
for photo-triggered drug release when illuminated by external
light. The mechanisms generally include photo-induced chemical
effects, decreased hydrophobicity, and photothermal effect (Shim
et al., 2017; Son et al., 2019). These strategies allow the
nanomaterials to release therapeutic agents at the target sites
upon the external light. For example, Cao et al. developed
the biocompatible diblock copolymer micelles for controlled
drug delivery. Upon the NIR irradiation, the NIR-sensitive
hydrophobic core could increase the polarity and destabilize the
micelles, leading to a shifted hydrophilic–hydrophobic balance
which could control the release of loading drugs (Cao et al.,
2016). Bagheri et al. developed a drug delivery system using NIR
light and upconversion nanoparticles (UCNPs), emphasizing the
use of photo-responsive compounds and polymeric materials

FIGURE 7 | Schematic illustration of the light-responsive SPNpd for synergistic cancer therapy. The nano-prodrug is assembled from an amphiphilic semiconducting
brush polymer grafted with chemo drug side chains through a hypoxia-cleavable linker. It has three critical units: the light-responsive photodynamic SPN core,
hypoxia-cleavable linker and the chemotherapeutic drug, a bromoisophosphoramide mustard intermediate (IPM-Br). Upon the photoirradiation at 808 nm, this
organic photodynamic nano-prodrug (SPNpd) can specifically release the chemodrug under photoirradiation-promoted hypoxia tumor microenvironment to exert
synergetic PDT and chemotherapy. Reprinted from Dong Cui, Jiaguo Huang, Xu Zhen, et al. Semiconducting Polymer Nano-prodrug for Hypoxia-activated
Synergetic Photodynamic Cancer therapy. Angew Chem Int Ed Engl 2019;58(18):5920–24. With permission from reference (Cui et al., 2019). SPNpd,
semiconducting polymer nanoprodrug; SPN, semiconducting polymer nanoparticle; PDT, photodynamic therapy.
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conjugated onto UCNPs. This drug delivery system can be
activated by low-intensity NIR illumination; thus, it is highly
desirable to avoid exposing living tissues to excessive heat and
reduce the in vivo application of this polymeric nanomaterials
(Bagheri et al., 2016).

Temperature-Responsive Polymers
Temperature is another commonly utilized external stimulus
to trigger the thermo-sensitive nanomaterials to release the
loading agents. The temperature-responsive polymers can
respond to the temperature changes and switch their structure
or the aqueous solubility. Thus, the encapsulated drugs could
be released at the target tissues (Karimi et al., 2016). The
polymer undergoes a reversible change of phase at the specific
temperature, called lower critical solution temperature (LCST)
or upper critical solution temperature (UCST). The therapeutic
agents can be easily encapsulated into the polymers at LCST
and released at the targeting sites upon the external temperature
changes (Bikram and West, 2008). Poly(N-isopropyl acrylamide)
(PNIPAM) and its derivatives have been widely investigated
because of the attractive LCST, which is close to the physiological
temperature of the human body. The LCST of PNIPAM is
around 32◦C, and by coupling other materials (e.g., polymers,
liposomes, proteins), the LCST could be optimized to control
the drug release (Bikram and West, 2008; Karimi et al.,
2016). For example, Kakwere et al. developed the nanohybrids
by incorporating cubic-IONPs within a thermo-responsive
polymer shell composed of PNIPAM/PEGA. The LCST of these
nanohybrids was about 37◦C. The phase transition may occur,
leading to the release of the loading drugs upon the temperature
changes (Kakwere et al., 2015). In another study, Neradovic
et al. developed block copolymers of PEG as a hydrophilic
block and poly(N-isopropyl acrylamide) (PNIPAAm) or
poly(NIPAAm-co-N-(2-hydroxypropyl) methacrylamide-
dilactate) [poly(NIPAAm-co-HPMAm-dilactate)] as the
thermosensitive block that could self-assemble into nanoparticles
(Neradovic et al., 2004). These copolymers formed a novel type
of thermosensitive micelle, and the micelles were destabilized
to release their cargo at temperatures above the LCST of 37◦C
with a triggered drug release profile. Qin et al. used poly(ethylene
oxide)-block-poly(N-isopropyl acrylamide) (PEO-bpNIPAm)
block copolymers to generate polymer micelles which became
amphiphilic in water above 37◦C and self-assemble into micelles
encapsulating both hydrophilic and hydrophobic molecules
(Qin et al., 2006). When the temperature is decreased, however,
the micelles disassemble and release the molecules triggered
by temperature. In addition, temperature-responsive polymeric
nanoplatforms can also be used to combine externally heat-
triggered treatment and localized chemotherapy under magnetic
hyperthermia (MHT) conditions and may target heat more
specifically and boost the drug release on demand. Mai and
co-workers have engineered magnetic thermo-responsive iron
oxide nanocubes (TR-cubes) to merge MH treatment with
heat-mediated drug delivery (Mai et al., 2019). IONPs with a
cubic shape showed remarkable heat performance under MHT
conditions, and these TR-cubes can carry chemotherapeutic
doxorubicin (DOX-loaded-TR-cubes) without compromising

their thermo-responsiveness. A uniform and thick polymer
shell on each nanocube enabled the thermo-responsive
polymer nanosystem to combine MH and heat-mediated drug
delivery, making the dual MH/heat-mediated chemotherapy
possible. Furthermore, the temperature-responsive polymeric
nanocarriers are also effective for delivery of genes. For example,
Hamner et al. used a DNA-capped thermosensitive copolymer
for chemotherapy drug DOX delivery (Hamner et al., 2013;
Figure 8). They synthesized a thermoresponsive pNIPAAm-
co-pAAm polymer to regulate DNA interactions in both a
DNA-mediated assembly system and a DNA-encoded drug
delivery system. The temperature-responsive behavior of the
polymer regulated the accessibility of the sequence-specific
hybridization between complementary DNA-functionalized
gold nanoparticles, with a transition temperature (TC) of
51◦C. The LCST smart polymer was shown to decrease drug
release kinetics and equilibrium at T < TC, but increase release
at T > TC, thus allowing for a successful improvement of
the drug delivery. In another study, Li et al. reported a rod-
shaped ternary polyplex micelle via complexation between the
mixed block copolymers of PEG-b-poly [PEG-b-PAsp(DET)]
and poly(N-isopropylacrylamide)-b-PAsp(DET) [PNIPAM-
b-PAsp(DET)] and plasmid DNA at room temperature,
which exhibited unique temperature-responsive formation
of a hydrophobic intermediate layer between PEG shells
and plasmid DNA cores through facile temperature increase
from room temperature to body temperature (∼37◦C) (Li
et al., 2015). This temperature-responsive micelle system
possessed great potentials as efficient systemic non-viral gene
delivery systems.

Magnetic Field-Responsive Polymers
The magnetic field can serve as an external stimulus for
cancer therapy by controlling the drug release of the polymeric
nanomaterials. Magnetic field-responsive polymers, typically
incorporating the therapeutic components and magnetic
nanoparticles, can produce heat in the presence of alternating
magnetic fields (AMF), and MHT is an effective therapy method
used for cancers (Chen et al., 2015; Zhou et al., 2018). For
example, Le et al. synthesized IONPs coated with a polycationic
polymer poly-L-lysine (PLL) to prevent their aggregation and
enable their administration, which exhibited superior anticancer
efficacy in the magnetic hyperthermia treatment of glioblastoma
(Le Fevre et al., 2017). Jaidev et al. developed tumor-targeted
fluorescent IONPs and gemcitabine encapsulated poly(lactide-
co-glycolide) (PLGA) nanospheres conjugated with human
epidermal growth factor receptor antibodies for magnetic
hyperthermia of pancreatic cancer. The nanoparticles with
surface modification of polymeric nanocarriers for antibody
binding could enhance tumor retention through active targeting,
and their multifunctional abilities significantly inhibited tumor
growth in vivo (Jaidev et al., 2017). Compared with PTT,
MHT can overcome the limitations of tissue penetration and
provide an invasive method for cancer therapy. Additionally,
MHT has progressed in clinical trials for different cancers,
including prostate cancer, oral cancer, glioma, esophageal
cancer, and so forth (Johannsen et al., 2005). Additionally,
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FIGURE 8 | Schematic Illustration of the temperature-responsive polymer systems. (A) The Au NPs were functionalized with freshly reduced pNIPAAm-co-pAAm
copolymer (p), and the thermal response-based aggregation was measured. (B) The Au NPs were first functionalized with thiolated A-type ssDNA, then
co-functionalized with p. The assembly of Ap-Au with complementary A’-Au was then blocked at T < TC (C), but promoted at T > TC (D). Reprinted from Hamner
KL, Alexander CM, Coopersmith K, et al. Using temperature-sensitive smart polymers to regulate DNA-mediated nanoassembly and encoded nanocarrier drug
release. ACS Nano. 2013;7(8):7011–20. With permission from reference (Hamner et al., 2013). Au NPs, gold nanoparticles; Tc, critical temperature.

magnetic-sensitive polymeric nanoparticles can control drug
delivery through the heat energy produced by AMF. In a recent
study, Wei et al. designed a responsive polymeric platform with a
clickable and imageable nano vehicle assembled from multiblock
polyurethanes (MPUs) for precise tumor diagnosis and treatment
(Wei et al., 2017; Figure 9). The soft segments of the polymers
are based on detachable PEG and degradable PCL, and the hard
segments are constructed from lysine- and cystine-derivatives
bearing reduction-responsive disulfide linkages and click-active
alkynyl moieties, allowing for post-conjugation of targeting
ligands via click chemistry. They found that the cleavage of PEG
corona bearing a pH-sensitive benzoic-imine linkage could act
as an on-off switch, which can activate the clicked targeting
ligands under extracellular acidic microenvironment, followed
by triggering the core degradation and payload release in the
tumor cells. Moreover, in combination with superparamagnetic
IONPs entrapped in the micellar core, the prepared micelles
present excellent MRI contrast effects and T2 relaxation
in vitro and magnetically guided MRI multimodal targeting
therapeutics to tumor resulting in precise anticancer therapy

and specifically enhanced MR imaging. Lee et al. developed
the pluronic/polyethyleneimine shell crosslinked nanocapsules
entrapping magnetite nanocrystals (PMCs) that could deliver
siRNA and enhance the intracellular uptake upon exposure to
a magnet (Lee et al., 2010). Although only in vitro experiments
were conducted in this study and the effect of magnetic force for
triggered release still needs additional in vivo tests, this study
provided a novel polymer-based nanoplatform for magnetically
triggered delivery of negatively charged therapeutic agents, as
well as for diagnostic MRI.

Other External Stimuli
Some other external stimuli also have great promises for
cancer theranostics, such as ultrasound (Paris et al., 2015;
Jin et al., 2017), radiation (Fan et al., 2015; Liu et al.,
2017), radiofrequency (Rejinold et al., 2015; Liu et al., 2018),
and electric field (Ge et al., 2012; Kolosnjaj-Tabi et al., 2019).
The corresponding polymeric nanomaterials have different
properties, which can combine with the external stimuli to
realize different requirements, including trigger the release of
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FIGURE 9 | Schematic illustration of the magnetic field-responsive polymer micelles. Schematic chemical structure (A) and molecular architecture (B) of clickable
multiblock polyurethanes (MPUs). (C) Self-assembly of MPU micelles and post-conjugation of folic acid via click chemistry. (D) Schematic illustration of FA residues
on the interface of polymer micelles. (E) Illustration of magnetic-guided and PEG-switched targeting and release properties of MPU nanocarriers. Reprinted from Jing
Wei, Xiaoyu Shuai, Rui Wang, et al. Clickable and imageable multiblock polymer micelles with magnetically guided and PEG-switched targeting and release property
for precise tumor theranostics. Biomaterials. 2017;145:138–53. With permission from reference (Wei et al., 2017).

loading drugs, kill the cancer cells through different mechanisms,
enhance the anticancer efficacy with another treatment method,
and fulfill cancer imaging/detection/diagnosis (Fleige et al., 2012;
Sadhukha et al., 2013; Chen et al., 2015; Mohamed et al., 2019).

Dual/Multi-Stimuli Responsive Polymers
Every kind of stimuli-responsive polymeric nanomaterials has its
limitations. For instance, the internal stimuli, such as pH, redox
potential, enzymes induced by the pathophysiological property
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between cancerous and normal tissues undergo dynamical
changes affected by multiple factors in vivo. Thus, it is not easy to
control these nanomaterials precisely, and the speed of response
in vivo could limit their usage. As for the external stimuli, the
key points are supposed to focus on how to increase the tissue
penetration for the deep localized tumors and minimize the
damage of the surrounding normal tissues with a maximized
specificity and selectivity. In recent years, dual/multi-stimuli
responsive polymeric nanomaterials have been generated for
cancer theranostics, which can combine the advantages of each
kind of materials and overcome the limitations of single-stimulus
(Cheng et al., 2013; Fu et al., 2018). Dual-stimuli responsive
polymeric nanoparticles have been developed that respond to
a combination of two signals such as pH/redox, pH/magnetic
field, pH/temperature, double pH, temperature/reduction,
temperature/enzyme, temperature/magnetic field, and
so on. Multi-stimuli responsive polymeric nanoparticles
have been developed that respond to more signals such
as temperature/pH/redox, temperature/pH/magnetic,
pH/redox/magnetic, temperature/redox/guest molecules,
temperature/pH/guest molecules, and so on. To date, the
majority of multi-stimuli-responsive polymer nanoparticles
are based on pH responsiveness due to the significant pH
variations between the acidic tumor microenvironments and
the normal tissues.

For example, Li et al. designed a transformable polymer
nanoparticle system with pH and Light dual-stimuli (Li et al.,

2017a). The pH/Light dual-stimuli polymer nanoparticles
accumulated in the tumor sites based on the EPR effect, the
sheddable modifications on the nanoparticles were stripped
in the trigger of acidic pH. Then TAT peptides were exposed,
causing improved cell association and internalization. IR-780
light irradiation promoted the DOX release loaded in the
nanoparticles, leading to the death of tumor cells. Li et al.
constructed a polymer nanoparticle with tumor-specific pH-
responsive activation and H2O2 induced self-destruction based
on optimized block copolymer, PEG-b-P(PBEM-co-PEM),
for efficient in vivo antitumor application (Li et al., 2017b).
The novel glucose oxidase-loaded therapeutic polymeric
nanoreactors efficiently kill tumor cells and eliminate tumor
via the synergistic effect. Furthermore, a block copolymer
prodrug-based polymersome nanoreactor was constructed
by Li and co-workers that can be specifically activated by
acidic pH at the tumor site and produce H2O2 to further
trigger the rapid release of camptothecin, which can achieve
orchestrated oxidation/chemo-therapy of cancer via specific
activation of increased tumor oxidative stress and higher released
camptothecin drugs for cancer therapy (Li et al., 2017c). In
another study, An et al. synthesized a star quaterpolymer
with suitable LCST (44.7◦C) and cleavable acetal and disulfide
moieties assembled into the NIR light/pH/reduction-responsive
nanoparticles (An et al., 2016; Figure 10). The multi-stimuli-
responsive nanoparticles with a NIR photothermal agent and
chemotherapeutic compound can exhibit smart drug release in

FIGURE 10 | Schematic illustration of NIR light/pH/reduction-responsive nanoparticles. The NIR Light/pH/Reduction–responsive nanoparticles consist of
PEG-a-PCL-SSP(NIPAM-co-DMA) (S1) star quaterpolymer for precise cancer therapy synergistic effects. Reprinted from Xiaonan An, Aijun Zhu, Huanhuan Luo,
et al. Rational Design of Multi-Stimuli-Responsive Nanoparticles Precise Cancer Therapy. ACS Nano. 2016;10(6):5947–58. With permission from reference (An et al.,
2016). NIR, near-infrared; PEG, poly(ethylene glycol); PCL, poly(ε-caprolactone); NIPAM, N-isopropylacrylamide; DMA, dimethylacrylamide; GSH, cytoplasmic
glutathione; MS-NPs, multi-stimuliresponsive nanoparticles.
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response to intrinsic pH and reduction stimuli and can be further
boosted by NIR light irradiation. The NIR light/pH/reduction-
responsive nanoparticles also exhibited enhanced tumor
accumulation and intracellular drug translocation in cancer cells,
which synergized the photo-induced thermo-chemotherapeutic
efficacy with anticancer efficiency. The dual/multi-stimuli
responsive nanoparticles are highly desired for biomedical

applications, especially drug delivery in cancer therapy.
However, there are also several limitations, such as the low
drug loading capacity, insufficient biocompatibility, etc. Future
research should devote the effort to increase the loading
efficiency and improve the biocompatibility and degradability
of dual/multi stimuli-responsive polymeric nanomaterials for
cancer therapy.

TABLE 2 | Clinical studies of polymeric delivery systems for cancer therapy.

Name Polymer Drug Indication Clinical status

Genexol-PM
R©

mPEG-PLA Paclitaxel � Recurrent breast cancer
� Unresectable locally advanced or
metastatic pancreatic cancer
� Advanced Urothelial Cancer

� Phase IV (NCT00912639)
� Phase II (NCT00111904)
� Phase II (NCT01426126)

Docetaxel-PM mPEG-PLA Docetaxel � Head and Neck Squamous Cell
Carcinoma

Phase II (NCT02639858)

NK105 PEG-modified
poly(α,β-Asp)

Paclitaxel � Recurrent or metastatic breast
cancer

� Phase III (NCT01644890)

NC-4016 mPEG-PGA Oxaliplatin � Advanced solid tumors or
lymphoma

� Phase I (NCT01999491)

Cripecdocetaxel Thermosensitive
PEG-β-poly(N-(2-
hydroxypropyl)-
methacryla-mide-
lactate)

Docetaxel � Cancer, Solid tumors � Phase I (NCT02442531)

NK012 PEG modified PGA SN38 � Triple negative breast cancer
� Refractory solid tumors
� Metastatic colorectal cancer in
combination with 5-fluorouracil

� Phase II (NCT00951054)
� Phase I (NCT00542958)
� Phase II (NCT01238939)

SPI-77 PEG Cisplatin � Ovarian tumor
� Osteosarcoma Metastatic

� Phase II (NCT00004083)
Phase II (NCT00102531)

NC-6004 PEG-PGlu Cisplatin � Recurrent or Metastatic
Squamous Cell Carcinoma of the
Head and Neck

� Phase I/II (NCT03109158)

CT-2106 Poly(L-glutamic
acid)

Camptothecin � Ovarian Cancer
� Colorectal Cancer
� Unspecified Adult Solid Tumor

� Phase II(NCT00291837)
� Phase I/II(NCT00291785)
� Phase I (NCT00059917)

EZN-2208 4-arm PEG SN38 � Advanced Solid Tumors,
Lymphoma

� Phase I (NCT00520637)

NKTR-102 4-arm PEG Irinotecan � Advanced Cancer, Metastatic
Solid Tumors
� Metastatic and recurrent NSCL

� Phase I (NCT01976143)
� Phase II (NCT01773109)

XYOTAX (CT-2103) Paclitaxel Poly(L-glutamic
acid)

Paclitaxel � Glioblastoma Multiforme,
Non-small Cell
� Lung Cancer

� Phase II (NCT01402063)
� Phase II (NCT00487669)

NK911 PEGpoly(α,β-Asp) Doxorubicin � Metastatic pancreatic cancer � Phase II (Cabral et al., 2014)

SP1049C Pluronic
R©

P-61 and
F-127 block
copolymers

Doxorubicin � Advanced refractory
adenocarcinoma of the esophagus
or GEJ

� Phase II (Valle et al., 2011)

NKTR-105 4-arm PEG Docetaxel � Metastatic or locally recurrent
breast cancer

� Phase III (NCT01492101)

XMT-1001 PHF
(Succinamidoester)

Camptothecin � Advanced solid tumors � Phase I (NCT00455052)

Doxorubicin Transdrug (Livatag) PIHCA Doxorubicin � Advanced hepatocellular
carcinoma

� Phase III (NCT01655693)

CRLX301 Cyclodextrin-PEG Docetaxel � Advanced solid tumors � Phase I/IIa (NCT02380677)

Asp, aspartic acid; PEG, poly(ethylene glycol); GEJ, gastroesophageal junction; mPEG, methoxypoly(ethylene glycol); NCT#, ClinicalTrials.gov registry number; PGA,
poly(L-glutamic acid); PLA, poly (D,L lactic acid); PHF, poly(1-hydroxyl-methylethylene hydroxyl-methyl-formal); PIHCA, poly(isohexyl cyanoacrylate).
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CLINICAL STUDIES OF POLYMERIC
DELIVERY SYSTEMS

Over the last two decades, polymer-based nanoplatforms have
been extensively applied for various medical applications
and human studies (Hua et al., 2018). Polymer-based
nanoplatforms and liposomes are the most clinically available
nanomaterials for human use and have been evaluated
for therapeutic delivery in cancer therapy (De Jong and
Borm, 2008; Majumder and Minko, 2021). Because of
the unique features of polymer-containing nanodrugs in
prolonging circulating half-life and improving passive tumor
targeting by increasing the size of a drug, rapid progress
has been made on developing polymeric nanosystems for
targeted therapeutic delivery and diagnostic applications.
As reported, some polymer micelles are already available
for clinical use, and some polymer-drug conjugates and
nanospheres are under clinical development in cancer treatment
(Luque-Michel et al., 2017).

Many polymer-containing nanodrugs are being investigated
in clinical trials due to the broad applicability of polymer-
based nanoformulations (Ventola, 2017). For example,
Opaxio (Xyotax) is a nano drug-containing polyglutamic
acid-conjugated (poliglumex) paclitaxel, and early stage trials
of Opaxio in patients with ovarian cancer and fallopian
tube cancers showed promising clinical results (Caster et al.,
2017). Furthermore, the ongoing phase III trial of Opaxio as
maintenance therapy for ovarian cancer patients obtained
complete responses after taxane and platinum therapy.
CRLX-101, drug–conjugate formulation of camptothecin
and a cyclodextrin-PEG polymer, has shown promising early
therapeutic profiles in phase I/II clinical trials in patients
with solid tumors such as lung cancers (SCLC and NSCLC)
and gynecological malignancies (Weiss et al., 2013; Caster
et al., 2017). CRLX-301(NCT02380677) is another docetaxel-
conjugate polymer, which has been studied in a phase I/IIa
clinical trial in the treatment of advanced solid tumors. In
addition, NK012 is a polymeric formulation of SN-38 (an
active metabolite of the topoisomerase inhibitor irinotecan),
and two phase I trials and several phase II trials utilizing this
micellar nanoformulation of SN-38 have been completed or
still are ongoing in solid tumors including NSCLC (Caster
et al., 2017) and triple-negative breast cancer (NCT00951054).
Genexol-PM, a MPEG-block-D, L-PLA micellar formulation of
paclitaxel, is being developed as alternative Cremophor-based
paclitaxel. Recently, Genexol-PM is extensively investigated
in phase I/II clinical trials in various countries, approved for
treating metastatic breast cancer and advanced lung cancer
in South Korea (Havel, 2016). Several phase II trials in solid
tumors of metastatic breast cancer and NSCLC have shown
a low rate of toxic reactions and a favorable rate of overall
remission (Lee et al., 2008; Ahn et al., 2014). A summary
of clinical studies of polymeric delivery systems for cancer
therapy is presented in Table 2 (Valle et al., 2011; Cabral and
Kataoka, 2014). More clinical trials are being conducted, and

novel techniques are being developed to reduce the toxicity
issues and safe use of polymer-based nanomedicines in human
health.

CONCLUSION AND PERSPECTIVE

In summary, this review introduces representative theranostic
polymeric nanomaterials and their advantages and disadvantages
in the practical use as well as their unique properties. In
particular, recent advances of stimuli-responsive polymeric
nanocarriers in the development of drug delivery are discussed in
cancer therapy, where stimuli-responsive polymeric nanocarriers
have been shown to own the possibility of controlled release
of drugs/genes at the target sites by acting as an active
participant rather than passive mediators. Various studies
on stimuli-responsive polymers have been published, which
showed that multifunctional polymeric nanosystems are
promising to be effective platforms for drug/gene delivery
in response to a range of internal (pH, redox potential,
enzymes, hypoxia, etc.) and external stimuli (light, magnetic
field, ultrasound, temperature, radiation, etc.). The internal
stimuli-responsive polymeric nanosystem relies on the
abnormal microenvironments in various cancers, such
as acidic extracellular pH and hypoxia, for targeted drug
delivery, while the external stimuli-responsive nanosystem
requires prior information on the target-specific site for
efficient therapy. Moreover, studies have shown that the
applications of polymeric nanomaterials in various cancers have
achieved positive effects in both diagnosis and treatment
monitoring, including enhanced therapeutic outcomes
and reduced systemic side effects compared to traditional
anticancer drugs.

Despite various advantages of stimuli-responsive polymeric
nanomaterials over conventional therapies, we should know that
they are not perfect and many crucial issues and challenges
still remain to be addressed. At first, there are a number
of biological components that polymeric nanomaterials would
encounter after in vivo administration, including biological
molecules, cells, and tissues/organs. The features of polymeric
nanomaterials, such as surface charge and size, will determine the
subsequent biodistribution and cellular responses of polymeric
nanomaterials. Secondly, it is essential to improve the stimuli
sensitivity of polymeric nanomaterials in target sites because non-
specific distribution of stimuli can lead to off-target effects. For
example, low pH can also be found in some normal tissues,
so the degree of acidic pH to which polymeric nanomaterials
would respond may play an important role in determining the
release amount and release rate to the target sites. Moreover,
the heterogeneity of tumor types and stages greatly influence the
status of internal stimuli, which should be examined extensively
before the synthesis of polymeric nanomaterials. Thirdly, the
current polymeric nanomaterials still have limitations for clinical
or practical use due their complicated design, limited biostability
in vivo, and potential toxicity.
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We have given several examples published for the commonly
used multifunctional and stimuli-responsive polymeric
nanomaterials in different cancers and their roles in the process of
treatment. However, polymeric nanomaterials for only imaging
or only therapy are not included because of the topic request.
Importantly, the future trend for polymeric nanomedicine should
focus on combinational therapy, which refers to the combination
of nanomedicine and gene therapy or immunotherapy for the
improved efficacy of 1 + 1 > 2. Moreover, with the aging
population increasing worldwide, cancers are a severe threat
to people’s health. Therefore, a better understanding of the
physiological microenvironments of cancers and the further
development of polymeric nanocarrier-based drug systems
are necessary for targeted therapeutic delivery applications.
More attention should be paid to the progress of different
cancers and what stimuli-responsive polymeric nanomedicine
can do to globally reduce the social burden and contribute to
the medical field.
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Single-nucleotide polymorphisms (SNPs) are the abundant forms of genetic variations,
which are closely associated with serious genetic and inherited diseases, even
cancers. Here, a novel SNP detection assay has been developed for single-nucleotide
discrimination by nanopore sensing platform with DNA probed Au nanoparticles
as transport carriers. The SNP of p53 gene mutation in gastric cancer has been
successfully detected in the femtomolar concentration by nanopore sensing. The robust
biosensing strategy offers a way for solid nanopore sensors integrated with varied
nanoparticles to achieve single-nucleotide distinction with high sensitivity and spatial
resolution, which promises tremendous potential applications of nanopore sensing for
early diagnosis and disease prevention in the near future.

Keywords: single nucleotide polymorphism, gold nanoparticle, gastric cancer, solid nanopore, DNA probe

INTRODUCTION

Single-nucleotide polymorphisms (SNPs) primarily refer to single-nucleotide substitution that
constitutes the most common genetic variation, with an average occurrence of ∼1/1,000 base
pairs, which are closely associated with various cancers and tumors (Liu et al., 2017; Varona and
Anderson, 2019; Megalathan et al., 2021). As an important biomarker, numerous methods have
been developed for detecting SNPs. The conventional approaches are polymerase chain reaction
amplification and sequencing, which are adequate to know each gene site of DNA fragment, but
overqualified with being time-consuming and costly (Halperin and Stephan, 2009; Maguin and
Marraffini, 2021). A variety of biosensors have been performed involving fluorescent labeling,
chemiluminescence, and microassays (Liu et al., 2017; Tian et al., 2018; Zhou et al., 2020; Zhang
et al., 2021). However, the photoelectric signals obtained from these methodologies have relatively
low specificity and false-positive probability for single-nucleotide discrimination in pathogenic
mutants. Hence, novel SNP assays with respect to simplicity, sensitivity, high throughput, and low
cost are still in demand for the earlier diagnosis and clinical prognostics.

As an emerging single-molecule detection technology, nanopores are promising sensors
for DNA identification, proteomic detection, determination of epigenetic changes, and
biomolecular mechanism exploration with the advantages of being label-free and high-throughput
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(Wang et al., 2017; Jeong et al., 2019; Spitzberg et al., 2019;
Chen et al., 2021; Fragasso et al., 2021; Hu et al., 2021). The
nanopore technique is inspired by the transmembrane protein
channels embedded in lipid bilayers that allow ions and molecules
inside and outside the living cell to exchange freely. Based on the
pore materials, nanopores have been developed into two major
types of biological and solid-state pores, and both take their
respective advantages to achieve single-molecule identification
toward clinical detection (Wang et al., 2017, 2018, 2020; Meng
et al., 2019). However, the spatial and temporal resolution
of individual nucleotides discriminated by nucleotide-specific
current signals remains a challenge for nanopore sensing. For
instance, the natural fixed pore size and instability of biological
nanopores limit their sensing application. For solid nanopores
with mechanical robustness and size controllability, the accuracy
and the limited bandwidth of the current measurement systems
are technical hurdles at single-nucleotide resolution. In this
study, a novel SNP assay system has been proposed based
on the nanopore readout platform integrated with DNA-
probed gold nanoparticles. The functionalized Au nanoparticle
is suitable for a good transport model for nanopore sensing.
For instance, Au nanoparticles with a certain volume can
produce distinct ionic current signatures through nanopores.
Moreover, nanoparticles loaded with DNA probes facilitate
molecular translocation to improve accuracy and the signal-to-
noise ratio. The DNA probes wrapped on Au nanoparticles favor
hybridization with SNP sequences with a high selectivity for
single-nucleotide discrimination (Ang and Lanry Yung, 2012;
Venta et al., 2013, 2014; Karmi et al., 2021). The perfectly matched
hybridization of SNP sequences with DNA probes absorbed on
Au nanoparticles will trigger the nanoparticle assembly to form
dimers. The distinction of SNP mutations can be easily achieved
by observing the differences of signals between the monomers
and dimers of nanoparticles translocated through the hole by a
nanopore platform. Thus, with high selectivity, efficiency, and
simplicity, this method can be used to successfully distinguish
single-nucleotide variations of DNA targets independent of the
nanopore morphology.

MATERIALS AND METHODS

Materials
The chemicals used in this experiment were obtained from
commercial sources: trisodium citrate dihydrate (Fisher),
HAuCl4.3H2O (Sigma), KCl (Sigma-Aldrich), concentrated
sulfuric acid (Sinopharm Chemical Reagent Co., Ltd.),
aquaehydrogenii dioxide (Sinopharm Chemical Reagent
Co., Ltd.), and bis(p-sulfonatophenyl)phenylphosphine
dihydrate dipotassium salt (BSPP) (Sigma-Aldrich, St
Louis, MO, United States). All DNA oligonucleotides
were synthesized by Shanghai Sangon Biotechnology
Co., Ltd. (Shanghai, China). The sequences of DNA
probes are PolyA-1 (60AGCGGACTCCAACACTCCGT)
and PolyA-2 (60ACTGCCCATGGTGGGGGCAG),
respectively. The wild target (P53WT) of the p53 gene
is GAGGTTGTGAGGCGCTGCCCCCACCATG, and

that of SNP targets (P53MU) is GAGGTTGTGAGGC
ACTGCCCCCACCATG. Au nanoparticles were purchased
from Ted Pella (Redding, CA, United States). Milli-Q super-
purified water with a resistance >18 M�/cm was used in all
the experiments.

Preparation of DNA Modified Au
Nanoparticles
The Au nanoparticles were firstly protected using phosphine
moiety bis(p-sulfonatophenyl) phenylphosphine to increase their
stability, as previously described (Zhu et al., 2016; Chen et al.,
2017). These phosphine-coated Au nanoparticles were incubated
with diblock DNA with a 1:10 ratio for 16 h with gently
shaking at room temperature. Then, 1 M of sodium phosphate
buffer (1 M of NaCl, 100 mM of Na2HPO4, and NaH2PO4,
pH 7.4) was added into the DNA/Au nanoparticle mixture for
five times with a 30-min interval to reach a final concentration
of 100 mM NaCl. This mixture was incubated for 24 h at
room temperature. Next, the resulting mixture was centrifuged at
12,000 rpm for 20 min to remove excess DNA. The nanoparticles
were resuspended in 0.1 M sodium phosphate buffer (PBS, 0.1
M of NaCl, 10 mM of Na2HPO4, and NaH2PO4, pH 7.4). The
DNA-functioned Au nanoparticles were also characterized by
scanning electron microscope (SEM) images from Axiostar Plus
(Zeiss Axiostar Plus).

Nanopore Fabrication and Data
Acquisition
The nanopores used in all our experiments were fabricated
using focused-ion-beam drilling with Ga+ ions. The resulting
pores were visualized through SEM Axiostar plus (ZEISS
Axiostar plus). Chips were cleaned in piranha solution (3:1
v/v H2SO4:H2O2) at 80◦C for 30 min in order to remove
organic contaminants and to facilitate pore wetting. The prepared
nanopore chips were then sealed into polydimethylsiloxane
(PDMS) microfluidic channels. The Ag/AgCl electrodes were
put in each chamber to connect to a pico-Ampere current
amplifier Axopatch 700B (Molecular Devices), which applied a
transmembrane voltage and recorded the nanopore ion current.

RESULTS AND DISCUSSION

Design of DNA Probe Wrapped on Au
Nanoparticles
The sensing principle of single-nucleotide discrimination based
on the nanopore platform is illustrated in Figure 1A. A diblock
DNA probe has been designed to perfectly match with SNP
targets. The probe consists of a binding chain of polyA
sequences and a capture chain of complementary sequences.
The polyA block naturally adheres to the gold surface via
adenine adsorption. By rational design of the polyA length,
the gold nanoparticles are wrapped by DNA probes at
single-molecular level, and the appended recognition blocks
with an upright conformation favor DNA recognition (Qin
and Lanry Yung, 2007; Yao et al., 2015; Zhu et al., 2016;
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FIGURE 1 | (A) The work principle of the SNP detection system. The Au nanoparticles firstly were labeled by blocking DNA strands with the poly-adenine (polyA)
block (red) and the recognition (blue and green). One block of polyA oligonucleotide could strongly absorb on the surface of gold nanoparticles; the other was
designed to perfectly complementarily hybridize with SNP targets and mismatch to the wild-type targets. (B) SEM images of DNA-probed Au nanoparticles with wild
targets in the form of monomer and SNP targets in the form of dimer.

Chen et al., 2017). The recognition strands in blue and green are
perfectly complementary to SNP targets and spontaneously form
hairpin structures to reduce non-specific adsorption between
nucleotide sequences. After addition of SNP targets, DNA probes
immobilized on the nanoparticles preferentially capture SNP
targets by the perfectly matched sequence hybridization. A set
of discrete Au-DNA conjugate dimers have been formed via
DNA-hybridizing fragments as linkers. The wild-type target
with a mismatched base is hard to open the hairpin structure
and initiates self-assembly of Au nanoparticles. Thus, the Au-
DNA probe has a high selectivity to discriminate the SNP
and wild targets.

The recognition of the Au-DNA probes and targets is verified
in Figure 1B. It is clear that Au nanoparticles are dispersed as
monomers in the aqueous solution prior to the addition of wild-
type and mutation targets. Once the SNP targets are added, DNA
probes anchored on the Au particles are opened and perfectly
hybridized with SNP sequences to link two Au spheres into a
dimer, while the recognition of the DNA probe is hard to initiate
hybridization reaction owing to sequence mismatch with wild

targets. The results are further verified in light of the scattering
spectra. The diameter of Au nanoparticles in mixture ranges
from 5 to 10 nm after SNP targets hybridized with DNA probes.
Hence, the designed DNA probes anchored on Au nanoparticles
are suitable to capture SNP sequences and the discrete conjugate
complex can be identified by the nanopore platform with a high
selectivity for single-nucleotide discrimination.

Discrimination of Wild and Mutant
Targets in Nanopore Sensing
After the hybridization of DNA probes on the nanoparticles with
wild and SNP targets, the nanoparticles in the form of monomers
and dimers have been transported to the nanopore platform
to pick up individual distinct signals for SNP detection. In the
nanopore device, the prepared nanoparticle samples have been
added into reservoirs and driven through an orifice separated by
a silicon nitride membrane sandwiched between two Ag/AgCl
electrodes. The ionic current flowing through the nanopores is
momentarily interrupted as particles pass through the pore. Thus,
a set of upward pulses are observed in the current–time traces
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FIGURE 2 | (A) Current signal in the presence of wild targets. (B) Current signal in the presence of SNP targets. (C) Current signal in the presence of the Au-DNA
probe. (D) Current signal in the presence of Au-DNA probes. (E) Current signal in the presence of wild targets with Au-DNA probes. (F) Current signal in the
presence of SNP targets with Au-DNA probes. (G) Histograms of the blocked current amplitudes with wild targets. (H) Histograms of the blocked current amplitudes
with SNP targets.

shown in Figure 2. The nanopore with a diameter of 35 ± 3 nm
is used to capture the Au particles into the pore and acquires
the optimal current pulses with a high signal-to-noise ratio. In
Figures 2A,B, as pure wild and SNP targets are loaded into the
reservoirs, no blockage signals appear in the current trace since
the short DNA fragments of a dozen nucleotide bases are too
small to generate discernable signals in voltage clamp mode.
However, the addition of Au nanoparticles with DNA probes
triggers a series of current pulse signals, shown in Figures 2C,D.
The blockage current is induced by Au nanoparticles flowing
into the pore in the form of monomers. After addition of wild
and SNP targets as shown in Figures 2E,F, the blocked current
signals have been enhanced as SNP targets are hybridized with
complementary DNA probes wrapped on the Au nanoparticles,
while the current pulses in the presence of wild targets are still
similar to that of Au-DNA probes.

The blockage signals from individual particle translocations
can be distinguished by the time duration (td) and the magnitude
of the blockage current (Ib). The histograms of the magnitude
and dwell time of the translocation events have been statistically
sorted to plot the columnar statistical graphs, as shown in
Figures 2G,H. The amplitude distribution of blockage events
is fitted by Gaussian models. Based on the fitting curves, the
peak values of the blocked current are maximized at 20 ± 2 pA,
which corresponds to the most probable current drops induced
by monomer particles through the nanopore at biased voltages.
Once the SNP targets are added and react with the DNA probes,
an intriguing phenomenon of double peaks appear in the current
blockage statistics histograms. One of the peaks at 19 ± 3 pA
is clearly similar to the most probable amplitude intensity of
the blocked current events induced by monomer nanoparticles.
A larger peak at the current of 41 ± 5 pA appears, which is
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FIGURE 3 | (A) Current signals in the presence of the SNP target and wild target at low and high concentrations. (B) Log plot of the capture ratio of the dimer and
monomer obtained from blockage current versus SNP concentrations. (C) Signal frequency versus experimental time. (D) The capture frequency of blocking events
dependent on time at different concentrations.

about twice as large as the first peak. Based on the volume
exclusion theory of the particles entering the pore, the blockade
signals are directly proportional to the particle volume as the
following formula: 1Ib(t) = − σφ

H2
eff

3(t)[1+ f ( dm
Dp

, lm
Heff

)], where

σ is the solution conductivity, φ is the applied voltage between the
electrodes, 3 is the excluded volume of a translocation particle
inside the pore, Heff is the effective length of the nanopore, dm
is the diameter, lm is the length of a particle molecule, Dp is
the nanopore diameter, and f (dm

/
Dp, lm

/
Heff ) is a correction

factor (Talaga and Li, 2009). It is clear that Au nanoparticles
are assembled into dimers by the hybridization between SNP
and DNA probes. Thus, the smaller of the current peaks appears
owing to monomer particle translocation, while the larger one
arises from the assembled dimers passing into the pore.

Quantification of the Targets
On the nanopore readout platform, single-nucleotide
discrimination between SNP and wild targets has been detected
by the signal amplification of the DNA-probed nanoparticles
as transport carriers through the nanopore. Considering the
high-sensitivity demand in the earlier stage of cancer and tumor
diagnosis, the change of the current signals has been further
explored dependent on the concentration of SNP targets, as
shown in Figure 3A. The ionic current fluctuation is observed as
the DNA-probed Au nanoparticles are added into the pore, and
a set of spike-like signals appears due to the volume exclusion
effect of gold spheres passing through the nanopore one by one.
After addition of SNP and wild targets, the recorded current
trace shows an obvious change at low and high concentrations of

targets. For addition of wild targets, the current trace is similar to
the previous signals caused by individual Au-DNA nanoparticles.
There is no visible change of the blockage current recording
even though the concentration of the wild targets is increasing.
The binding block of DNA probes hardly unfold the hairpin
structure owing to the base-pair mismatch with wild targets. In
contrast, more spike-like current signals continuously appear as
increasing SNP targets. It is further verified that the designed
DNA probes have high selectivity for SNP targets. From the
statistical histogram of a large number of current pulse signals,
the blockage current events with greater intensity and longer
duration are characterized as a larger Gaussian peak position.
The capture ratio of the dimer and monomer obtained from the
statistical histogram of blockage current has been log-plotted as
a function of SNP target concentration, as shown in Figure 3B.
There is a linear relationship with SNP concentration increasing.
At high SNP concentration, the capture frequency of dimers
is greater than that of monomers, which indicates that the
dimers formed by Au nanoparticle self-assembly are superior in
mixed aqueous solution. The capture ratio is gradually reduced
when the probability of the dimer formation is reduced with
decreasing SNP concentration. By virtue of the nanopore–
nanoparticle integrated approach, the SNP of the p53 gene
mutation in gastric cancer is detected as low as to femtomolar
under the experimental conditions. The sensitive detection limit
is sufficient for the early diagnosis and treatment of cancers.

After the quantitative determination of SNP targets,
experimental factors such as time and voltage have also
been evaluated to optimize the detection accuracy. The reaction
dynamics of the SNP assay has been checked in our experiments,
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FIGURE 4 | The statistical amplitude histograms of the blocked translocation events for wild-type and mutant targets as the function of biased voltages. (A–C) Are
statistical graphs at 250, 500, and 700 mV for wild-type targets, respectively. (D–F) Are statistical graphs at 250, 500, and 700 mV for SNP targets, respectively.

as shown in Figures 3C,D. The recognition response is rapid in
the presence of SNP targets. The capture frequency is growing
over time and saturated after 30 min. The capture frequency
is much higher after adding SNP targets. The DNA-probed
Au nanoparticles are stable in aqueous solution, and the self-
assembled dimers are stabilized by the strong binding affinity of
the complementary hybridization between the DNA-Au probe
and SNP sequences. Likewise, the capture frequency of the SNP
targets has been explored at different voltages in Figure 4. The
results display that a single peak of the magnitude distribution
for wild targets is not influenced at the varied voltages, but the
peak value increases with voltage increasing, which is in line with
Ohm’s law of nanopore devices. For SNP targets, the double peaks

of the magnitude distribution always exhibit at different biased
voltages, and the capture rates of monomer and dimer particles
are all enhanced at high voltages. The Au nanoparticles with
appreciable size can produce distinct ionic current signatures
through nanopores with a high signal-to-noise ratio.

CONCLUSION

Single-nucleotide polymorphisms are the most abundant genetic
variation, which are responsible for genetic disease prevalent
in a population. Therefore, the detection of the subtle single-
nucleotide discrimination is important to the earlier diagnosis
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and treatment of critical illness. In our work, a sensitive SNP
detection system has been established by silicon nitride nanopore
platform integrated with DNA-probed gold nanoparticles. The
readout of single-nucleotide discrimination in nanopore sensing
has been converted into the amplified signals of varied
nanoparticles with comparable volume to the used nanopore. The
DNA probes absorbed on nanoparticles have high selectivity and
sensitivity to the SNP targets. Hence, the SNP of the p53 gene
mutation in gastric cancer has been detected in the femtomolar
concentration. In the same way, the robust nanopore biosensing
strategy can be adapted to detect broad DNA mutations from
diagnostics to targeted therapy of cancers.
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Purpose: In this study, we independently synthesised and labelled a novel bidentate

bifunctional chelating agent, 177Lu-3,4-HOPO-Cetuximab, that achieved tight binding

between targeting and radioactivity, and evaluated its targeted killing ability of cells in

vitro and in vivo.

Method: 3,4-HOPO was successfully synthesised through a series of chemical steps

using malt phenol as the raw material, which was then coupled with Cetuximab labelled

with 177Lu. 177Lu-3,4-HOPO-Cetuximab and 177Lu-DOTA-Cetuximab was tested for its

cell viability and cell-binding rate after different times and at different doses by CCK-8 and

cell-binding experiments. 177Lu-3,4-HOPO-Cetuximab (∼500 µCi) and 177Lu-DOTA-

Cetuximab (∼500 µCi) were injected into the tail vein of a subcutaneous metastasis

mouse model of triple-negative breast cancer with a single injection, and tumour volume

growth and body weight changes were regularly monitored for 20 days. The radioactivity

distribution in nude mice was analysed after sacrifice, and the treated and untreated

tumour tissues were analysed by HE staining.

Result: The cell viability of 177Lu-3,4-HOPO-Cetuximab declined exponentially after

treatment for 48 h at 50 Bq/mL to 500 kBq/mL, respectively; the cell activity was slowed

down from 8 to 96 h at a dose of 500 kBq; while the binding rate of 4T1 cells in 177Lu-

3,4-HOPO-Cetuximab from 1 to 24 h, respectively, increased logarithmically, which was

similar with 177Lu-DOTA-Cetuximab. After 20 days of treatment, the body weight of

nude mice with 177Lu-3,4-HOPO-Cetuximab and 177Lu-DOTA-Cetuximab were hardly

changed, while the body weight with physiological saline decreased significantly. The

tumour inhibition rate of the 177Lu-3,4-HOPO-Cetuximab and 177Lu-DOTA-Cetuximab

were (37.03 ± 11.16)% and (38.7 ± 5.1)%; HE staining showed that tumour cells were

affected by the action of 177Lu causing necrosis.

Conclusion: The experiments showed that 177Lu-3,4-HOPO-Cetuximab has a certain

targeted therapeutic ability for triple-negative breast cancer, and it is expected to become

a potential targeted nuclear medicine treatment for triple-negative breast cancer.

Keywords: triple negative breast cancer, bifunctional chelator, cetuximab, targeted internal irradiation therapy,

HOPO
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INTRODUCTION

The Transitional Breast Cancer Research Consortium (TBCRC)
conducted a clinical trial (Cleere, 2010; Lisa et al., 2012; Fatima
et al., 2015; Chen et al., 2017; Zimei and Zan, 2017; Pindiprolu
et al., 2018) and found that although TNBC patients tolerate
Cetuximab well with small adverse reactions, its efficacy is
limited. This suggests that the combination of Cetuximab and
EGFR inhibitor therapy is expected to be a development point for
TNBC. Studies have found that EGFR ligands can drive tumour
proliferation in an autocrine/paracrine manner, and Cetuximab
may block ligand-receptor binding (Wang et al., 2019; Fasano
et al., 2021). The studies also confirmed the ability of 131I-labelled
targeting molecules to target the nuclides of TNBC via EGFR.

Over the past few years, new 177Lu-labelled
radiopharmaceuticals have been researched and developed
internationally. Several peptides and monoclonal antibodies
(mAbs) have been conjugated to bifunctional chelators and the
labelled radionuclide 177Lu. Ramli et al. (2011) successfully
prepared radioimmunoassays based on the anti-HER-2
monoclonal antibody compound 177Lu-DOTA-trastuzumab,
which showed potent anticancer effects.

With the development of nuclear medicine, the new
bifunctional chelator-HOPO has been discovered by scientists
and has begun to enter the field of scientific research, and
some HOPO compounds have reached the experimental stage
before application. Although DTPA (Stanisz and Henkelman,
2015), DOTA (Eigner et al., 2013), and NOTA (Adam et al.,
2007), etc., have shown strong capabilities, research on HOPO-
based chelators that link targeting molecules to lanthanide and
lanthanide metal ions in nuclear medicine is gaining increasing
attention (Cilibrizzi et al., 2018). Deferiprone (1,2-dimethyl-3-
hydroxy-4-pyridone, DFP) has been approved in Europe as an
effective iron removal agent as a bidentate 3,4-HOPO.

Previous studies in our group have proved that 131I-labelled
cetuximab is easy to fall off after injection in mice for a period of
time. Based on the above research background, this experiment
independently prepared a novel bifunctional chelating agent, 3,4-
HOPO, using 3,4-HOPO as a bifunctional chelating agent for
177Lu-labelled Cetuximab to investigate the effects of 177Lu-3,4-
HOPO-Cetuximab in the treatment of TNBC.

EXPERIMENTAL MATERIALS

Experiment Equipment
Wantong titrator (Swiss Wantong China Ltd., Switzerland);
FJ-391A4 radioactivity metre (Beijing Nuclear Instrument
Factory); LB 2111 Multi Crystal Gamma Counter (Berthold
Technologies, Germany); KDC-20 low-speed centrifuge (Hefei
Keda Innovation Co., Ltd. Zhongjia Branch).

Cell Lines and Experimental Animals
The nude mouse triple-negative breast cancer cell line 4T1
cells were provided by Soochow university laboratory. Female
BALB/c nude mice were purchased from Nanjing Skrui
Biotechnology Co., Ltd., aged 4–6 weeks, and were raised at the
Experimental Animal Centre of Suzhou University according to

SPF requirements and approved by the animal ethics committee
of Soochow University.

Laboratory Supplies
3-hydroxy-2-methyl-4-pyrone (maltophenol, 99%, Jingda,
Anhui Jinhe Industrial Co., Ltd.); DOTA-NHS purchased
from MACROCYCLICS, Europe; Cetuximab Purchased from
Shanghai Saima Biotech Co., Ltd.; 177LuCl3 was purchased from
ITG Germany.

METHODS

Synthesis of Bidentate 3,4-HOPO
The synthesis process of bidentate 3,4-HOPO is shown in
Figure 1.

Accurately weigh 43 g of maltol (1) dissolved in 285mL of
methanol and 35mL of 10.25 mol/L NaOH solution, add 45mL
of benzyl chloride, and reflux at 100◦C for 48 h to obtain orange
oily liquid benzyl maltol (2).

Take benzyl maltol (2) 73.23 g dissolved in 210mL mixed
solution of methanol and water (volume ratio 1:1), add sodium
glycinate powder, reflux reaction at 100◦C for 36 h, then extract
with 40–100mL dichloromethane, water phase The concentrated
HCl (12 mol/L) was adjusted to a pH 2, and the precipitated
yellow crystals were filtered and dried in a vacuum oven for 30 h
to obtain the product Bn-3,4-HOPO (3).

After the Bn-3,4-HOPO was dissolved in methanol, a certain
amount of palladium carbon (about 5% by mass of the reactant)
was weighed and added slowly to the reaction solution, and
hydrogen was introduced and stirred for 4 h. After completion
of the reaction, the mixture was filtered to obtain palladium
carbon and a product mixture; after adding DMF (N,N-
dimethylformamide), the mixture was heated and stirred at 80◦C
until the solution became a black suspension, and the filtered
filtrate was steamed to obtain rice. The white solid was dried in
vacuo to give the product as 3,4-HOPO (4). The results of the
nuclear magnetic resonance test were as follows: 1H NMR (400
MHz, DMSO): δ 7.53 (d, J = 7.2Hz, 1H), 6.11 (d, J-7.2Hz, 1H),
4.82 (s, 2H), 2.15 (s, 3H); LC-MS [M+H+] m/z: 183.87.

Preparation of 3,4-HOPO-Cetuximab and
DOTA-Cetuximab (Hereinafter Referred to
as 3,4-HOPO-Ab and DOTA-Ab) Solution
Take 200 µL of Ab solution from the −80◦C refrigerator
and thaw it in a water bath. The ratio of 3,4-HOPO:NHS
= 1:1.2 in 0.25 mol/L CH3COONH4 solution for 5min, add
3,4- HOPO or DOTA ratio 1.2 equivalent EDC continued to
activate for 30min; molar ratio 3,4-HOPO or DOTA: Ab =

50:1 coupling; addition of 0.25 mol/L CH3COONH4 solution to
0.5mL; constant temperature mixing at room temperature for
24 h to complete coupling Union. The coupled 3,4-HOPO-Ab
solution or DOTA solution was centrifuged at 4,500 rpm for
45min at room temperature, followed by ultrafiltration at 6,000
rpm for 15min; the conjugate was collected, 0.5mL of 0.25 mol/L
CH3COONH4 solution was added, and placed. Store this at 4◦C.
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FIGURE 1 | Schematic diagram of the synthesis process of 3, 4-HOPO.

Preparation of 177Lu-3,4-HOPO-Ab and
177Lu-DOTA-Ab Solution
Remove 350 µL of purified 3,4-HOPO-Ab solution or 177Lu-
DOTA-Ab solution from a 4◦C refrigerator; add 20 µL
of 177LuCl3 dilution solution to the 3,4-HOPO-Ab solution
or 177Lu-DOTA-Ab solution (activity is about 1 mCi); add
CH3COONH4 buffer with pH 5. The solution was 500 µL; the
mixture was shaken for 30min at 37◦C under a vortex constant
temperature mixer to complete the labelling. The reaction
solution after the completion of the labelling was centrifuged
at 4,000 rpm for 15min at room temperature; the buffer was
discarded, the label was rinsed from the inner liner with a
0.25 mol/L CH3COONH4 solution, and the collected liquid was
stored in an EP tube. The radiochemical purity was measured by
a TLC method in a test tube in which the developing solvent was
acetic acid: ammonium acetate (pH 3). The labelling rates of the
177Lu-3,4-HOPO-Ab and 177Lu-DOTA-Ab solutions were (89.7
± 0.9)% and (92.6± 1.0)%. After purification, the radiochemical
purity were both higher than 95%.

Cell-Binding Rate of 177Lu-Ab and
177Lu-3,4-HOPO
When the cells grow to more than 90%, the cell concentration is
adjusted to about 1.0 × 105/mL, and 1mL is added to each well
in the 12-well plate and cultured overnight in the cell incubator
at 37◦C. When the cells adhered to the logarithmic growth phase
on the second day after administration, 0.37 kBq markers were
added to each hole. After 1, 2, 4, 8, and 24 h, the supernatant
was added to the supernatant tube and washed twice by PBS,
the cleaning fluid was also added to the supernatant tube; the
cells were digested with trypsin, and the cell suspension was
inhaled into the cell tube, washed with PBS for 2 times, and the
radioactivity count (B) of the cell tube and the radioactivity count
(F) of the supernatant tube were measured by γ counter. The
cell-binding rate of the marker is B/(B+F)× 100%.

Effect of CCK-8 on the Proliferation of 4T1
Cells by 177Lu
4T1 cells were uniformly inoculated into 96-well plates and
the number of cells was 8,000/well. The cells were placed in a
37◦C, 5% CO2 saturated humidity incubator; the cells were fully
attached for about 24 h. Six sets of parallel wells were randomly
selected from each group, the medium was discarded; the
medium containing 177LuCl3,

177Lu-3,4-HOPO-Ab, and 177Lu-
DOTA-Ab was, respectively, added to a 96-well plate by 50

Bq/mL∼ 500 kBq/mL, 100 µL per well, the medium containing
2µg/mL of Ab was a positive control group and the blank control
group was drug-free. After 4 h, replace the drug with a drug-
free solution, and re-dispose it in a 37◦C, 5% CO2 saturated
humidity incubator. After 48 h, discard the medium, and add
100 µL CCK-8 per well. About 0.5 h until the culture medium
showed an orange colour, and the absorbance was measured by a
microplate reader.

Afterwards, 100 µL of 177LuCl3,
177Lu-3,4-HOPO-Ab, and

177Lu-DOTA-Ab with a radioactive dose of 500 kBq/mL were
added to a 96-well plate and then placed at 37◦C, 5% CO2

saturated humidity. After the box was cultured for 4 h, the
culture solution was discarded, the drug-free culture solution
was replaced, and it was then discarded in the incubator for 8,
24, 48, 72, and 96 h, respectively. In total, 100 µL of medium
containing 10% CCK-8 was added to each well. About 0.5 h until
the culture medium showed an orange colour and was placed
on a microplate reader. Cell viability (%) = [A (dosing) − A
(blank)]/[A (control) − A (blank)]; A (dosing) is the absorbance
of wells with cells, CCK-8 solution and drug solution; A (blank)
is the absorbance of wells with medium and CCK-8 solution
without cells; A (control) is the absorbance of wells with cells and
CCK-8 solution without drug.

Changes in the Binding Rate of
177Lu-3,4-HOPO-Ab to 4T1 Cells Over Time
After the cells were grown to more than 90% of the digested cells,
the adjusted cell concentration was about 1.0 × 105 cells/mL,
and 1mL was added to each well of a 12-well plate, and cultured
in a 37◦C cell culture incubator overnight. When the cells were
attached to the next day and were in the logarithmic growth
phase, 1mL of the culture medium containing the radioactive
label was replaced (about 0.37 kBq per well), and three replicate
wells were set in each group. After the markers were treated with
4T1 cells for 1, 2, 4, 8, and 24 h, the supernatant was aspirated
and transferred to the supernatant EP tube. After washing twice
with PBS, the washing solution was also incorporated into the
supernatant EP tube. The cells were digested with a trypsin
digestion solution. After the cells were completely digested, the
cell suspension was inhaled into the EP tube of the cells, washed
twice with PBS, and the washing solution was also added to the
EP tube, and the cells were separately measured in a γ counter.
The radioactivity count of the tube (B) and the radioactivity
count of the supernatant tube (F). The cell-binding rate of the
marker was B/(B+F)× 100%.
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Tumour Growth Inhibition Experiment
In total, 30 nude mice bearing tumours with a diameter of∼0.4–
0.6 cm were randomly divided into two groups (treatment group
and control group). There was no significant difference in body
weight between the two groups.

In the treatment group, 177Lu-3,4-HOPO-Ab was injected
into the tail vein at 100 µL/mouse (∼500 µCi), and the control
group was injected with an equal volume of normal saline via the
tail vein. Treatment was administered once. After the completion
of the tail vein injection, the state and activity of the nude mice
were observed every day. The nude mice were weighed on day 0,

day 3, day 5, day 7, day 10, and day 20 after dosing. Additionally,
the long diameter and short diameter of each group of tumours
were measured with a Vernier calliper, and the volume of the
tumour was calculated for a total of 20 days.

The calculation method of the tumour volume was as follows:

V =
X× Y2

2
,

where X is the long diameter and Y is the short diameter.

FIGURE 2 | HPLC (a), mass spectrometric chromatogram (b) and infrared spectrum (c) of 3,4-HOPO.

FIGURE 3 | Species distribution of 3,4-HOPO (A) and DOTA (B) with Lu3+ complexes (initial concentrations of Lu3+ ions and 3,4-HOPO were 1 × 10−4 M and 1 ×

10−3 M, respectively).
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The tumour growth inhibition rate (i.e., tumour inhibition
rate) is the tumour inhibition rate= [(A− B)/A]× 100%, where
A is the control group and B is the treatment group.

On the 20th day after administration, blood was collected
from the retro-orbital sinus, and the nude mice were sacrificed.
The nude mice were dissected, and organs such as the heart, liver,
spleen, lung, kidneys, stomach, intestine, tumour, bone, muscle,
and skin were taken, weighed, and detected by radioactive
gamma count. The result was converted to %ID/g [%ID/g =

radioactive count of the organ/(radioactive count rate of the
injected drug × organ mass)], and the gamma counter was
calibrated to be 1.2× 106 cpm= 1 µCi.

Immunohistochemical Detection of
Tumour Tissue Before and After Treatment
4T1 tumour tissues were extracted without treatment or with
treatment, fixed by 4% paraformaldehyde for 24 h. HE staining
and immunohistochemical analysis were entrusted to Wuhan
Sevier Biotechnology Co., Ltd. The rate of EGFR positive cells is
the average number of positive cells in 3 visual fields (200×) of a
certain type of cells: 0–5% is grade 0, 6–25% is grade 1, 26–50% is
grade 2, 51–75% is grade 3, >75% is grade 4.

Statistical Analysis
The experimental results were expressed as mean ± standard
deviation (x̄ ± s). The data were analysed by SPSS 19.0 software.
One-way analysis of variance (ANOVA) was performed in
a completely randomised design. P < 0.05 was considered
statistically significant.

RESULTS

Analysis of 3,4-HOPO
The results of UV absorption at 254 nm showed that the HPLC
chromatogram of 3,4-HOPO occurred an absorption peak only
at 2.2min with no obvious impurity peaks appeared elsewhere.
The purity of 3,4-HOPO is 98.6% (Figure 2a). Mass spectrometry
(Figure 2b) shows the LC-MS [M+H+] m/z: 184.00. Since it is
the test result in H+ mode, it is inferred that the actual molecular
weight is 183.00 Infrared spectrum (Figure 2c) ensured that the
structure of 3,4-HOPO is correct.

As shown in Figure 3. The dissociation constants pKa1 and
pKa2 of 3,4-HOPO are 10.1± 0.1 and 3.7± 0.1, respectively. The
results show that 3,4-HOPO reaches the dissociation equilibrium
at pH = 10.1; the second-order dissociation constant pKa2 (3.7)
indicates that 3,4-HOPO will be protonated at low pH and reach
a deprotonation equilibrium at pH = 3.7.While the dissociation
constants pKa1, pKa2, pKa3, pKa4, and pKa5 of DOTA are
2.5 ± 0.2, 2.5 ± 0.2, 4.6 ± 0.2, 8.7 ± 0.2, and 10.1 ± 0.2,
respectively. The results showed that DOTA reached the first-
order and second-order dissociation equilibrium at pH = 2.5,
the third-order dissociation equilibrium at pH = 4.6, the fourth-
order dissociation equilibrium at pH = 8.7, and the fifth-order
dissociation equilibrium at pH= 10.1.

The complexation behaviours of 3,4-HOPO and Lu3+

ions were studied by potentiometric titration. The cumulative
formation constants of logβ0lh and pM were obtained by

TABLE 1 | Complexation constants of 3,4-HOPO and DOTA with Lu3+.

Metal ion Coordination material

3,4-HOPO DOTA

m l h Logβmlh pM m l h Logβmlh pM

Lu3+ 15.3 13.6

111 16.9 ± 0.1 114 23.6 ± 0.5

211 26.6 ± 0.1 110 15.3 ± 0.3

210 11.4 ± 0.1 211 30.1 ± 1.2

210 21.0 ± 0.2

m represents coordination metal ion, l represents chelate, h represents hydrogen ion; pM

= –log[mfree ].

Hyperquad 2008 as shown in Table 1. The distribution of species
in the range of pH 3–11 was obtained with Hyss 2009. The
maximum enrichment zone of chelators with Lu3+ (enriched
density above 95%) was pH < 8.2 in the form of Lu2LH for 3,4-
HOPO and pH< 6.0 in the form of Lu2L for DOTA, respectively.

Effect of 177Lu Labelling Material on
Proliferation of 4T1 Cells
The effect of 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab on the
proliferation of 4T1 cells is shown in Figure 4A and Table 2.
177Lu has a certain inhibitory effect on cell proliferation.With the
increase of dose (Figure 4A andTable 2), the cell activity changes
from (93.85 ± 1.2)% of 50 Bq/mL to (82.2 ± 0.87)% of 500
kBq/mL for 177Lu. However, the 177Lu-3,4-HOPO-Ab and 177Lu-
DOTA-Ab have an absolute inhibitory effect on cell proliferation,
the cell activity changes from (93.91 ± 1.24)% and (93.75 ±

0.64)% of 50 Bq/mL to (17.82 ± 1.03)% and (14.70 ± 0.99)% of
500 kBq/mL. Compared with 177Lu, the 177Lu-3,4-HOPO-Ab had
a statistically significant difference in cell viability at a dose of 500
Bq/mL (P < 0.05), while the dose was increased to 5 kBq/mL, the
difference of cell activity was statistically significant (P < 0.05)
between 177Lu and 177Lu-3,4-HOPO-Ab or 177Lu-DOTA-Ab.

As shown in Figure 4B and Table 3, Cetuximab promoted
cell proliferation over a short period of time. With the increase
of time, the cell activity decreased from (159.37 ± 2.46)% at
8 h to (104.75 ± 0.70)% at 96 h after replacement of drug-free
medium. The 177Lu at 500 kBq and cell culture for 8 h had a slight
inhibitory effect on cell proliferation. With the increase in time,
the cell activity gradually increased after the initial plateau, it was
from (82.10± 1.75)% after 8 h of drug-free medium replacement
to (90.40± 1.12)% at 96 h. However, 177Lu-DOTA-Ab and 177Lu-
3,4-HOPO-Ab were cultured for 8 h had a good inhibitory effect
on cell proliferation. With the increase of time, the cell activity
decreased continuously (49.20± 1.40)% for 177Lu-DOTA-Ab and
(50.47 ± 1.83)% for 177Lu-3,4-HOPO-Ab at 8 h after replacing
the drug-free medium were changed to (7.50 ± 0.28)% and
(9.24 ± 0.68)% at 96 h. And the differences at each time point
were statistically significant (P < 0.05) compared with the cell
activity at 8 h, we also found that 177Lu-DOTA-Ab had a better
therapeutic effect than 177Lu-3,4-HOPO-Ab from 48 to 72 h, but
the difference was not statistically significant (P > 0.05) at 96 h
between 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab.
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FIGURE 4 | Effect of 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab on the activity of 4T1 cells (A) is the effect with dose and (B) is the effect with time.

TABLE 2 | The effect of 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab on the activity of 4T1 cells with the dose increase.

Medicine Dose (Bq/mL)

50 500 5k 50k 500k

177Lu 93.85 ± 1.20 92.95 ± 0.92 91.25 ± 1.06 88.70 ± 1.84 82.20 ± 0.87

177Lu-DOTA-Ab 93.75 ± 0.64 91.35 ± 0.92 82.80 ± 0.58& 57.25 ± 1.37& 14.70 ± 0.99&

177Lu-3,4-HOPO-Ab 93.91 ± 1.24 91.01 ± 0.92& 84.84 ± 0.74#& 60.15 ± 1.84& 17.82 ± 1.03#&

&Means the difference was statistically significant (P < 0.05) compared with the 177Lu, #Means 177Lu-DOTA-Ab has the significant difference (P < 0.05) compared with

the 177Lu-DOTA-Ab.

TABLE 3 | The effect of 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab on the activity of 4T1 cells with the time increase.

Medicine Time (h)

8 24 48 72 96

Cetuximab 159.37 ± 2.46 136.24 ± 2.83 124.63 ± 0.84 107.52 ± 1.63 104.75 ± 0.70

177Lu 82.10 ± 1.75 81.70 ± 1.42 82.20 ± 0.87 84.50 ± 1.53 90.40 ± 1.12&

177Lu-DOTA-Ab 49.20 ± 1.40% 21.60 ± 2.19&% 14.70 ± 0.99&% 9.90 ± 0.49&% 7.50 ± 0.28&%

177Lu-3,4-HOPO-Ab 50.47 ± 1.83% 24.18 ± 0.74&% 17.82 ± 1.03#&% 12.75 ± 0.91#&% 9.24 ± 0.68&%

%Means 177Lu-DOTA-Ab and 177Lu-3,4-HOPO-Ab had significant difference (P < 0.05) compared with the 177Lu, #Means 177Lu-3,4-HOPO-Ab had significant difference (P < 0.05)

compared with the 177Lu-DOTA-Ab, and &Means the difference was statistically significant (P < 0.05) compared with 8 h in treatment groups.

4T1 Cell-Binding Rate of
177Lu-3,4-HOPO-Ab
The results showed that 4T1 cell was no binding effect with 177Lu-
3,4-HOPO and 177Lu in Figure 5 and Table 4, while the binding
rate of Cetuximab to cells increased with time. But after reaching
a certain time, the growth rate decreased, and could not achieve
the effect of 177Lu-3,4-HOPO-Ab and 177Lu-DOTA-Ab.

The change of the binding rate of 177Lu-3,4-HOPO-Ab and
177Lu-DOTA-Ab to 4T1 cells with time is shown in Figure 5B.
It can be seen that the cell-binding rate is positively correlated
with the time change, showing a certain targeting ability of the
antibody. The binding rate of 4T1 cell with 177Lu-3, 4-HOPO-Ab,

and 177Lu-DOTA-Ab were (1.45 ± 0.17)% and (1.67 ± 0.08)%
at 1 h, increased to (10.33 ± 0.82)% and (10.17 ± 0.46)% at
24 h. There were statistically significant differences (P < 0.05)
in the cell-binding rate between 177Lu-3,4-HOPO and 177Lu-3,4-
HOPO-Ab as well as 177Lu-DOTA-Ab all the time.

In vivo Experiment of 177Lu Labelled
Material on 4T1 Nude Mice
The body weight changes of the 4T1 tumour-bearing nude mice
in physiological saline, 177Lu-DOTA-Ab, and 177Lu-3,4-HOPO-
Ab over time after administration are shown in Figure 6A and
Table 5. Before administration, the weight of the nude mice
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FIGURE 5 | The time-varying curve of the 4T1 cell-binding rate of 177Lu and chelates. (A) shows the 4T1 cell-binding rate with or without Cetuximab, (B) shows the
177Lu-DOTA-Ab, and 177Lu-3,4-HOPO-Ab could have a better effect for 4T1 cell binding.

TABLE 4 | Time-varying values of 4T1 cell-binding rate of 177Lu and chelates.

Medicine Time (h)

1 2 4 8 24

177Lu-3,4-HOPO 0.087 ± 0.040 0.142 ± 0.025 0.147 ± 0.013 0.159 ± 0.015 0.237 ± 0.042

177Lu-DOTA-Ab 1.67 ± 0.02* 2.06 ± 0.08* 3.72 ± 0.19* 6.44 ± 0.51* 10.17 ± 0.37*

177Lu-3,4-HOPO-Ab 1.45 ± 0.17* 2.24 ± 0.12* 3.58 ± 0.09* 6.63 ± 0.87* 10.33 ± 0.82*

* Means the difference was statistically significant (P < 0.05) compared with the cell-binding rate of 177Lu-3,4-HOPO.

FIGURE 6 | Body weight and tumour volume changes in nude mice treated over time (NS is physiological saline). (A) shows the changes of body weight with time

and (B) shows the change of tumor volume with time.

in the saline, 177Lu-DOTA-Ab, and 177Lu-3,4-HOPO-Ab were
(19.74 ± 0.35) g, (18.9 ± 0.21) g, and (19.11 ± 0.28) g,
respectively, with the difference between each group were not
statistically significant (P > 0.05). After a period of feeding, the

weight change trend of the 177Lu-labelled monoclonal antibody
treatment groups was increased, while it was decreased in the
saline group. After 20 days, the weights of nude mice with
177Lu-3,4-HOPO-Ab and 177Lu-DOTA-Ab were (18.02 ± 1.20)
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TABLE 5 | Weight in nude mice treated over time.

Group Time (△)

0 3 5 7 10 20

NS 19.7 ± 0.4 18.8 ± 0.8 17.4 ± 0.6 16.9 ± 1.9 16.6 ± 1.2 15.2 ± 0.8

177Lu-DOTA-Ab 18.9 ± 0.2 19.3 ± 0.6 18.7 ± 1.0 17.2 ± 0.7 17.4 ± 1.4* 18.7 ± 1.4*

177Lu-3,4-HOPO-Ab 19.1 ± 0.3 18.5 ± 0.4 18.1 ± 0.6 16.5 ± 0.2 17.5 ± 1.0* 18.0 ± 1.2*

*Means the difference was statistically significant (P < 0.05) between treatment groups and NS (physiological saline) group.

TABLE 6 | Tumour volume values in nude mice treated over time.

Group Time (d)

0 3 5 7 10 20

NS 58.6 ± 7.5 103.1 ± 10.7 221.9 ± 70.2 341.8 ± 104.1 410.9 ± 107.8 465.0 ± 87.0

177Lu-DOTA-Ab 51.2 ± 6.3 70.4 ± 9.8* 128.4 ± 39.9 161.3 ± 35.6* 241.9 ± 20.5* 272.2 ± 47.8*

177Lu-3,4-HOPO-Ab 59.6 ± 9.6 159.7 ± 30.6# 183.6 ± 84.9# 225.8 ± 82.5*# 272.6 ± 93.2* 299.2 ± 105.7*

*Means the difference was statistically significant (P < 0.05) between treatment groups and NS (physiological saline) group. #Means the difference was statistically significant (P < 0.05)

between the 177Lu-3,4-HOPO-Ab group and 177Lu-DOTA-Ab group.

g and (18.7 ± 1.38) g, (15.21 ± 0.78) g in saline, and there
were statistically significant differences (P < 0.05) between the
treatment groups and the saline group from the beginning at
7th day.

As shown in Figure 6B and Table 6. Before the start of
treatment, the volume of 4T1 xenografts in saline, 177Lu-DOTA-
Ab, and 177Lu-3,4-HOPO-Ab were (58.60 ± 7.53) mm3, (51.2 ±
6.3) mm3, and (59.64 ± 9.60) mm3, respectively, and there were
no differences (P > 0.05) between each of two groups. After 20
days of treatment, the volume of tumours in 177Lu-3,4-HOPO-
Ab and 177Lu-DOTA-Ab were (299.20± 105.70) mm3 and (272.2
± 17.8) mm3, which in saline was (465.04 ± 87.02) mm3. There
were statistically significant differences (P < 0.01) in the volume
of transplanted tumours within the treatment groups and the
saline group from the beginning of the 7th day. The tumour
inhibition rates of 177Lu-3,4-HOPO-Ab and 177Lu-DOTA-Ab
were (37.03 ± 11.16)% and (38.7 ± 5.1)%, respectively. Tumor
treatment changes in nude mice is shown in Figure 7.

In vivo Radioactivity Distribution in Nude
Mice After 20 Days of Administration
After 20 days of injection in the tail vein, the radioactivity
profile of the 4T1 tumour-bearing nude mice (Figure 8) showed
that the radioactivity was mainly concentrated in the liver
and bone, the 177Lu-3,4-HOPO-Ab and 177Lu-DOTA-Ab were
(3.20 ± 0.30)%ID/g and (3.69 ± 0.42)%ID/g in liver and (1.83
± 0.30)%ID/g and (2.7 ± 0.6)%ID/g in bone. However, the
177Lu-3,4-HOPO-Ab group and 177Lu-DOTA-Ab group had
radioactivity were, respectively (1.90 ± 0.32)%ID/g and (2.2 ±

0.2)%ID/g in tumours.

HE Staining and Immunohistochemistry
HE staining of 177Lu with and without treatment of 4T1 tumour,
as shown in Figure 9. HE staining sections of the saline control

group (left) showed typical mega-massive tumour cells, see
multiple divisions, cell growth was strong, cells were closely
arranged, and the ratio of nuclear to cytoplasm was high.
Treatment group (mid and right) tumour cells showed partial
necrosis and inflammation, and the cells were loosely arranged
with a low nuclear-to-plasma ratio.

EGFR is mainly expressed on the cell membrane, and particles
ranging from pale yellow to tan are representative of EGFR
expression. For the untreated group (left), there was more
EGFR expression in the tumour tissues; after treatment (mid
and right), the expression of EGFR in the tumour decreased,
and the proportion of positive cells was less than that in the
control group.

According to the semi-quantitative scoring method, the EGFR
positive rate of the untreated group was grade 10. The EGFR
positive rate of the 177Lu-3,4-HOPO-Ab and 177Lu-3,4-HOPO-
Ab groups were both grade 2.

DISCUSSION

Hydroxypyridone (HOPO) is an outstanding building block
for the development of various reagents in the field of metal
chelation. At present, in-depth analysis of the synthesis methods
of HOPO-based ligands andmanymethods for achieving optimal
biological activity have been reported (Ana et al., 2012).

The pH of human body fluid is close to 7.4, so we analysed
the species distribution relationship and complexation constant
of 3,4-HOPO interacting with different metal ions at pH 7.4. 3,4-
HOPO and DOTA in Lu3+ system existed in the form of Lu2LH
(99.0%) and Lu2L (99.8). In this state, the complexation constant
of 3,4-HOPO is 5 orders of magnitude higher than that of DOTA.

In 1907, the French chemist G. Urbain recrystallised several
times with a solution of niobium nitrate, from which a new
element “Lutecium” was isolated and named “Paris” in ancient
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FIGURE 7 | Tumour treatment changes in nude mice between treatment group and control group (lines 1–3 refer to the status of mice on the 0th, 7th, and 20th day

after treatment, respectively. Columns 1–3 refer to the status of mice with NS, 177Lu-3,4-HOPO-Ab, and 177Lu-DOTA-Ab, respectively.
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Latin-Lutetia named it Lutetium (Lu) (Yokel et al., 2000).
Cetuximab is an FDA-approvedmonoclonal antibody that targets
EGFR cancer cells and inhibits the growth of these cells (Listed,
2006). Cetuximab is radiolabelled with various diagnostic and
therapeutic radionuclides by various bifunctional chelators and
targeted in preclinical models and clinical settings (Sihver et al.,
2014). Cetuximab, among the many therapeutic radionuclides,
due to its excellent physical properties and its advantages in
the field of tumour therapy, has been proven to be suitable for
radioimmunotherapy of tumours, and its research in the field
of nuclear medicine internal radiation therapy requires more
attention (Kwekkeboom et al., 2003; Feng et al., 2018).

CCK-8 experiments showed that free 177Lu had no killing
effect for 4T1 cells, while 177Lu-3,4-HOPO or 177Lu-DOTA
conjugated with antibody displayed little damage to cells at a
low dose and cell lethality with increasing dose. It also increased
exponentially because Cetuximab binds to the EGFR receptor on
the surface of 4T1 cells, allowing 177Lu to act on cells for a long
time while free 177Lu is washed after 4 h.

Due to the presence of Cetuximab, 177Lu-3,4-HOPO-
Cetuximab can specifically bind to EGFR-positive receptors in

FIGURE 8 | In vivo distribution of nude mice after injection for 20 days.

4T1 cells, and the corresponding cell-binding rate increases as
the duration of action increases. Since 177Lu cannot penetrate
the cell membrane, the β-particles emitted during cell culture
damage the cells, resulting in a decrease in cell proliferation
ability. However, after washing with the medium, there is almost
no 177Lu in the 4T1 cell culture system, and this is illustrated by
the cell-binding assay. Since the cells only interacted with 500 kBq
177LuCl3 for 4 h, the damaged cells were gradually repaired, and
the cell activity gradually increased with time, reaching 90.40%
at 96 h, which was significantly increased compared with 82.10%
at 8 h. The cells were treated with 500 kBq 177Lu-3,4-HOPO-
Cetuximab for 8 h, 177Lu-3,4-HOPO-Cetuximab was retained in
the cells by binding of the antibody Cetuximab to the EGFR
receptor positively expressed on the surface of 4T1 cells, and
sustained beta-ray damage Cells, causing cell activity to decrease
over time.

Intravenous injection of 177Lu-3,4-HOPO-Cetuximab in the
treatment of 4T1 nude mice xenografts showed that the weight of
nude mice in the treatment group will decrease in a short period
of time because of the strong growth of tumour cells at this stage
and rapid consumption of nutrition in nude mice. Substance,
after 7 days, showed the weight of nude mice in the treatment
group began to rise, indicating that the tumour cell activity in
nudemice decreased, and themetabolic capacity decreased. From
the growth of transplanted tumour volume, the growth rate of
xenografts in the treated group compared with the control group.
As it slows down significantly, the growth curve slope prediction
is expected to reach a negative value after a certain time, and
it reaches a significant anti-tumour effect after 20 days. This
series of data confirms the second part of 177Lu-3,4-HOPO-
Cetuximab for 4T1 The killing effect of 177Lu in vitro and the
targeting ability of Cetuximab. After 20 days of administration,
the data of the radioactive distribution of the nude mice in the
treatment group showed that the liver, tumour, and bone were
the three organs with the highest radioactivity accumulation,
and the 177Lu accumulation of 177Lu-3,4-HOPO-Cetuximab in
the bone site was relatively low. The clinical case shows that
177Lu-labelledDOTA-coupled targetingmaterial can cause severe
bone metastasis after treatment for a period of time, in vivo
radioactivity distribution data show that the dose deposition of
HOPO in the liver and bone were lower than that of DOTA,
and this indicates that HOPO has a better ability to promote the

FIGURE 9 | Tumour tissue sections and EGFR immunohistochemistry (10 × 20; the left is the saline control group, middle is the 177Lu-DOTA-Ab group, and right is

the 177Lu-3,4-HOPO-Ab group).
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excretion of metal ions than DOTA. 3,4-HOPO is expected to
become a new targeted therapy drug for clinical nuclear medicine
to solve the problem of bone metastasis.

3,4-HOPO is a bidentate chelating agent synthesised by malt
phenol as a template through a series of chemical synthesis
steps. At present, the medical community has little research
and application on HOPO chelate. Hagemann et al. (2017)
showed that 3,2-HOPO coupled with the FGFR-2 receptor by the
227Th marker was visible in the in situ 4T1 model of invasive
nude mice. The anti-tumour activity (Tinianow et al., 2016)
and another independent synthesis of octadentate 3,2-HOPO-
conjugated monoclonal antibody for 89Zr labelling both result in
the in vivo stability being stronger than DTPA; in addition, there
exists a report (Deri et al., 2015) on nuclear label HOPO research
into the use of chelators since nuclear medicine developers have
shown great potential. 177Lu-3,4-HOPO-Cetuximab has obvious
killing and lethal effect on 4T1 tumours.

CONCLUSIONS

We have confirmed that bidentate 3,4-HOPO has shown strong
chelation application value, and it is necessary to synthesise four
or more teeth 3,4-HOPO must have a more powerful clinical
medicine role.
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Cancer stem cells (CSCs) are thought to be responsible for the recurrence
of liver cancer, highlighting the urgent need for the development of effective
treatment regimens. In this study, 17-allylamino-17-demethoxygeldanamycin (17-AAG)
and thermosensitive magnetoliposomes (TMs) conjugated to anti-CD90 (CD90@17-
AAG/TMs) were developed for temperature-responsive CD90-targeted synergetic
chemo-/magnetic hyperthermia therapy and simultaneous imaging in vivo. The targeting
ability of CD90@DiR/TMs was studied with near-infrared (NIR) resonance imaging
and magnetic resonance imaging (MRI), and the antitumor effect of CD90@17-
AAG/TM-mediated magnetic thermotherapy was evaluated in vivo. After treatment,
the tumors were analyzed with Western blotting, hematoxylin and eosin staining,
and immunohistochemical (IHC) staining. The relative intensity of fluorescence was
approximately twofold higher in the targeted group than in the non-targeted group,
while the T2 relaxation time was significantly lower in the targeted group than in the
non-targeted group. The combined treatment of chemotherapy, thermotherapy, and
targeting therapy exhibited the most significant antitumor effect as compared to any
of the treatments alone. The anti-CD90 monoclonal antibody (mAb)-targeted delivery
system, CD90@17-AAG/TMs, exhibited powerful targeting and antitumor efficacies
against CD90+ liver cancer stem cells in vivo.

Keywords: CD90, combined therapy, imaging, LCSCs, hyperthermia therapy

INTRODUCTION

Tumorigenesis and heterogeneity, progression, and recurrence of tumors are largely caused by
a small subpopulation of tumor cells with stem cell properties, known as the cancer stem cells
(CSCs) (Chen et al., 2013). The conventional anticancer drugs generally affect normal cancer cells;
however, recurrence is highly frequent owing to the activity of residual CSCs that are resistant to
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radiotherapy and chemotherapy. Some of the resistance
mechanisms involve the dormant or slow-growing phase
of the cell cycle such as those that target the ATP-binding
cassette (ABC) superfamily (Schätzlein, 2006; Kobayashi et al.,
2014; Moitra, 2015). Thus, therapeutic strategies targeting the
minor population of CSCs may be one of the most promising
approaches for the treatment of resistant tumors.

In general, drugs effective against CSCs may face difficulty in
entering and accumulating in the tumor where CSCs are located,
resulting in inefficient therapeutic outcomes. Nanoparticles
conjugated with specific CSC biomarkers have been recently
successfully synthesized to selectively eliminate CSCs (Wang
et al., 2013). Wang et al. (2012) showed that the delivery of suicide
gene and doxorubicin through CD44-conjugated liposomal
nanoparticles that specifically target CD44+ tumorigenic cells
of hepatocellular carcinoma (HCC) resulted in the induction of
apoptosis and inhibition of tumor growth. Furthermore, Rao
et al. (2015) developed a doxorubicin-encapsulated polymeric
nanoparticle covered with chitosan to target and kill CD44+
mammary cancer stem-like cells. This drug delivery system
was found to be effective in eliminating cancer stem-like cells,
decreasing the tumor volume, and exhibiting low systemic
toxicity. Hence, the development of nanoparticles specifically
targeted to affect CSC function and maintenance may be an
attractive option to cure cancer such that these particles directly
target and kill CSCs, reduce systemic toxicity, allow better
tolerance to a larger drug dose and longer course, and eliminate
the risk of metastasis and tumor recurrence.

At present, therapeutic strategies for CSC-targeted therapy
overlap with the multidisciplinary therapies employed for the
elimination of non-CSCs. These cells represent a considerable
population of tumor cells and play a significant role in CSC
growth regulation (Ye et al., 2014). Therefore, the eradication
of differentiated cells in tumors may provide a synergetic effect
for the clearance of CSCs. CD90 is an important marker
for liver cancer stem cells (LCSCs), and study has shown
that the expression of CD90 was related to the formation,
growth, metastasis, and drug resistance of liver cancer. This
makes the treatment of targeting CD90+ LCSCs of important
practical significance (Liu et al., 2020). It is important and of
potential clinical value to find novel therapeutic approaches
that specifically kill CSCs and serve as effective supplementary
treatments to reduce tumor recurrence and metastasis by
improving the therapeutic response. Magnetic hyperthermia is
the delivery of magnetic nanoparticles into the target tissue
heated to 41–46◦C with an alternating current magnetic field
(AMF), an adjuvant strategy in cancer treatment (Grumezescu
et al., 2014). Thermotherapy has a strong anticancer activity when
combined with other treatments (Paunesku et al., 2015; Wang
et al., 2019). Thus, magnetic thermotherapy is a novel technique
to heat the deep-seated tumors; however, its application is
limited owing to its inability to target tumors (Rao et al., 2016).
Thermosensitive magnetoliposomes (TMs) are promising agents
in the field of targeted liposomes, as these particles render the
treatment more effective and safer based on the dual effect of
liposomes and magnetic thermotherapy (Wang et al., 2018). In
addition, drug-loaded TMs surface modified with a targeting

ligand may enhance the accumulation and release of the drug at
the target site upon exposure to AMF, serving as a novel approach
for targeted liposomal therapeutics (Deshpande et al., 2013).

In our previous study, we prepared anti-CD90 monoclonal
antibody (mAb)-targeted TMs encapsulating heat shock protein
(HSP) inhibitor, 17-allylamino-17-demethoxygeldanamycin (17-
AAG) (CD90@17-AAG/TMs), to target and kill CD90+ LCSCs
in vitro (Yang et al., 2015). In combination with magnetic
thermotherapy, CD90@17-AAG/TMs showed good targeting
efficiency against CD90+ LCSCs and effectively killed these
cells in vitro. In addition, the upregulation of HSP90 by heat
treatment caused thermoresistance in vitro and exerted a direct
impact on the effectiveness of hyperthermia therapy. HSP
inhibitor 17-AAG may reverse thermoresistance and promote
apoptosis of CD90+ LCSCs in vitro (Yang et al., 2015).
We collectively studied the targeting property of CD90@17-
AAG/TMs in HCC-bearing mice and explored the antitumor
effect and mechanism of CD90@17-AAG/TMs against CD90+
LCSCs under hyperthermic conditions in vivo.

MATERIALS AND METHODS

Cells and Animals
The HCC cell line Huh7 was purchased from the Institute of
Biochemistry and Cell Biology (Shanghai, China). CD90+ LCSCs
were sorted from Huh7, as previously reported (Yang et al.,
2015). BALB/c nude mice (female, average weight: 20 g, 5 weeks
old) were purchased from the Comparative Medicine Centre of
Yangzhou University (Yangzhou, Jiangsu, China).

Synthesis of CD90@17-AAG/TMs
We prepared 17-AAG/TMs using the rotary evaporator
hydration method, as previously reported (Yang et al.,
2015). 17-AAG-loaded thermosensitive liposomes (17-
AAG/TSLs) comprised dipalmitoylphosphatidylcholine
(DPPC), 17-AAG, cholesterol, and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(methoxy[polyethylene glycol]-2000)
n, (PEG2000-DSPE) (54:6:1:1 m/m). CD90@17-AAG/TMs were
synthesized as described in our previous report (Deshpande
et al., 2013). Anti-CD90 mAb-targeted TMs encapsulating
DiR (CD90@DiR/TMs) were prepared using a similar method.
The average size of the liposomes used in this study was
approximately 130 nm. CD90@17-AAG/TMs were stable in
phosphate-buffered saline when stored at 4◦C. The phase
transition temperature of CD90@17-AAG/TMs was 41.9◦C. The
liposomes showed good temperature-sensitive release properties
at temperatures higher than the phase transition temperature.
CD90@17-AAG/TMs could reach the effective thermotherapy
temperature of 41◦C–44◦C upon exposure to AMF.

Establishment of Tumor-Bearing Mice
Model With CD90+ LCSCs
Tumors were developed in BALB/c nude mice with a
subcutaneous injection of 1 × 105 CD90+ LCSCs into the
hindlimb. The experimental analysis was initiated once the
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tumor volume reached 200 mm3. Mice were housed in the Sterile
Barrier System of the Medical School, Southeast University,
Nanjing, China.

Targeting Ability of CD90@TMs Against
CD90+ LCSCs in vivo
Near-Infrared Imaging
Irrelevant mAb-modified DiR/TMs (IgG@DiR/TMs) were used
as the control for the targeting experiment. The mice were
randomly divided into three groups (five mice per group) as
follows: IgG@DiR/TMs, DiR/TMs, and CD90@DiR/TMs. Mice
were intravenously injected with DiR at 0.2 mg/kg. Near-
infrared (NIR) images were acquired with the Maestro in vivo
optical imaging system (excitation: 748 nm, emission: 780 nm,
exposure time: 400 ms; Caliper Life Sciences, Hopkinton, MA,
United States) at preinjection and at 1, 4, 6, 8, 24, 48, and 72 h
post-injection and analyzed using the Maestro 2.10.0 software
(Caliper Life Sciences, Hopkinton, MA, United States). The
relative fluorescence intensity of the tumor was calculated as
follows:

Relative fluorescence intensity = fluorescence intensity of the
tumor/fluorescence intensity of the muscle.

The fluorescence intensity was measured by manually drawing
a region of interest (ROI) within the tumor and muscle areas.

Magnetic Resonance Imaging
Based on the treatment, mice were divided into three groups
(five mice per group) as follows: IgG@DiR/TMs, DiR/TMs,
and CD90@DiR/TMs. The agents were administered through
the tail vein under anesthesia (10 mg Fe/kg). The magnetic
resonance imaging (MRI) of the tumor was performed at 1, 6,
8, 24, 48, and 72 h post-injection. The mapping sequence for
the tumor was as follows: multi-slice multi-echo T2-weighted
imaging (MSME-T2WI): field of view (FOV)= 35 mm× 35 mm,
repetition time (TR) = 3000 ms, echo time (TE) = 20 ms, slice
thickness = 0.8 mm, and matrix = 256 × 256; FLASH-T2∗
sequence: FOV = 35 mm × 35 mm, TR = 408 ms, TE = 3.5 ms,
slice thickness = 0.8 mm, and matrix = 256 × 256. The relative
signal intensity of the tumor was calculated as follows:

Relative signal intensity = T2 value of the tumor/T2 value of
the muscle
where T2 = relaxation times measured by manually drawing an
ROI within the tumor and muscle areas.

Prussian Blue Staining
After the imaging assays, mice were euthanized. Tumor tissues
were excised and fixed in 10% neutral-buffered formalin. Tissues
were embedded in paraffin, and 4-µm thick sections were
obtained. The sections were successively stained by Prussian blue
for ferric ions and nuclear fast red for the cell nucleus and
examined using an optical microscopy.

In vivo Targeted Therapy of
CD90@17-AAG/TMs
Once the tumor volume reached approximately 200 mm3,
CD90+ LCSC-bearing mice were randomly divided into eight

TABLE 1 | Groups and treatments of targeted therapy of CD90@17-AAG/TMs.

Groups Treatments

Control group tumors injected with NS and unexposed to AMF

NS + AMF group tumors injected with NS and exposed to AMF

TMs group tumors injected with TMs and unexposed to AMF

TMs + AMF group tumors injected with TMs and exposed to AMF

TSLs group tumors injected with TSLs and unexposed to AMF

17-AAG/TSL group tumors injected with 17-AAG/TSLs and unexposed to
AMF

17-AAG/TMs +AMF
group

tumors injected with 17-AAG/TMs and exposed to
AMF

CD90@17-AAG/TMs
+AMF group

tumors injected with CD90@17-AAG/TMs and
exposed to AMF

groups (12 mice per cohort) as shown in Table 1. After receiving
anesthesia, mice were injected with different liposomes (10 mg
Fe/kg, 40 mg 17-AAG/kg) in the caudal vein, as previously
reported (Xie et al., 2014, 2016). The frequency of the injection
was once a day. After 24 h, hyperthermia groups were placed on
AMF (f = 200 kHz; I = 20 A) for 60 min every other day. Seven
days later, half of the mice in each group were euthanized and
weighed. The tumors were sectioned, followed by hematoxylin
and eosin (H&E) staining. The expression levels of CD90 and
HSP90 in the tumor were detected using immunohistochemical
(IHC) staining. The inhibition rate (IR) of tumor volume was
calculated as follows:

IR of tumor volume = (1 − volume of experimental group/
volume of control groups)× 100%.

IR of the tumor mass was calculated as follows:
IR of tumor mass= (1−weight of experimental group/weight

of control groups)× 100%.
The other half of the mice were fed until their natural death,

and the survival time of each mouse in eight groups was recorded
and plotted as a survival curve.

Western Blotting Analysis
Tumor proteins were extracted from different groups and
quantified at the end of the treatment. Protein extracts (40 µg)
were separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
fluoride membranes. Blots were blocked in 5% non-fat milk and
incubated with anti-HSP90 (1:500, Zhong Shan Golden Bridge
Biotechnology, Beijing, China) and β-actin (1:10,000, Sigma, St.
Louis, MO, United States) antibodies at 4◦C overnight. Blots were
treated with a secondary antibody (1:10,000, Thermo, Waltham,
MA, United States) for 1 h and visualized with SuperSignal R© West
Pico Chemistry Luminescent Substrate (Thermo, Waltham, MA,
United States).

Statistical Analysis
Values represent the mean ± standard deviation (SD). The data
were analyzed using the SPSS 16.0 software (IBM). A value
of p < 0.05 was considered as statistically significant. All
experiments were performed in triplicates.
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FIGURE 1 | Targeting ability of CD90@DiR/TMs in CD90+ LCSC-bearing mice detected using NIR imaging. (A) NIR images at different time points following the
injection of IgG@DiR/TMs, DiR/TMs, and CD90@DiR/TMs. (B) Relative fluorescence intensity of the tumor at different time points following the injection of
IgG@DiR/TMs, DiR/TMs, and CD90@DiR/TMs.

RESULTS AND DISCUSSION

Near-Infrared Imaging
Liposomes, as targeted drug delivery systems, have offered a
new platform for therapies against CSCs. Liposomes modified
with antisurface CSC antigens may not only ameliorate the
in vivo drug distribution but also allow specific delivery of
drugs to the target cells. Hence, establishing target evaluation
systems is desirable.

The in vivo targeting ability of CD90@17-AAG/TMs
was evaluated by the encapsulation of an NIR dye DiR
into the liposomes (CD90@DiR/TMs). The accumulation
of CD90@DiR/TMs, IgG@DiR/TMs, and DiR/TMs in the
tumor tissue was observed using NIR imaging. The highest

accumulation in the tumor was detected for the two groups from
6 to 8 h after tail vein injection with the same dose of DiR, and
a gradual decrease in the signal intensity was observed after
8 h (Figure 1A). However, the fluorescence intensity reported
for the tumor injected with CD90@DiR/TMs remained high
for more than 1 h after injection (p < 0.05; Figure 1B). The
fluorescence intensity reported for tumors from IgG@DiR/TM
and DiR/TMs group significantly decreased over time. The
relative fluorescence intensity observed for the tumor from
CD90@DiR/TM group was higher than that observed for
the tumor from the DiR/TM group at different time points
(p < 0.05). The relative fluorescence intensity from 8 to 72 h
was 1.5 times higher in the CD90@DiR/TM group than in the
DiR/TM and IgG@DiR/TM groups, indicating that anti-CD90
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FIGURE 2 | Targeting ability of CD90@DiR/TM in CD90+ LCSC-bearing mice observed using MRI. (A) MRI images at different time points following the injection of
IgG@DiR/TMs, DiR/TMs, and CD90@DiR/TMs. (B) Relative signal intensities at different time points following the injection of IgG@DiR/TMs, DiR/TMs, and
CD90@DiR/TMs.

mAb-modified liposomes may effectively bind to CD90+ LCSCs
and show improved cellular uptake.

Magnetic Resonance Imaging Analysis
Although the distribution of CD90@DiR/TMs in the tumor as
well as in mice bodies can be studied using NIR fluorescent dyes,
the spatial and temporal distribution may not be clearly observed.
In addition, each drug has varying characteristics and specific
location within cells, and NIR fluorescent dyes may be unable to
simulate these features.

Drugs used as imaging tracers should be more powerful
and useful for the investigation of the interaction between
drug-loaded liposomes and cells. To confirm the targeting
ability of CD90@DiR/TMs, the cellular uptake of IgG@DiR/TMs,
DiR/TMs, and CD90@DiR/TMs was studied using MRI based
on the principle that ferric oxide (Fe3O4) effectively decreases
the T2 relaxation time of the surrounding hydrogen proton (Hu
et al., 2013). The accumulation of IgG@DiR/TMs, DiR/TMs, and
CD90@DiR/TMs in the tumors increased and then gradually
decreased over time, consistent with NIR imaging results
(Figure 2A). The value of the relative signal intensity for tumors
from the CD90@DiR/TM group was lower after 72 h of injection
than that reported at 1 h after injection. In addition, the SIR from
8 h was lower in the CD90@DiR/TM group than in the DiR/TMs
and IgG@DiR/TMs (p < 0.05; Figure 2B). It means that the
nanomaterials in the targeted group are more enriched in tumor
tissues than in the non-targeted group and the irrelevant antibody
group. In contrast, the relative signal intensities for tumors from

the IgG@DiR/TM and DiR/TM groups showed no significant
difference at the same time points (p > 0.05).

Prussian Blue Staining
The targeting abilities of CD90@DiR/TMs, IgG@DiR/TMs, and
DiR/TMs against CD90+ LCSCs in tumor tissues were further
confirmed using Prussian blue staining, based on the principle
that three-valent iron ions may react with potassium ferrocyanide
to produce blue compounds under acidic conditions (Sluimer
et al., 2015). The number of blue-stained particles in the tumor
tissue from the CD90@DiR/TM group was significantly higher
than that in the tumor tissue from the DiR/TM group (Figure 3).
This result is consistent with NIR imaging and MRI results.

According to the enhanced permeability and retention (EPR)
effect theory, the microvascular endothelial cells in human
normal tissues are closely arranged; thus, polymeric drugs and
lipid globules may not be able to penetrate through the blood
vessels (Maeda et al., 2013). On the contrary, many solid
tumors allow penetration of these particles as compared with
normal tissues, thereby facilitating the extravasation of nanosized
macromolecular anticancer drugs (particle size distribution
range: 10–200 nm) owing to the abnormal vasculature in the
rapidly proliferating tumors (Maeda, 2012). Polymeric drugs
or lipid globules are easily intercepted due to the blockage
of the lymphatic drainage. The particle size of the liposomes
prepared was approximately 130 nm, which facilitated the easy
accumulation of CD90@17-AAG/TMs in the tumor, attributable
to the EPR effect and CD90 expression on the surface of
LCSCs. Hence, Dir/TM and CD90@17-AAG/TMs were found
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FIGURE 3 | Prussian blue staining of the tumor tissues injected with DiR/TMs and CD90@DiR/TM (×40).

to be distributed in the tumor using NIR imaging, MRI, and
Prussian blue staining.

In vivo Targeted Therapy With
CD90@17-AAG/TMs
To enhance the treatment effect, tumors were treated with
different therapies after 24 h of injection. NIR imaging and MRI
results revealed CD90@17-AAG/TM enrichment and showed
its ability to induce toxicity against non-LCSCs while affecting
CD90+ LCSCs, owing to EPR effects and initial targeting
function. The antitumor effect of CD90@17-AAG/TMs in
CD90+ LCSC-bearing mice was first determined by calculating
the tumor volume and tumor mass IRs. Table 2 shows that
no significant differences were observed in tumor volume or
tumor mass IRs among the normal saline (NS), NS + AMF,
TM, and TSL groups; thus, AMF, TSLs, or TMs alone were
non-toxic to tumors. The tumor volume and tumor mass IRs
observed for the group treated with CD90@17-AAG/TMs in
combination with hyperthermia were significantly higher than
those reported for other groups (p < 0.05). The non-target
group (17-AAG/TMs + AMF) also showed inhibition of tumor
growth, possibly attributed to the enrichment of 17-AAG/TMs

in the tumor tissues due to the EPR effect (Figures 1, 2).
The combination of 17-AAG/TMs + AMF and hyperthermia
may eliminate both LCSCs and non-LCSCs. Furthermore, the
injection method (injection every other day) was conducive for
better enrichment. The tumor volume and tumor mass IRs in the
17-AAG/TMs+ AMF group were higher than those reported for
the TMs+AMF and 17-AAG/TSL groups. This observation may
be associated with the reversal of thermoresistance by 17-AAG,
resulting in the apoptosis of tumor cells as previously reported
(Yang et al., 2015).

To further confirm the therapeutic effect of CD90@17-
AAG/TMs, H&E staining of the tumors was performed.
Dark brown Fe3O4 sediment was observed in tumors treated
with different TMs (Figure 4A). The non-targeted groups
such as TMs + AMF, 17-AAG/TSLs, and 17-AAG/TMs +
AMF caused varying degrees of damages to tumors, probably
attributable to the EPR effect in tumor tissues. NS, NS +
AMF, TM, and TSL groups showed no effect on tumor tissues.
Necrosis was predominant in the CD90@17-AAG/TMs + AMF
group, indicating that CD90@17-AAG/TMs in combination
with hyperthermia may kill CD90+ LCSCs as well as CD90−
tumor cells. Tumor cells in this group were almost completely
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FIGURE 4 | Targeted therapy of CD90@17-AAG/TMs in different groups. (A) H&E staining of the tumor tissues in different groups (×20, black arrows represent
Fe3O4 nanoparticles, red arrows represent tumor tissues, and blue arrows represent necrotic tissue). (B) CD90 IHC staining of the tumor tissues in different groups
(×40, green arrows represent the CD90-positive cells). 1. NS, 2. NS + AMF, 3. TMs, 4. TMs + AMF, 5. TSLs, 6. 17-AAG/TSLs, 7. 17-AAG/TMs + AMF, and 8.
CD90@17-AAG/TMs + AMF.

TABLE 2 | Tumor volume and tumor mass IRs in the different groups (%).

No. Groups IRs of tumor volume
(x̄ ± s, n = 6)

IRs of tumor mass
(x̄ ± s, n = 6)

1 NS 0 0

2 NS +AMF 0.47 ± 1.19ac 0.18 ± 1.16ac

3 TMs 1.08 ± 1.11ac 0.53 ± 1.62ac

4 TMs +AMF 24.53 ± 2.48bc 18.63 ± 2.42bc

5 TSLs 0.53 ± 1.12ac 0.19 ± 0.96ac

6 17-AAG/TSLs 21.27 ± 5.95bc 21.13 ± 5.02bc

7 17-AAG/TMs +AMF 64.13 ± 5.06c 41.7 ± 3.47c

8 CD90@17-AAG/TMs
+AMF

88.0 ± 4.42b 76.53 ± 5.04b

aComparison of experimental groups with the TMs + AMF group, p < 0.05;
bcomparison of experimental groups with the 17-AAG/TMs + AMF group,
p < 0.05; ccomparison of experimental groups with the CD90@17-AAG/TMs
+AMF group, p < 0.05.

destroyed. CD90 expression was detected using IHC staining
to confirm this hypothesis. CD90 expression in tumors treated
with TMs + AMF, 17-AAG/TSLs, 17-AAG/TMs + AMF, and

TABLE 3 | CD90 expression rates in tumor tissue of mice (%).

No. Groups Expression rates of CD90

1 NS 31.8 ± 2.7

2 NS +AMF 34.9 ± 6.2ac

3 TMs 30.3 ± 3.0ac

4 TMs +AMF 17.9 ± 1.4bc

5 TSLs 34.2 ± 6.0ac

6 17-AAG/TSLs 16.3 ± 1.1bc

7 17-AAG/TMs +AMF 9.1 ± 1.2c

8 CD90@17-AAG/TMs +AMF 1.9 ± 2.5

aComparison of experimental groups with the NS group, p > 0.05; bcomparison of
experimental groups with the 17-AAG/TMs + AMF group, p < 0.05; ccomparison
of experimental groups with the CD90@17-AAG/TMs +AMF group, p < 0.05.

CD90@17-AAG/TMs decreased by varying levels (Table 3 and
Figure 4B). The expression rate of CD90 in CD90@17-AAG/TMs
was significantly lower than that in other groups (p< 0.05). Taken
together, the results of H&E staining and CD90 IHC staining
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FIGURE 5 | Kaplan–Meier survival curve of CD90+ LCSC-bearing mice in different groups. n = 6 mice per group. Data are the mean ± SD. ∗p < 0.05, ∗∗p < 0.01.

demonstrated the high killing ability of CD90@17-AAG/TMs
against CD90+ LCSCs and CD90− cells.

To evaluate the long-term effect of CD90@17-AAG/TMs
+ AMF therapy, overall survival of mice in each group was
recorded. Kaplan–Meier survival curve was plotted according
to the average survival time and SD (Figure 5). The results
of the survival analysis were consistent with those of tumor
volume IRs. No significant difference was observed between
the NS, NS + AMF, TM, and TSL groups, suggestive of the
absence of any effect of AMF, TSLs, or TMs on the survival
time. The survival time was significantly longer for mice from the
CD90@17-AAG/TM combined with hyperthermia group than
those from other groups (p < 0.01). The non-targeted group (17-
AAG/TMs+ AMF) also showed prolonged survival as compared
with the other four groups (p < 0.05) because of the inhibition
ability reported due to the EPR effect. Furthermore, the survival
time was longer for mice from the 17-AAG/TMs + AMF group
than those from the TMs + AMF and 17-AAG/TSL groups
(p < 0.05). All these results indicate that the tumor inhibition
effect may transform into long-term survival benefit in CD90+
LCSC-bearing mice.

Given their involvement in tumor formation, progression,
metastasis, recurrence, and therapeutic resistance, CSCs serve
as an excellent target for cancer treatment. However, the tumor
microenvironment is mostly composed of non-CSCs, which play
an important role in protecting and regulating the growth of
CSCs (Luo et al., 2015). Therapeutic strategies that target only
CSCs or non-CSCs have several limitations. Comprehensive
therapeutic agents affecting both CSCs and non-CSCs hold
great potential to eliminate all tumor cells and completely

cure cancer. CD90@17-AAG/TMs combined with hyperthermia
effectively eliminated CD90+ LCSCs and CD90− cells. Hence,
we hypothesized that the therapeutic effect is attributed to the
following reasons: CD90@17-AAG/TMs were enriched in the
stroma of tumor cells and CD90+ LCSCs, owing to the EPR effect
and CD90-targeting ability, which may be the most substantial
reason for common elimination. The ability of tumor cells to
engulf Fe3O4 is 4–800 times higher than that of normal cells. In
addition, Fe3O4 endocytosed may be uniformly passed on to their
progenies (Tay et al., 2018). If CD90@17-AAG/TMs were taken
up by CD90+ LCSCs, the Fe3O4 particles may be transferred
to their progenies (CD90+ LCSCs and CD90− cells). AMF
application may now kill both CD90+ LCSCs and CD90− cells.
The disintegration of CD90+ LCSC structure after treatment
may result in the release of Fe3O4 particles into the surrounding
environment, followed by their engulfment by other tumor
cells (Jordan et al., 1999). Thus, multiple dosing and repeated
treatments may potentially kill all types of tumor cells. The
lysosomes from CD90+ LCSCs that have endocytosed CD90@17-
AAG/TMs may show sudden and substantial destruction upon
exposure to AMF (Baeza et al., 2013). This would result in
the release and activation of lysosomal enzymes, which would
damage CD90+ LCSCs and trigger injury to surrounding cells.

Mechanism Underlying Antitumor Effects
of CD90@17-AAG/TM in CD90+

LCSC-Bearing Mice
Magnetic thermotherapy is a novel technique to heat deep-seated
tumors and effectively kill CSCs. However, the application of
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FIGURE 6 | Antitumor mechanism of CD90@17-AAG/TMs in CD90+ LCSC-bearing mice. (A) HSP90 IHC staining of tumor tissues in different groups (×40).
(B) Expression rate of HSP90, *p < 0.05. (C) HSP90 expression observed using Western blot analysis. (D) Relative density of HSP90, *p < 0.05.

hyperthermia alone has certain drawbacks, and the inclusion
of heating time to enhance the effect of hyperthermia is
more desirable. Thermotolerance may be developed in tumor
cells undergoing multiheating treatment, resulting in reduced
apoptosis and decreased cell death (Dai et al., 2013). HSPs are
associated with thermoresistance and the induction of the heat
shock response (Ahmed and Zaidi, 2013). The upregulation
in HSP90 expression may affect the features or duration
of thermotolerance (Millson and Piper, 2014). Inhibition of
HSP90 may sensitize tumor cells to hyperthermia and result
in increased apoptosis of tumor cells. 17-AAG is an HSP90
inhibitor derived from geldanamycin and may kill tumor
cells by reversibly associating with HSP90 (Pacey et al., 2012).
As a unique treatment, 17-AAG may effectively inhibit
several cell signal transduction pathways involved in the
maintenance of tumor cell proliferation and survival (Wang
et al., 2014). To reduce the thermotolerance caused by
magnetic thermotherapy, CD90@TMs encapsulating 17-AAG
were prepared. The expression of HSP90 in NS, TMs + AMF,
17-AAG/TSLs, 17-AAG/TMs+ AMF, and CD90@17-AAG/TMs
was detected using HSP90 IHC staining and Western blot
analysis. The expression rate of HSP90 was maximum in the
TM + AMF group as compared to other groups (p < 0.05;

Figures 6A,B), suggesting that multiheating treatment may
induce thermotolerance. The encapsulation of 17-AAG in TMs
resulted in a threefold decrease in the expression of HSP90 as
compared to its encapsulation in TMs (28.7% ± 6.0% versus
75.0%± 5.6%, p < 0.05), confirming the association between 17-
AAG and HSP90+ cells to overcome thermotolerance and induce
cell death. The group treated with CD90@17-AAG/TMs showed
minimum HSP90 expression, suggestive of the application of
HSP90 to sensitize tumor cells to hyperthermia to achieve
increased cell death. HSP90 protein quantitative test was
performed using Western blot analysis. The trend observed in
the relative expression of HSP90 coincided with the results
of IHC staining. The relative intensity of HSP90 in the TM
group was significantly higher than that observed in the NS
and 17-AAG/TM groups (p < 0.05; Figures 5C,D), indicating
that hyperthermia may upregulate the expression of HSP90 and
that 17-AAG could effectively sensitize HSP90+ tumor cells
to magnetic hyperthermia. This observation also explains why
the combination of 17-AAG/TMs and hyperthermia was more
effective than the combination of TM and hyperthermia.

Hepatocellular carcinoma is one of the most common
malignant tumors in the world, especially in Southeast Asia
(Johnson et al., 2013). Although surgery and radiofrequency
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ablation were used to treat HCC, and the common idea of
these treatments is to decrease the volume of tumor tissues and
the number of tumor cells in the greatest extent, recurrence
is common after a certain period of time (Peng et al.,
2012; Wald et al., 2013; Kwon et al., 2015). Hepatic artery
embolism chemotherapy is the main treatment for advanced
liver cancer and has a remission rate of only 30% (Song
et al., 2015). Liu et al. (2018) synthesized the 131I-labeled
copper sulfide-loaded microspheres and combined embolization
therapy, chemotherapy, radiotherapy, and photothermal therapy
to treat hepatic tumors via hepatic artery embolization; the
results showed that the embolization therapy in combination
with chemotherapy, radiotherapy, and photothermal therapy
could completely ablate the transplanted hepatic tumors in situ,
while embolization combined with one or two therapy modalities
slowed but did not stop tumor growth (Liu et al., 2018).
In our study, the hyperthermia combined with one therapy
modality can also inhibit the growth of tumor. One of the
differences in our study is that the tumor model is ectopic.
In future study, we will use orthotopic HCC model to verify
the efficacy of CD90@17-AAG/TMs. In addition, the common
occurrence of drug resistance often leads to chemotherapy failure.
The first-line and second-line treatments for HCC, including
sorafenib, regorafenib, and lenvatinib, can effectively treat HCC
when combined with radiation therapy and chemotherapy.
However, a study showed that the therapeutic effects are limited
because of the high recurrence and drug resistance of LCSCs (Vu
et al., 2013; Liu et al., 2020). The CSC theory explains the reason
for treatment failure and demands new targets and orientation
for HCC therapy. LCSCs cause tumor formation, recurrence,
metastasis, and drug resistance (Chen et al., 2013). Hence, the
permanent cure necessitates the complete eradication of CSCs.
However, therapeutic strategies for CSCs are not different from
those for non-CSCs. Non-CSCs have a protective effect on
the growth of CSCs. In the present study, we enhanced the
therapeutic effect against CD90+ LCSCs by subjecting tumors
to CD90@17-AAG/TM therapy every other day to strengthen
the EPR effect and increase the endocytosis of liposomes. The
treatment was continued for 7 days. CD90@17-AAG/TMs in
combination with thermotherapy effectively killed CD90+ LCSCs
and CD90− cells in vivo. Although this study focused on
the application of CD90@17-AAG/TMs in the treatment of
HCC, other anticancer drugs could be encapsulated in these
nanoparticles to eliminate CSCs and non-CSCs.

CONCLUSION

In this study, we constructed an anti-CD90 mAb-modified
17-AAG-loaded magnetic thermosensitive liposome (CD90@17-
AAG/TMs) to target killing liver cancer cells. In vivo,

it can remain in the tumor tissue through the CD90.
The treatment results showed that CD90@17-AAG/TMs can
effectively kill CD90+ LCSCs and CD90− cells and inhibit
tumor growth. In summary, CD90@17-AAG/TMs have great
potential and application value in the targeted treatment of
liver cancer.
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Self-Assembly Engineering
Nanodrugs Composed of Paclitaxel
and Curcumin for the Combined
Treatment of Triple Negative Breast
Cancer
Shuting Zuo1, Zhenyu Wang1, Xianquan An2, Jing Wang1, Xiao Zheng3, Dan Shao3* and
Yan Zhang1*

1Department of Breast Surgery, The Second Hospital of Jilin University, Changchun, China, 2Department of Anesthesiology, The
Second Hospital of Jilin University, Changchun, China, 3School of Biomedical Sciences and Engineering, South China University
of Technology, Guangzhou, China

The clinical outcomes of triple-negative breast cancer (TNBC) chemotherapy are
unsatisfactory. Water solubility and biosafety of chemo drugs are also major barriers
for achieving satisfactory treatment effect. In this study, we have reported a combinational
strategy by self-assembly engineering nanodrugs PC NDs, which were composed of
paclitaxel (PTX) and curcumin (Cur), for effective and safe TNBC chemotherapy. PC NDs
were prepared through reprecipitation method without using any additional carriers. The
PC NDs were preferentially taken up by TNBC cells and we also observed pH-related drug
release. Compared with free PTX and simple PTX/Cur mixture, PC NDs have shown higher
therapeutic efficiency and better prognosis while themetastasis rate was significantly lower
than that of either PTX or PTX/Cur mix group. Therefore, the self-assembly engineered PC
NDs might be a promising nanodrugs for efficient and safe TNBC chemotherapy.

Keywords: triple-negative breast cancer, paclitaxel, curcumin, self-assembly, nanodrug

INTRODUCTION

Breast cancer is the most common cancer type among women worldwide and threatens their health
seriously (McDonald et al., 2016; Yeo and Guan, 2017; Fahad Ullah, 2019). Many chemotherapeutic,
hormone-based, and combination drug regimens have been used to treat breast cancer, although patients
with advanced aggressive disease (especially triple-negative breast cancer, TNBC) still have poor survival
outcomes (Bergin and Loi, 2019). In this context, TNBC is characterized by non-expression of protein
receptors, including progesterone receptor, estrogen receptor, and human epidermal growth receptor 2.
Relative to other subtypes, TNBC is more aggressive, has a poorer prognosis and higher rates of visceral
and central nervous system metastases, with no currently approved targeted therapies (Kumar and
Aggarwal, 2016; Akram et al., 2017). Chemotherapy, including neoadjuvant chemotherapy, remains the
only standard treatment option for TNBC, although patients have a poor response because of rapidly
acquired drug resistance and distant metastasis, and also inevitably experience adverse effects (Lyons,
2019; Yin et al., 2020). Thus, there is a need for combination therapies that can improve the efficacy of
current chemotherapeutic strategies for TNBC.

Paclitaxel (PTX) is a first-line chemotherapy drug that is used to treat TNBC by preventing
microtubule depolymerization and arresting mitosis at G2/M stages of cell cycle. However, paclitaxel
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has poor solubility, unavoidable toxicity, and tumors can develop
resistance (Bielopolski et al., 2017; Abu Samaan et al., 2019).
There is growing evidence that combining PTX with other
chemotherapeutic agents (e.g., small molecule inhibitors or
natural products) could enhance the anti-tumor effect (Schmid
et al., 2018; Kang and Syed, 2020; Mittendorf et al., 2020).
Curcumin (Cur) is a hydrophobic polyphenol derived from
Curcuma longa (the spice turmeric). It exhibits anti-bacterial,
anti-inflammatory, and anti-cancer properties. Furthermore, Cur
has been proved to have excellent safety and widespread
availability with low cost. Previous studies have indicated that
Cur can downregulate the NF-kB and PI3K/Akt signaling
pathways in cancer cells, which can inhibit cell growth, induce
apoptosis, and increase drug sensitization (Hamzehzadeh et al.,
2018; Subramaniam et al., 2018; Chen et al., 2019; Ghasemi et al.,
2019; Maiti et al., 2019; Zusso et al., 2019; Borges et al., 2020;
Keyvani-Ghamsari et al., 2020). In addition, the combination of
PTX and Cur provided synergistic anti-cancer effects and
eliminated cancer stem cells in TNBC (Baek and Cho, 2017;
Calaf et al., 2018; Saghatelyan et al., 2020). However, similar to
PTX, Cur has poor solubility and low bioavailability, which has
limited its clinical application. Therefore, it would be useful to
develop an efficient and safe system that could simultaneously
deliver PTX and Cur to treat TNBC.

Significant work has been dedicated to developing drug
delivery system that can concurrently deliver PTX and Cur to
the tumor site, which might provide improved therapeutic
activity and safety. However, most reported carriers have
limited loading capacity and there are also concerns regarding
their possible toxicity and biodegradation (Hiremath et al., 2019;
Li et al., 2019; Zhao et al., 2019; Shao et al., 2020; Xiong et al.,
2020; Hu et al., 2021; Liao et al., 2021; Zhang et al., 2021). Carrier-
free drug delivery systems are recently developed alternatives that
do not rely on inert carriers and thus avoid potential toxicity.
Common strategies for preparing carrier-free nanodrugs include
nanoprecipitation, thin-film hydration, template-assisted
nanoprecipitation, supercritical fluid techniques, spray drying,
and wet media milling (Zhang et al., 2018; Zheng et al., 2018; Sun
et al., 2019; Zhou et al., 2019). Relative to free drugs, carrier-free
nanodrugs have prolonged blood circulation times, better cellular
penetration, and greater tumor accumulation (Yang et al., 2019),
which has generated interest regarding their clinical applications.
Therefore, we developed a carrier-free nanodrug that is composed
of PTX and Cur (PC NDs) using a one-pot self-assembly
nanoprecipitation method. Physicochemical, optical and drug
release properties of PC NDs were characterized, and we then
evaluated their effects against TNBC cells in vitro and in vivo. The
results suggest that PC NDs may be a highly effective and safe
option for treating TNBC.

MATERIALS AND METHODS

Chemicals and Reagents
Cur (purity: >94%) and sulforhodamine B (SRB) were obtained
from Sigma-Aldrich (St. Louis, MO, United States). PTX was
purchased from Solarbio Science and Technology Co., Ltd.

(Beijing, China). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), trypsin and penicillin-
streptomycin (10,000 U/ml) were obtained from GIBCO
(Carlsbad, CA, United States). Matrigel was purchased from
Corning Inc. (Billerica, MA, United States). Hoechst 33,258
and Lysotracker Red were purchased from Thermo Fisher
Scientific (Waltham, MA, United States). Assay kits for
determing alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), blood
urea nitrogen (BUN), and creatinine (CRE) were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China). All reagents were directly used without any
further purification.

Preparation and Characterization of
PC NDs
The PC NDs were prepared using a reprecipitation method. First,
Cur and PTX were dissolved in ethyl alcohol to provide solutions
with concentrations of 2 mg/ml. Next, 0.4 ml of the PTX solution
and 0.1 ml of the Cur solution were quickly added to 4.5 ml of
deionized water, vortexed for 1 min and allowed to stand for
15 min to produce PC NDs. Finally, PC NDs were purified via
ultrafiltration and collected via lyophilization, which provided a
4:1 weight ratio (PTX to Cur) after quantified by UV-vis method.

The morphology of PC NDs was inspected by a transmission
electron microscope (JEOL, Ltd., Japan) and a scanning electron
microscope (FESEM, S4800, Hitachi Co. Ltd., Tokyo, Japan).
Fluorescence spectroscopy was performed using a Shimadzu RF-
5301 PC spectrophotometer. UV–vis absorption spectra were
obtained using a Shimadzu 3100 UV–vis spectrophotometer.
Fourier transform infrared (FTIR) spectra were performed
with a Nicolet AVATAR 360 FTIR instrument. X-ray powder
diffraction (XRD) investigation was carried out on a Rigaku X-ray
diffractometer using Cu Kα radiation. A Nano-ZS 90 Nanosizer
(Malvern Instruments Ltd., Worcestershire, United Kingdom)
was used to determine the size distribution and zeta potential of
PC NDs.

Drug Release
Drug release behavior was evaluated by adding 5 mg of the PC
NDs to a dialysis bag (5,000 Da), which was then placed in 50 ml
of phosphate-buffered saline solution (PBS, pH: 7.4 or 5.5) on a
shaking table at 37°C for 48 h. Supernatant was then collected and
the amounts of PTX and Cur were analyzed via high-
performance liquid chromatography.

Cell Culture and Uptake
A mouse breast cancer cell line (4T1), a human TNBC cell line
(MDA-MB-231), and a non-neoplastic breast cell line
(MCF-10A) were purchased from the American Type Culture
Collection. All cells were cultured in DMEM with 10% FBS,
100 U/ml penicillin and 100 U/ml streptomycin in a humidified
incubator with an atmosphere of 5% CO2. Cellular uptake of PC
NDs was evaluated after a 3-h incubation with cells, which were
then washed with PBS and co-incubated with Lysotracker Red
and Hoechst 33,258. Then cells were observed under an Olympus
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IX71 fluorescence microscope (Olympus Corporation, Tokyo,
Japan). Quantification of cellular uptake was conducted through
flow cytometry (FACS, Becton Dickinson Biosciences, Franklin
Lakes, United States).

Cytotoxicity
Cells were first seeded into 96-well culture plates at the density of
5,000 cells per well and then cultured overnight for fully
attaching. Free Cur and PTX were dissolved deionized water
at a concentration of 1 mg/ml, respectively. Next cells were
treated with different final concentrations of free PTX, free
Cur, PTX/Cur mixture (PTX/Cur mix) or PC NDs. After
being treated for 24 or 48 h, cells were subjected to standard
SRB assay and absorbance at 540 nm was analyzed using a
multifunctional microplate reader. IC50 values were calculated
by GraphPad Prism software.

In vivo Experiments
All mice were treated in compliance with the Guide for the Care
and Use of Laboratory Animals, and all procedures were
approved by the Animal Care and Use Committee of Jilin
University (China). 50 μL of 4T1 cells (5 × 105) were mixed
with 50 μL of matrigel and then orthotopically injected into the
second mammary fat pad of female BALB/c mice (six to
eight weeks old). Mice were randomly divided into five groups
(n � 6) when tumor volume reached approximately 100 mm3,
which were treated using saline, PTX (10 mg/kg,
intraperitoneally), Cur (2.5 mg/kg, intraperitoneally), PTX/Cur
mix (10 mg/kg of PTX and 2.5 mg/kg of Cur, intraperitoneally),
or PC NDs (10 mg/kg, intravenously), respectively. All drug
treatments were administered every 3 days, and measurements
of tumor volume and body weight were performed at the same
time. Tumor volume was calculated according to the following
formula: volume � 0.5 × (longest dimension) × (shortest
dimension)2.

After 21 days of treatment, all mice were sacrificed on day 22.
Tumors were measured and weighed. Main organs (liver, spleen,
kidneys, hearts, and lungs) were collected, fixed and stained using
hematoxylin and eosin (H and E) before being photographed.
Biosafety was evaluated based on changes in body weight,
pathological changes in organs mentioned above and serum
biochemistry indexes including ALT, AST, ALP, BUN, and CRE.

Statistical Analysis
All experiments were performed at least three times and results
were exhibited as mean ± standard deviation. Comparison
between groups were calculated by Student’s t-test (two
groups) or Bonferroni’s post hoc test (three groups or more).
Data were analyzed on SPSS software. Differences were
considered statistically significant when p-values were less
than 0.05.

RESULTS AND DISCUSSION

The PC NDs were created by quickly adding ethanol solution
containing PTX and Cur into excessive volume of deionized water

and vortexing the mixture for 1 min (Figure 1A and
Supplementary Figure S1). During the nanoprecipitation
process, PTX, and Cur molecules were precipitated to form
nanoparticles via intermolecular interactions, such as hydrogen
bonding, π−π stacking and hydrophobic interactions (Li et al.,
2018; Hupfer et al., 2021). The PC NDs had a spherical structure
(diameter: 120–140 nm) based on characterization via TEM and
SEM (Figures 1B,C). Zeta potential measurements revealed that
the PC NDs had a negative surface charge (−14.6 ± 0.513 mV),
which was similar to that of raw Cur (−22.2 ± 3.96 mV) and
suggested that the surface of the PC NDs was mostly composed of
Cur with phenolic hydroxyl groups. The ultraviolet-visible light
absorption and fluorescence spectra of free PTX, free Cur, free
PTX/Cur mix, and PC NDs were analyzed. The PC NDs had the
same absorption peaks as free PTX and Cur, albeit with variable
peak heights (Figures 1D,E). Furthermore, PC NDs have
exhibited weaker green fluorescence than free Cur when
excited with 420-nm laser, although free Cur, free PTX/Cur,
and PC NDs shared the same emission peak (550 nm,
Figure 1D). We used FTIR spectra to evaluate whether the
bioactive groups of PTX and Cur were preserved in the PC
NDs (Figure 1F), which revealed that the PC NDs exhibited
N-H stretching vibration at 3,515 cm−1 and C�C stretching
vibration of the conjugate system in Cur and PTX at
1,513 cm−1, as well as disappearance of the strong O-H
stretching vibration at 3,511 cm−1. Based on these results, we
conclude that the PC NDs contained most of the bioactive groups
of PTX and Cur, with Cur potentially being “surrounded” by PTX
to create the spherical structure of the PC NDs. In addition, we
performed XRD measurements to determine whether the PC
NDs formed drug eutectics or amorphous formations
(Figure 1G), which revealed that the PC NDs had an XRD
spectrogram that was similar to that of PTX crystal, with
amorphous Cur structures. These findings suggest that the PC
NDs were probably composed of crystalline formations
containing PTX nanocrystals and Cur.

The release profiles of PTX and Cur from PC NDs were
evaluated using a dialysis bag and PBS solution, with a pH value
of 7.4 to mimic normal conditions in bodily fluids or a pH value
of 5.5 to mimic the acidic tumor microenvironment, respectively.
As shown in Figure 2A, PTX release showed a time-dependent
behavior and reached approximately 33.3% over a 48-h period at
a pH of 7.4. However, when the pHwas 5.5, PTX release increased
substantially and reached 83.2% over a 48-h period. Similar
trends were observed in the acid- and time-dependent release
of Cur (Figure 2B). Thus, the PC NDs might facilitate
simultaneous and preferred release of PTX and Cur in the
acidic tumor microenvironment. As shown in Supplementary
Figure S2, PC NDs disintegrated quickly in acidic PBS, while the
hydration radius has increased by about 25% during 72 h in
neutral PBS. Therefore, PCNDs were used just after preparation.
Fluorescence microscopy was subsequently used to evaluate
cellular uptake of the two drugs. After incubation of 4T1 and
MDA-MB-231 cells with PC NDs for 2 h, we labelled the nuclei
with Hoechst dye (blue) and lysosomes with LysoTracker RED
DND (red). Green fluorescence (Cur) was observed in the
cytoplasm and lysosomes (Figure 3B and Supplementary
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Figure S3), and the overlap of the green and red fluorescence
signals suggested that the PC NDs were accumulated in
lysosomes. Furthermore, the intensity of the PC ND staining
increased with incubation time in the TNBC cells (Figure 3A),
which suggested a time-dependent drug release mechanism. As
expected, the PC NDs had stronger fluorescence intensity (vs free
Cur), which confirmed their higher rate of cellular uptake.
However, relative to in the cancer cells, there was significantly
less Cur uptake into normal breast cells (MCF-10A), which is
likely related to the higher pH in normal cells. When considered

together, these findings indicate that PC NDs can be taken up by
TNBC cells and their contents released in a pH-dependent
manner.

SRB assay was used to determine the viability of 4T1, MDA-
MB-231, and MCF-10A cells after 24–48 h of treatment using
various concentrations of free PTX, free PTX/Cur mix, and PC
NDs. Relative to the control group, 4T1 cell viability of all
PTX-containing groups has exhibited a dose- and time-
dependent decrease manner (Figures 4A,B), while the
addition of Cur provided even greater decreases. Similar

FIGURE 1 | Scheme of PC NDs preparation and its characterization. (A) Scheme of PC NDs preparation. PC NDs has been prepared using a reprecipitation
method and shown pH-sensitive drug release behavior in tumor cells. (B) TEM images of PC NDs. Scale bars are 200 and 50 nm (inset), respectively. (C) SEM image of
PC NDs. Scale bar is 200 nm. (D) Emission spectra of Cur, PTX/Cur mix, and PC NDs. (E) UV-vis absorption spectra of Cur, PTX, PTX/Cur mix, and PC NDs. (F) FTIR
spectra of Cur, PTX, and PC NDs. (G) XRD spectra of Cur, PTX, and PC NDs.
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results were also observed in MDA-MB-231 cells (Figures 4C,D).
At 48 h, the IC50 values in 4T1 cells were 16.52 ± 0.16 µM for free
PTX, 4.05 ± 0.13 µM for PTX/Curmix, and 3.87 ± 0.14 µM for PC
NDs. Similarly, the IC50 values in MDA-MB-231 cells at 48 h
were 7.34 ± 0.19 µM for free PTX, 2.79 ± 0.10 µM for PTX/Cur
mix, and 2.58 ± 0.11 µM for PC NDs. Moreover, to our expect,
cells incubated with Cur have shown little to no decease on cell
viability due to its low concentration (Supplementary Figure S4).
These results suggest that combining PTX and Cur provided a
significantly greater decrease in TNBC cell viability, relative to
PTX alone, which might be related to Cur-induced sensitization
of the TNBC cells to PTX (Saha et al., 2012; Yoshida et al., 2017).
The small differences between the PTX/Cur mix and PC NDs

might be the result of long treatment time, which has given
enough time for cells to uptake nearby drugs. It is also worth
noting that the PC NDs had less effect on MCF-10A cells than
free PTX (Figures 4E,F), which might be related to preferred pH-
related drug release in cancer cells (vs in normal cells). When
considered together, these results suggest that the PC NDs
provided a greater decrease in TNBC cell viability (vs PTX
alone), as well as less toxicity in normal cells.

The BALB/c mice bearing 4T1 tumors were treated using
saline (control group), free Cur, free PTX, free PTX/Cur mix, and
PC NDs (Figure 5A). Relative to control group, decreased tumor
growth and lower tumor weights were observed at the end of
treatment using free PTX, free PTX/Cur mix, and PC NDs

FIGURE 2 | Drug release profiles of PC NDs in PBS of different pH values during 48 h (A) PTX and (B) Cur release of PC NDs in neutral and acidic PBS.

FIGURE 3 | Cellular uptake of PC NDs in 4T1, MDA-MB-231, and MCF-10A cells. (A) Quantitative analysis of the internalization of Cur and PC NDs in 4T1, MDA-
MB-231, and MCF-10A cells through FACS. Statistical significance: *p < 0.05 vs control and p < 0.05 vs Cur.(B) CLSM images of 4T1 and MDA-MB-231 cells after
incubation with PC NDs for 2 h. Scale bars are 200 μm.
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FIGURE 4 | Cytotoxicity of PTX, PTX/Cur mix, and PC NDs in 4T1, MDA-MB-231 and MCF-10A cells after 24 and 48 h incubation. Cell viability of (A) 4T1 cells, (C)
MDA-MB-231 cells, and (E) MCD-10A cells after 24 h incubation. Cell viability of (B) 4T1 cells, (D) MDA-MB-231 cells, and (F) MCD-10A cells after 48 h incubation.
Statistical significance: *p < 0.05 vs control and p < 0.05 vs PTX.

FIGURE 5 | In vivo anti-TNBC effect of PC NDs. (A)Dosage regimen of treatment for 22 days (B) Tumor image, (C) Tumor volume, and (D) tumor weight. Statistical
significance: *p < 0.05 vs PTX in (C); *p < 0.05 vs control and p < 0.05 vs PTX in (D).
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(Figures 5B–D), although free Cur did not significantly influence
tumor growth. Furthermore, the PC NDs appear to provide
substantially more promising results (vs the other
formulations), based on a tumor growth inhibition rate of
80.36%. Interestingly, free PTX provided considerable anti-

tumor effects, while mice were suffered from a decrease in
body weight and abnormal high levels of liver and kidney
enzymes (ALT, AST, BUN, and CRE) (Figures 6A–F). In
contrast, the PC ND group only exhibited a small decrease in
body weight after 21 days of treatment and no histopathological

FIGURE 6 | Biosafety profile of PC NDs. (A) Body weight, (B) ALT, (C) AST, (D) ALP, (E) CRE, (F) BUN, and (G) H and E staining image of heart, liver, lung, spleen,
and kidney from each group. Scale bars are 50 µm. Statistical significance: *p < 0.05 vs control and p < 0.05 vs PTX.
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changes in the liver, spleen, kidneys, heart, and lungs (Figures
6A–G) (Edwards et al., 2017; Farhood et al., 2019). Moreover, we
observed severe lung metastasis in the PTX and PTX/Cur mix
groups, which was not observed in the PC ND group
(Supplementary Figure S5) (Sesarman et al., 2018; Tan and
Norhaizan, 2019). Thus, co-delivery of PTX and Cur via the PC
NDs might improve the efficacy of treatment for TNBC (vs free
PTX alone), with less systemic toxicity observed in our mouse
model, although the underlying mechanisms remain unclear.

In summary, we created biocompatible and carrier-free
nanodrugs composed of PTX and Cur via a simple
nanoprecipitation method. The PC NDs were preferentially taken
up by TNBC cells and we also observed pH-related drug release. The
cytotoxicity assay revealed that the PC NDs had a greater effect on
TNBC cells (vs free PTX), as well as less toxicity in normal cells. The
in vivo data also clearly indicated that the PC NDs had considerably
greater therapeutic efficacy than the free PTX/Cur mixture, with no
signs of systemic toxicity. Therefore, the PC NDs might be a
promising carrier-free strategy for safely and effectively delivering
PTX and Cur to treat TNBC. Further studies are needed to
determine whether this nanotherapeutic strategy holds clinical value.
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Multifunctional Gold Nano-Cytosensor
With Quick Capture, Electrochemical
Detection, and Non-Invasive Release
of Circulating Tumor Cells for Early
Cancer Treatment
Rui Zhang1,2, Qiannan You1,2, Mingming Cheng1,2, Mingfeng Ge2, Qian Mei2, Li Yang3,4*,
Wen-Fei Dong2 and Zhimin Chang2,5*

1School of Biomedical Engineering (Suzhou), Division of Life Sciences and Medicine, University of Science and Technology of
China, Hefei, China, 2CAS Key Laboratory of Biomedical Diagnostics, Suzhou Institute of Biomedical Engineering and
Technology, Chinese Academy of Science (CAS), Suzhou, China, 3College of Life Science and Biotechinology, Mianyang
Teachers’ College, Mianyang, China, 4Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences,
Chongqing, China, 5Jinan Guokeyigong Science and Technology Development Co., Ltd, Jinan, China

Circulating tumor cells (CTCs) are metastatic tumor cells that shed into the blood from solid
primary tumors, and their existence significantly increases the risk of metastasis and
recurrence. The timely discovery and detection of CTCs are of considerable importance for
the early diagnosis and treatment of metastasis. However, the low number of CTCs
hinders their detection. In the present study, an ultrasensitive electrochemical cytosensor
for specific capture, quantitative detection, and noninvasive release of EpCAM-positive
tumor cells was developed. The biosensor was manufactured using gold nanoparticles
(AuNPs) to modify the electrode. Three types of AuNPs with controllable sizes and
conjugated with a targeting molecule of monoclonal anti-EpCAM antibody were used
in this study. Electrochemical impedance spectroscopy (EIS) and differential pulse
voltammetry (DPV) of the cytosensors were performed to evaluate the cell capture
efficiency and performance. The captured 4T1 cells by the AuNPs hindered electron
transport efficiency, resulting in increased EIS responses. The cell capture response
recorded using EIS or DPV indicated that the optimal AuNPs size should be 17 nm. The cell
capture response changed linearly with the concentration range from 8.0 × 10 to 1 × 107

cells/mL, and the limit of detection was 50 cells/mL. After these measurements, glycine-
HCl (Gly-HCl) was used as an antibody eluent to destroy the binding between antigen and
antibody to release the captured tumor cells without compromising their viability for further
clinical research. This protocol realizes rapid detection of CTCs with good stability,
acceptable assay precision, significant fabrication reproducibility with a relative
standard deviation of 2.09%, and good recovery of cells. Our results indicate that the
proposed biosensor is promising for the early monitoring of CTCs and may help customize
personalized treatment options.

Keywords: CTCs, early diagnosis and treatment, electrochemical cytosensor, non-invasive release, multifunctional
Au nanoparticles
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INTRODUCTION

Becausemalignant tumor cells are derived from solid tumors and are
present in peripheral blood, circulating tumor cells (CTCs) are
critical to cancer metastasis (Mostert et al., 2009; Schindlbeck
et al., 2009; Gradilone et al., 2011; Hristozova et al., 2011; Xie
et al., 2015). The rapid and sensitive detection of CTCs in the
peripheral blood is an effective and appropriate approach for the
diagnosis of cancer patients (Paterlini-Brechot and Benali, 2007;
Mostert et al., 2009; Mostert et al., 2012; Alix-Panabières and Pantel,
2013; Shahneh, 2013). Moreover, the isolation of CTCs from the
peripheral blood has significant clinical implications because it can
provide smart and personalized treatment (Hong, 2013; Souza e
Silva et al., 2014; J Alvarez-Cubero et al., 2016;Miyamoto et al., 2016;
Tan et al., 2017; Liu et al., 2018). Therefore, the development of a
dynamic technique for the sensitive detection and noninvasive
release of pathogenic cells is necessary.

Recently, the development of sensitive and quantitative detection
of CTCs has attracted extensive research attention (Denis et al., 1997;
Nakanishi et al., 2000; Wen et al., 2014; Shinden et al., 2015).
Traditional cancer detection methods primarily include flow
cytometry (Hu et al., 2010), reverse-transcriptase polymerase
chain reaction (Zhao et al., 2011), and immunohistochemistry
(Gogoi et al., 2016). Although the above methods performed well
in terms of sensitivity and precision, they are expensive and time
consuming in addition to requiring complex instruments,
hampering their application in biological analysis and clinical
diagnosis. Accordingly, the development of a low-cost, sensitive,
and simple method for the detection and efficient release of captured
CTCs is necessary and has considerable significance in the early
diagnosis and monitoring of the relevant cancer processes.

Presently, academic attention has shifted toward electrochemical
biosensors that utilize noninvasive and highly sensitive nanomaterials
(Thévenot et al., 2001; Wang, 2005 a; b; 2006; Peng et al., 2020). For
example, by combining aptamer and gold-magnetic core-shell
nanoparticles, Khoshfetrat fabricated an aptamer-based
electrochemical biosensor with a nitrogen-doped graphene-
modified electrode. This aptasensor exhibited a linear response
over a wide dynamic range of leukemia cancer cells, ranging from
10 to 1 × 106 cells/mL (Khoshfetrat and Mehrgardi, 2017). Pang
synthesized a cytosensing device based on ZnO nanodisks@g-C3N4
quantum dots for the detection of CCRF-CEM cells ranging from 20
to 2 × 104 cells/mL (Pang et al., 2018). These studies demonstrate the
advantages of using metal nanoparticles as a design strategy for
electrochemical biosensors. Appropriate nanomaterials must be
selected for the manufacture a new generation of electrochemical
biosensors. Compared with other nanoparticles, gold nanoparticles
(AuNPs) provide an ideal binding site for biomolecules, which is
beneficial for electron transfer to the electrode. Such characteristics
have been widely used to fabricate electrochemical biosensors with
improved performance (Zhong et al., 2013; Gikunoo et al., 2014; Qian
et al., 2019). However, few studies have investigated the effect of the
size of the AuNPs on enhancing the detection performance because
the size of AuNPs may affect the analysis results. Cancer cells
overexpress specific proteins, which are often considered to be
specific markers in CTC analytical technology for different types of
cancer cells (Moskaluk et al., 2002). For example, the epithelial cell

adhesion molecule (EpCAM), which is overexpressed in most
epithelial tumor cells, is often identified as a specific biomarker for
epithelial tumor cells (Moskaluk et al., 2002).

In the present study, cytosensors based on AuNPs of different
sizes were used for the electrochemical detection of CTCs. The
AuNPs attached on the surface of the glassy carbon electrode (GCE)
act as a good electron conductor that facilitates electrochemical
cytosensing. Subsequently, the EpCAMantibody (anti-EpCAM)was
modified on the surface of AuNPs to enhance the specificity of
EpCAM-positive tumor cells. The prepared anti-EpCAM/AuNPs
electrode was specific for tumor cell anchoring. The adhesion of
tumor cells on the surface of the electrode could alter the electron
transfer resistance, thereby allowing the formation of an impedance-
based cytosensor. We investigated the effect of the size of the AuNPs
on the detection performance of the fabricated cytosensors.
Electrochemical impedance spectroscopy (EIS) and differential
pulse voltammetry (DPV) were used to assess the capability of
the fabricated cytosensors with different particle sizes (17, 30, and
50 nm). For the cytosensor fabricated with 17 nmAuNPs, the widest
range of 4T1 cell detection (8.0 × 10 to 1 × 107 cells/mL) was
obtained with a lower LOD of 50 cells/mL, which was considerably
lower than that of the other two fabricated cytosensors. As a control,
HeLa and J774A.1 cells with low EpCAM expression were also
applied under the same experimental conditions. The glycine
hydrochloride (Gly-HCl) buffer introduced into the cytosensor
system acted as an eluent that could break the combination
within the antibody–antigen to release the trapped cells (Scheme
1). In this study, the developed cytosensor had high specificity for
EpCAM-positive CTCs, good stability, biocompatibility, significant
fabrication reproducibility, and noninvasive release. Thus, the
developed cytosensor has promising application prospects in the
early clinical diagnosis and treatment of cancer.

METHODS

Synthesis of AuNPs
Gold seeds were prepared using a standard method. Briefly, 1 ml
of HAuCl4 (25 mM) was mixed with sodium citrate (150 ml,
2.2 mM) and heated for 1 h. Then, the obtained solution was used
as the seed solution. After synthesis, the solution was cooled to
90°C, HAuCl4 solution (1 ml, 25 mM) was added, and the
reaction was completed after 30 min. By repeating these steps,
a series of AuNPs with gradually increasing particle sizes was
obtained (Bastús et al., 2011). The nanoparticles were labeled as
G0, G1, and G2. Finally, the AuNPs were characterized using UV-
visible absorption spectrum (UV), TEM, and XPS.

Assembly Process of the Electrochemical
Cytosensor
The assembly process of the AuNP-based electrochemical cytosensor
is shown in Scheme 1. First, the GCE (3mm) was polished with
0.05 μm alumina slurries and washed alternately with ethanol and
water until a shiny mirror surface was obtained. Afterward, the
mercapto functional group was modified on the electrode by cyclic
voltammetry (CV). The potential range of CV detection was set from
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0.0 to 1.4 V with a scan rate of 50mV/s, and several circles were
scanned in a 1mM aqueous solution of mercaptoethylamine until the
peak current value was stable (Moskaluk et al., 2002). After the
reaction, the surface-modified electrodes were washed with PBS
buffer (pH 7.4). Subsequently, the electrodes were immersed in the
AuNPs solution (1ml) overnight, and theAuNPswere tightly fixed on
the surface of the GCE via gold and sulfhydryl bonds. Then the
electrodes were rinsed with PBS buffer (pH 7.4). Subsequently, Nafion
(5 μL, 0.05% in alcohol) was dropped onto theGCE surface to prevent
leakage of the AuNPs. After 2–3 washings with PBS, the AuNP/GCE
electrode was fabricated. AuNPs with different particle sizes were
modified on the electrode surface using the same method. For
immune modification, the AuNPs/GCE electrode was immersed in
anti-EpCAM solution (60 μM) and then incubated in a refrigerator at
4°C for 4 h. Then, after washing with PBS, the electrode was immersed
in BSA (1%, 50 μL) for 1 h to block nonspecific binding sites. Finally,
the cytosensors for immunological recognition of EpCAM-positive
CTCs were obtained.

Cell Culture
4T1 cells, HeLa cells, and J774A.1 cells were cultured in a cell
incubator at 37°C with 5% CO2. 4T1 cells were cultured in RPMI-
1640 medium with 10% FBS and 1% penicillin–streptomycin.
After incubation, the 4T1 cells were digested with 0.25% trypsin
solution. The cell sediments were redispersed in PBS (pH 7.4),
and the number of cells was determined using a hemocytometer
counter.

Cell Detection
For cell detection, the as prepared cytosensor was immersed
into the cell suspension and incubated in a cell incubator for
2 h. After cell adsorption, the electrode was washed with PBS to
remove unadsorbed cells. Finally, the prepared
immunoelectrode acted as the working electrode, whereas
Ag/AgCl and Pt wire electrodes were used as the reference
and auxiliary electrodes, respectively. The electrode was
inserted into a 0.1 M KCl, 5 mM K4 [Fe(CN)6], and 5 mM
K3 [Fe(CN)6] solution. The impedance and current responses
were recorded using EIS and DPV, respectively. The frequency
range of the EIS detection was 0.1–105 Hz. The range for DPV
detection was from 0 to 0.6 V, with a 50 mV pulse amplitude.
The potential range of CV detections was set from –0.6 to 0.6 V
with a scan rate of 50 mV/s. Meanwhile, a 10 × 10 mm indium
tin oxide (ITO) substrate after mercaptosilanization
pretreatment was prepared as previously described process
for the modified GCE electrode and cell detection. The
captured cells were analyzed by fluorescence microscopy
after DAPI staining.

Cell Release
For cell release, the electrode with cell immobilization was
immersed in Gly-HCl solution (0.1M) for 30 s, and then several
drops of 0.4MNaOH solution were added to the Gly-HCl solution.
The released cells were washed with PBS, centrifuged, and collected
and cultured for further clinical analysis.

SCHEME 1 | Stepwise procedure of the electrochemical cytosensor for cell capture, detection, and release.
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Cell Viability Analysis
Cell viability was determined using Hoechst/PI staining assay.
Briefly, Hoechst/PI solution containing 10 μg/ml Hoechst and
10 μg/ml PI in PBS was added to the cells and incubated for
5 min. The cells were washed and observed using a
fluorescence microscope. The released cells were then
incubated and observed under a microscope. The AuNPs
were tested using a WST-1 assay to verify cytotoxicity. The
working concentration of AuNPs was adjusted from 5.0 to
150.0 μM, and 4T1 cells were plated in 96-well plates and
incubated for 24 h at 37°C. To evaluate cell viability, a plate
reader was used to measure absorbance at 450 nm.

Blood Samples
Blood samples were obtained from the healthy mice. The
animal experimental protocols were approved by the Ethics
Committee for the Use of Experimental Animals of Chinese
Academy of Science. To verify the performance of the
cytosensors in the simulated samples with leukocyte, the
healthy blood sample was centrifugated at 1,500 rpm for
5 min and the cells deposit were then resuspended in 1 ml
of red blood cell lysis buffer incubated for 2 min, and the
precipitate was washed with PBS and disperse with 1 ml of
PBS. Subsequently, the as prepared leukocyte samples mixed
with 4T1 cells at concentrations of 1 ×102, 1 ×103, 1 ×104, and
1 ×105 cells/mL to prepare the simulated samples with
leukocyte.

RESULTS AND DISCUSSION

Characteristics of the AuNPs/GCE
Electrode
The morphology of the AuNPs was characterized. The TEM
images in Figure 1 indicate that the synthesized AuNPs had a
spherical shape with good monodispersity and uniform
morphology. The average sizes of the AuNPs were 17 nm
(G0), 30 nm (G1), and 50 nm (G2) (Figure 1D). Figure 1E
shows the UV-visible absorption spectrum of the prepared
AuNP water solution with an absorption peak at ∼535 nm. As
shown in Figure 1F, the XPS results of the AuNP/GCE electrode
revealed that the AuNPs were assembled onto the GCE electrode
surface with Au-S bonds to form a self-assembled AuNP/GCE
electrode.

For the AuNP/GCE electrodes fabricated using AuNPs of
different sizes, CV and EIS were applied to monitor the
electrode fabrication steps. The CV results are shown in
Figure 2A. There was an evident increase in the oxidation
peaks of the GCE electrodes modified by the AuNPs in
comparison with the unmodified GCE electrode. In addition,
as the size of the AuNPs increased, the well-defined oxidation
current peaks of the [Fe(CN)6]

4−/3− redox couple gradually
decreased, indicating that the 17 nm AuNPs could provide the
highest improvement in charge transfer. Therefore, 17 nm
AuNPs were used under the following optimal conditions for
the fabrication of the cytosensor. It is well known that the

FIGURE 1 | TEM images of the prepared (A) G0, (B) G1, and (C) G2. (D) Histogram of the prepared AuNPs sizes. (E) UV−vis spectra of the prepared AuNPs. (F)
XPS characterization of the AuNPs/GCE electrode.
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impedance spectrum consists of a semicircular portion (the high-
frequency process related to electron-transfer-limited, the value
recorded as Rct) and a linear portion (the low-frequency process
related to diffusion-limited). As demonstrated in Figure 2B and
Supplementary Table S1, the Rct of the AuNPs/GCE electrode
was smaller than that of the GCE electrode (Rct � 456.7Ω),
revealing a lower electron-transfer resistance and a faster charge
exchange of [Fe(CN)6]

4-/3- on the AuNPs/GCE electrode in
comparison to the bare GCE electrode. The Rct values of the
AuNPs/GCE electrodes fabricated by different AuNPs were
25.8Ω (G0), 122.4Ω (G1), and 319.9Ω (G3) This shows that
the impedance of the constructed electrode gradually increased as
the particle size increased. After anti-EpCAM was covalently
linked onto the surface of G0/GCE, the Rct value and current

changed significantly, which could be attributed to the weakly
conductive properties of the anti-EpCAM molecule.

Additionally, the morphologies of the AuNP/GCE slides
fabricated with different sizes of AuNPs were characterized
using SEM. As seen in Supplementary Figure S1, as the size
decreased, the density of particles on the surface of the GCE
increased, which may result in a higher efficiency of electron
transfer on the electrode surface for AuNPs with good
conductivity. The AuNP/GCE electrodes were tested by CV at
different scan rates. As demonstrated in Figure 3D, the anodic
peak current value increased significantly as the AuNP size
decreased, indicating that G0/GCE had the largest electron
transfer efficiency on the electrode surface, which is consistent
with the above conjecture.

FIGURE 2 | (A)CV curves of the AuNPs/GCE fabricated using AuNPs of different sizes. (B) EIS of the GCEmodified by AuNPs with different sizes: (G0) 17 nm, (G1)
30 nm, and (G2) 50 nm.

FIGURE 3 | CV of the AuNP/GCE electrodes at different scan rates: 50, 100, 150, 200, 250, and 300 mV/s. (A) G0/GCE, (B) G1/GCE, (C) G2/GCE, (D)
Randles–Sevcik plots of G0/GCE, G1/GCE, and G2/GCE electrodes.
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Fabrication of Electrochemical Cell Sensor
To achieve optimal detection performance, several parameters in
the electrochemical immunoassay were explored, including the
optimal pH value of antibody modification, concentrations, and
incubation time of anti-EpCAM conjunction. The G0/GCE
electrode was used in subsequent procedures. The pH value of
the working solution has a significant influence on the binding
strength between antibodies and AuNPs, and it was adjusted
using K2CO3 or HCl in this study. As shown in Figures 4A,B,
when the pH was adjusted from 4.0 to 9.0, the corresponding
DPV signal decreased rapidly, and when the pH value exceeded
9.0, the DPV signal increased with the value. This could be
attributed to the fact that the strongest covalent binding
strength of the antibodies we used and AuNPs occurred in an
alkaline environment (pH � 9.0) (Stonehuerner et al., 1992;
Sardar et al., 2009), and the optimal pH value was determined
to be 9.0.

The concentration of anti-EpCAM was a critical factor in the
construction strategy because it directly affected the binding
efficiency of the cells. As shown in Figures 4C,D, the DPV
signals decreased as the anti-EpCAM concentration increased,
and a minimum CV response was obtained at the concentration
of 60 μg/ml, which revealed the saturation modification of anti-
EpCAM. The 60 μg/ml of anti-EpCAM is recommended for
further research.

Incubation times of the antibodies and AuNPs were also
explored. Figures 4E,F illustrated the influence of the DPV
signal with different incubation time. The current response
saturated at 4 h, and the optimal incubation time was 4 h.

Electrochemical Characterization of
Immuno-Cytosensor
Once the AuNP/GCE electrode surface antibody modification
with the optimal experimental parameters was performed, the
electrode was washed with PBS and blocked the nonspecific
binding sites by BSA solution (1%, 50 μL) for 1 h. In the
aforementioned process, the EIS method was utilized to
monitor the different modification steps of the electrode for
immediate and sensitive response to a change in the electrode
surface (Quan et al., 2001). Supplementary Figure S2 and
Supplementary Table S1 show the detailed changes in Rct

values using [Fe(CN)6]
4−/3− as the redox probe with anti-

EpCAM and BSA modification. The results revealed that the
Rct value of the cell sensor was larger than that of the GCE
electrode (Rct � 456.7Ω), indicating the weak conductive
properties of the antibody. The cytosensors fabricated by the
AuNPs with different sizes and modified by antibody were
successfully assembled, and Rct was 1,605.7Ω (G0), 1,216.1Ω
(G1) and 940.4Ω (G2).

Detection Performance of the
Electrochemical Cytosensor
In the present experiment, the cytosensor was incubated with a
4T1 cells solution for 2 h at 37°C (Supplementary Figure S3).
4T1 cells ranging from 10 to 107 cells/mL were monitored for 2 h
to estimate the ability of the electrochemical cytosensor. After
washing three times with PBS, the EIS and DPV methods were
used for the quantitative determination of tumor cells. For the EIS

FIGURE 4 | (A) Effect of anti-EpCAM-modified pH value on DPV response. (B) line graph of the effect of the pH value on the peak current value of DPV. (C) effect of
anti-EpCAM concentration on DPV response. (D) line graph of the effect of anti-EpCAM concentration on the peak current value of DPV. (E) effect of anti-EpCAM binding
time on the DPV response. (F) line graph of the effect of anti-EpCAM binding time on the peak current value of DPV.
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method, as shown in Figure 5 and Supplementary Figure S4, the
Rct values increased with the cell concentration owing to the
trapped cells hindering the electron transfer. For the G0 AuNP
cytosensor, when the cell concentration ranged from 8.0 × 10
to 107 cells/mL, the equation ΔRct (Ω) � 810.5 × lgC -796.4 (R2

� 0.998) was applied to record the relationship between 4T1
cell concentration (C) and impedance change value (ΔRct). As
an LOD, 55 cells/mL (S/N � 3) of 4T1 cells could be detected by
EIS. The detection equations of the G1 and the G2 AuNPs
cytosensors were ΔRct (Ω) � 598.1 × lgC - 754.5 (2.0 × 102–106

cells/mL, LOD � 112 cells/mL, R2 � 0.997) and ΔRct (Ω) �
316.4 × lgC - 517.1 (5.0 × 102–5.0 × 105 cells/mL, LOD � 500
cells/mL, R2 � 0.995) respectively (Supplementary Figures
S4A–D). This revealed that the G0 AuNP cytosensor was
optimal for the quantitative detection of tumor cells. For
the G0 AuNP cytosensor, when the DPV method was
adopted, as shown in Supplementary Figures S4E,F, the
current response (I) decreased linearly with increasing
logarithm values of the target cell concentrations within the
range of 8.0 × 10 to 107 cells/mL. The equation was I � −2.3 ×
lgC +22.1 (R2 � 0.996), and the LOD was 50 cells/mL (S/N � 3).
Compared with other methods that were used for quantitative
analysis of CTCs, the aforementioned assay revealed
significant detection sensitivity and lower LOD
(Supplementary Table S2) (Zhang et al., 2010; Zhu et al.,
2012; Cao et al., 2017; Bolat et al., 2021).

G0/GCE and bare GCE electrodes were employed to
investigate their self-sensing properties. As shown in
Figure 5C, for the G0/GCE electrode, the Nyquist diagrams
changed proportionally to the logarithm of cells concentration
with the range from 5.0 × 103 to 1.0 × 105 cells/mL. The linear
relationship can be depicted as ΔRct (Ω) � 1097.4 × lgC - 2729.8
(R2 � 0.993), and the LOD was 5,000 cells/mL (Figure 5D). For
the bare GCE electrode, there was a minor response between the
ΔRct value and the logarithm of the cell concentration (Figures
5E,F). The obtained analytical performance of the G0/GCE
sensor could give the credit to the good conductivity of the
AuNPs (Supplementary Figure S5). After covalent coupling
of the anti-EpCAM, EpCAM-positive tumor cells could be
specifically captured on the surface of the electrode. Compared
with the bare AuNPs/GCE cytosensor, the immunocytosensor
has excellent EIS detection capability, which is largely due to the
highly specific antigen–antibody immunoreaction.

To analyze the number of captured tumor cells, a 10 × 10 mm
ITO substrate after mercaptosilanization pretreatment was
prepared by the same procedure and then incubated with 4T1
cells (1 × 105 cells/mL) in PBS for 2 h. After the cleaning step with
PBS, the captured cells were stained with DAPI for 20 min and
detected using a fluorescence microscope. As shown in Figure 6,
the number of cells captured by the constructed cytosensor
decreased with the increase in the particle size of the AuNPs.
This could be attributed to the fact that with the decrease in the

FIGURE 5 | EIS curves of the cell sensors after capturing different concentrations of 4T1 cells. (A) EIS curves of the G0 cytosensor. (B) linear relationship between
the impedance value of the G0 cytosensor and the logarithm of cells concentration: (a) 8.0 × 10, (b) 1.0 × 102, (c) 1.0 × 103, (d) 1.0 × 104, (e) 1.0 × 105, (f) 1.0 × 106, and (g)
1.0 × 107 cells/mL. (C) EIS curves of the G0/GCE electrode. (D) linear relationship between the impedance value of the G0/GCE electrode and the logarithm of cells
concentration: (a) 5.0 × 103, (b) 1.0 × 104, (c) 2.0 × 104, (d) 5.0 × 104, and (e) 1.0 × 105 cells/mL. (E) EIS curves of the GCE electrode and (F) linear relationship
between the impedance value of the GCE electrode and the logarithm of cells concentration: (a) 1.0 × 102, (b) 1.0 × 103, (c) 1.0 × 104, (d) 1.0 × 105, (e) 1.0 × 106, and (f)
1.0 × 107 cells/mL. The error bars represent the standard deviation of three independent measurements.
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particle size of the AuNPs, more AuNPs with larger surface area
were modified onto the surface of GCEs, resulting in better
capture performance of the sensor.

Specificity and Reproducibility of the
Electrochemical Cytosensor
To assess the specificity of the immunecytosensor, two
EpCAM-negative cell lines, HeLa and J774A.1, were selected
as controls. The cell lines (1.0 × 104 cells/mL) were co-
incubated with the fabricated cytosensor for 2 h and
investigated via EIS. Figures 7A,B show that only EpCAM-
positive 4T1 cells showed a noticeable Rct change, whereas the
EpCAM-negative cells only showed a slight increase in the Rct

value. Furthermore, the Rct value of the mixture sample (1.0 ×
104 cells/mL of 4T1 cells, HeLa cells, and J774A.1 cells) was

slightly higher than that of 4T1 cells, which could be due to the
nonspecific adsorption of EpCAM-negative cells, revealing
that the construction strategy results in significant
selectivity for EpCAM-positive 4T1 cells.

The electrode reproducibility in the aforementioned method
was determined using five freshly fabricated electrodes to detect
the target cells five times at the same concentrations (104 and 105

cells/mL), with relative standard deviations of 2.09 and 3.15%
(Supplementary Table S3), respectively. These data indicate the
excellent reproducibility of this method.

Stability was also investigated as a vital property of the
fabricated cytosensor. When the G0 cytosensor was stored at
4°C for 7 and 15 days, 96.5 and 92.1% of the initial current
responses for 105 cells/mL 4T1 cells were retained,
respectively. These data suggest that this method exhibited
good stability.

FIGURE 6 | Fluorescence images of 4T1 cells captured by cell sensors. 4T1 cells captured by (A) G0, (B) G1, and (C) G2 cytosensors.

FIGURE 7 | (A) Specificity of the proposed cytosensing strategy, with the ΔRct value of the G0 cytosensor after incubation with HeLa, J774A.1, or 4T1 cells
measured in a solution containing [Fe(CN)6]

3−/4− (5 mM, 1:1) and 0.1 M KCl. The error bars represent the standard deviation of five replicate determinations. (B) typical
EIS responses after capturing different types of cancer cells. (C) comparison of the EIS results and (D) comparison of the DPV results of the cytosensor after the capture
of cells and after the release of cells.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org November 2021 | Volume 9 | Article 7836618

Zhang et al. Multifunctional Nano-Cytosensor for Early Cancer Treatment

79

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


Cell Release and Cell Viability Analysis
The release of captured target cells will facilitate subsequent
biological analyses. After the Gly-HCl eluent destroyed the
binding between the antigen and antibody, the captured 4T1
cells were released into the solution from the surface of the
cytosensor. As shown in Figure 7C, the impedance of the
electrode decreased after treatment with the Gly-HCl eluent
and the release of captured cells. Similarly, the DPV results
(Figure 7D) also reveal that the current signal of the electrode
significantly increased after the release procedure. These results
were due to the release of nonconductive cell entities from the
electrodes and elimination of the electronic transmission screen,
which led to the recovery of electrochemical signals.

The viability of 4T1 cells during the capture/release cycle was
studied using Hoechst and PI staining assays. From the fluorescence
microscope image inFigure 8A, the cell release ratewas determined to
be approximately 91.9%, and the captured cells were completely
released. We also found that there were no significant differences
in cell viability during the capture/release cycle. The long-term cell
culture and proliferation ability of the recovered 4T1 cells were also
studied. The proliferation test results are shown inFigure 8B. The 4T1
cells started to proliferate after 24 h, and there was no evident
difference between cell adhesion and growth behavior. Therefore, it
could be inferred that the recovery of CTCs without loss of bioactivity
could be achieved using this method. The prepared biosensor is
suitable for the detection of specific target cells and can release the
captured cells in a nondestructive manner for further analysis.

Detection of CTCs in Simulated Samples
With Leukocyte
To examine the applicability of our method in a simulated sample,
leukocyte samples spiked with 4T1 cells at concentrations of 1 ×102,
1 ×103, 1 ×104, and 1 ×105 cells/mL were tested using the proposed
cytosensor, and the corresponding results are shown in
Supplementary Table S3. The recovery results were consistent
with the corresponding spiked amounts of 4T1 cells. These
results reveal that the fabricated biosensor could resist leukocyte
interference for highly sensitive and specific CTCs detection.

CONCLUSION

In conclusion, the timely discovery and detection of CTCs is
important for the early diagnosis and treatment of cancer. In the
present study, the promising application prospects of AuNPs in the
construction of biosensors for sensitive detection and noninvasive
release of CTCs were demonstrated. To realize sensitive, specific
detection of CTCs, an electrochemical cell sensor based on AuNPs
was developed. The AuNPs were modified onto the surface of the
electrode and then covalently bonded by anti-EpCAM for specific
recognition of EpCAM-positive cells. The captured cells on the
electrode influenced the hot electron transport efficiency, leading to
increased Rct values. The changes in Rct values or current values
varied with the logarithm of CTCs concentration, and a sensitive,
specific electrochemical strategy for CTCs detection was then

FIGURE 8 |Microscope image of 4T1 cells after three cycles of capture and release. (A) Live/dead cell-staining images and (B) cell adhesive status and proliferation
profiles of the original and recovered 4T1 cells over 3 days.
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reperted. Furthermore, the size effect of the AuNPs was
studied. As the size of the AuNPs increased, the specific
surface area of the cytosensors decreased, which led to
fewer cells being captured by the sensors per unit area. The
cell sensor constructed based on 17 nm AuNPs had a wider
linear detection range from 8.0 × 10 to 1.0 × 107 cells/mL and a
lower LOD of 50 cells/mL for the 4T1 cells. The constructed
cytosensor released the captured cells in a nondestructive
manner when the Gly-HCl eluent was introduced. The
recovered cells could be of great significance for early
screening, postoperative monitoring, and selection of
personalized treatment schemes for cancer patients.
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Numerous strategies have been developed to treat cancer conventionally. Most
importantly, chemotherapy shows its huge promise as a better treatment modality over
others. Nonetheless, the very complex behavior of the tumor microenvironment frequently
impedes successful drug delivery to the tumor sites that further demands very urgent and
effective distribution mechanisms of anticancer drugs specifically to the tumor sites.
Hence, targeted drug delivery to tumor sites has become a major challenge to the
scientific community for cancer therapy by assuring drug effects to selective tumor
tissue and overcoming undesired toxic side effects to the normal tissues. The
application of nanotechnology to the drug delivery system pays heed to the design of
nanomedicine for specific cell distribution. Aiming to limit the use of traditional strategies,
the adequacy of drug-loaded nanocarriers (i.e., nanomedicine) proves worthwhile. After
systemic blood circulation, a typical nanomedicine follows three levels of disposition to
tumor cells in order to exhibit efficient pharmacological effects induced by the drug
candidates residing within it. As a result, nanomedicine propounds the assurance
towards the improved bioavailability of anticancer drug candidates, increased dose
responses, and enhanced targeted efficiency towards delivery and distribution of
effective therapeutic concentration, limiting toxic concentration. These aspects
emanate the proficiency of drug delivery mechanisms. Understanding the potential
tumor targeting barriers and limiting conditions for nanomedicine extravasation, tumor
penetration, and final accumulation of the anticancer drug to tumor mass, experiments
with in vivo animal models for nanomedicine screening are a key step before it reaches
clinical translation. Although the study with animals is undoubtedly valuable, it has many
associated ethical issues. Moreover, individual experiments are very expensive and take a
longer time to conclude. To overcome these issues, nowadays, multicellular tumor
spheroids are considered a promising in vitro model system that proposes better
replication of in vivo tumor properties for the future development of new therapeutics.
In this review, we will discuss how tumor spheroids could be used as an in vitro model
system to screen nanomedicine used in targeted drug delivery, aiming for better
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therapeutic benefits. In addition, the recent proliferation of mathematical modeling
approaches gives profound insight into the underlying physical principles and
produces quantitative predictions. The hierarchical tumor structure is already well
decorous to be treated mathematically. To study targeted drug delivery, mathematical
modeling of tumor architecture, its growth, and the concentration gradient of oxygen are
the points of prime focus. Not only are the quantitative models circumscribed to the
spheroid, but also the role of modeling for the nanoparticle is equally inevitable. Abundant
mathematical models have been set in motion for more elaborative and meticulous
designing of nanomedicine, addressing the question regarding the objective of
nanoparticle delivery to increase the concentration and the augmentative exposure of
the therapeutic drug molecule to the core. Thus, to diffuse the dichotomy among the
chemistry involved, biological data, and the underlying physics, the mathematical models
play an indispensable role in assisting the experimentalist with further evaluation by
providing the admissible quantitative approach that can be validated. This review will
provide an overview of the targeted drug delivery mechanism for spheroid, using
nanomedicine as an advantageous tool.

Keywords: in vitro cell culture, multicellular tumor spheroids, tumor microenvironment, nanomedicine, tumor-
targeted drug delivery, tumor penetration and accumulation, mathematical modeling

1 INTRODUCTION

Cancer tissues are anomalous cell mass exhibiting escalated
growth and unregulated cell proliferation. They divide at
abnormal rates, which enable them to escape apoptosis when
they ought to. For the last several decades, among various
strategies (Nakamura and Harashima, 2017) used to treat
intractable cancer, chemotherapy has shown its promise as a
better therapeutic strategy over others. However, a complex
tumor microenvironment and its hierarchical structure often
impede successful drug delivery to tumor sites (Junttila and
Sauvage, 2013; Frankel et al., 2017; Musetti and Huang, 2018;
Wang et al., 2018; Arneth, 2019; Baghban et al., 2020). It further
demands a commendable and effective delivery strategy of
anticancer drug candidates, like small molecular anticancer
drugs, therapeutic nucleic acid, therapeutic protein, and
therapeutic peptide, specifically to the diseased site (Maity and
Stepensky, 2016; Takashi et al., 2017). Furthermore, the poor
water solubility of many anticancer drugs, untoward
pharmacokinetics, and the related underlying risk of cytotoxic
effects in normal tissue put drug candidates to use for further
clinical applications (Li et al., 1986; Kusumoto et al., 1990; Onoue
et al., 2014). Additionally, the limited delivery efficiency of drug
candidates to selective tumor sites makes treatment efficacy
remarkably poor. Hence, targeted delivery of drugs to tumor
sites has become amajor scientific challenge for cancer therapy by
assuring drug efficacy to selectively diseased sites and overcoming
undesired cytotoxic side effects to normal tissue (Iqbal et al., 2017;
Srinivasarao and Low, 2017; Unsoy and Gunduz, 2018).

Toward this, nanomedicine has already proven its
indispensable part in addressing these issues. An efficient
nanomedicine can circulate in the blood compartment stably
for a longer period of time and get partially engulfed by

macrophages of the reticuloendothelial system with
extravasation to the tumor site. This successful extravasation
facilitates its interaction with tumor tissue for further recognition
and uptake by target cells. At the same time, nanomedicine also
exhibits poor extravasation at the normal tissue region and a
reasonably small amount of distribution over there due to tight
and continuous vasculature. After systemic circulation of
nanomedicine in blood, it follows three levels of disposition to
tumor cells in order to exhibit the required pharmacological
effects induced by the drug candidates residing within (Figure 1).
At the first level, nanomedicine relocates itself from blood
capillaries to tumor sites, which is beneficial for treatment
efficiency. Subsequently, at the tumor site, nanomedicine
distributes itself to each and individual tumor cell, which is
highly desirable, although multiple complex factors in the
tumor microenvironment resist its entry to the tumor cell.
Ultimately, individual drug candidates reach subcellular
organelles to perform their actions. So, nanomedicine helps
improve the bioavailability of drug candidates, increase dose
responses, and enhance targeting efficiency towards delivering
and distribution of effective therapeutic concentration and by
limiting toxic concentration. This characteristic of nanomedicine
shows its promise towards improved therapeutic efficacy of
anticancer drugs (Martin et al., 2017; John et al., 2020;
Ferreira et al., 2021). In the preclinical study, the distribution
of nanomedicine in tumor cells following its disposition in tumor
tissue is the key investigation to determine the efficiency of drug
treatment and subsequent disease management strategy.

Before reaching clinical translation, understanding the
pharmacokinetics of the anticancer drug at different levels of
drug disposition in in vivo animal modeling is a very important
step. Hence, screening nanomedicine in animal models is
essential. Although performing experiments with animal
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models is undoubtedly valuable, many ethical protocols should be
followed to conduct an experiment with animals (Patel et al.,
2015). Moreover, animal experiments are very expensive, take a
longer time to finish, and require repeated experimentation on
individual groups to reach the final conclusion. Cancer cells are
now being grown in a controlled environment in the laboratory to
reproduce the characteristics of in vivo solid tumors. Creating the
same environment artificially as the real tumor is subject to a lot
of constraints in terms of progressive cell accumulation,
properties that help cancer cells persist within the tissue
leading to a tumor, and physicochemical traits that result in
their invasiveness and drug resistance. To overcome these issues,
multicellular tumor spheroids are considered promising in vitro
three-dimensional (3D culture) models, which are intermediate
between in vitro cellular monolayer and in vivo animal models in
terms of complexity, cell-cell communication, and gradients of
nutrients and oxygen (Kostarelos et al., 2004; Mehta et al., 2012;
Solomon et al., 2016). Thus, these in vitro tumor models
overcome the ethical issues concerned with animal models as
well. Tumor spheroids are formed artificially and very easily
under laboratory conditions by aggregation and inducing self-
assembly of tumor cells, representing a three-dimensional
architecture, and can closely mimic drug penetration,
distribution, and final accumulation in cancer cells as that of
the solid tumor in the body (Sant and Johnston, 2017b; Gianpiero
et al., 2017). Moreover, they can assess the efficacy of anticancer
drugs as they can serve as a close representative of tumor tissue
and cellular microenvironment in terms of cell proliferation,
heterogeneity, and drug resistance. Tumor spheroid can
replicate the tumor microenvironment where in vivo
parameters like gradients of soluble cell culture components
(e.g., oxygen, nutrients, and growth factor) and cellular waste
are generated after metabolic activities (paracrine factors,
different metabolites, etc.). These gradients impose a barrier
for the diffusion of nanomedicine in the spheroid architecture.
Moreover, spheroids build a complex cell-cell network and cell-

extracellular matrix adhesions. Thus, 3D tumor spheroid models
possess several characteristics like solid tumors such as cell-cell
interactions, cellular microenvironments (e.g., hypoxia), drug
penetration, reaction, resistance, and extracellular matrix
(ECM) production and deposition. Cellular organization
within the tumor spheroid is the key aspect governing
impaired therapeutic efficacy of anticancer drugs. The
proliferating external cell layer of the spheroid causes higher
consumption of oxygen and the concentrations of oxygen and
nutrients are reduced dramatically towards the center of the
spheroid. This hypoxic environment at the center displays an
unregulated expression of the hypoxia-inducible factor (HIF),
which contributes to establishing therapeutic resistance
mechanisms. Both hypoxia and necrosis play crucial roles in
anticancer drug resistance mechanisms (Karsch-Bluman et al.,
2019; Sharma et al., 2019; Karsch Bluman and Benny, 2020).

For several decades, traditional two-dimensional in vitro
monolayer cell cultures (2D culture) have been used to screen
therapeutics for different intractable diseases, including cancer.
Matching between the intrinsic microenvironment and
heterogeneity as a real solid tumor is lacking in these cell cultures.
Additionally, despite their relative ease of handling, reproducibility,
and affordable establishment cost, 2D monolayer cell cultures lag in
cell-cell signaling, penetration profile of drugs, and their
accumulation as solid tumors (Kapałczyńska et al., 2018). Thus,
the therapeutic strategies and in vitro methodologies can be indeed
improved by considering that the three-dimensional cell cultures
maintain the similar complex physiology andmicroenvironment as a
real solid tumor. The tumor spheroid bridges the gap between the 2D
cultures and animal models. This model allows replicating the
architecture of solid tumors and better investigates the
pathobiology of human cancer (Figure 2). The potential of the
tumor spheroid model is reported to be particularly needful for
the development of new anticancer strategies and better measures for
cancer treatment and is well acclimated for high-throughput drug
screening. Currently, chemotherapy is considered one of the most

FIGURE 1 | Three levels of drug disposition: The nanomedicine faces three levels of dispositions before reaching its final target. First, they enter the tumor tissue,
where multiple complex factors in the tumor microenvironment limit their delivery; second, they follow cellular endocytosis mechanisms and enter inside the tumor cell
and exert desired therapeutic effects. Finally, the drug candidate inside nanomedicine reaches individual organelles to exhibit its action mechanism.
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promising and first-line treatment methods among different
anticancer therapies; thereby, before reaching any conclusion
about performing animal experiments to translate nanomedicine
formulations from bench to bedside, initial screening of the tumor
spheroid model is highly needed. For a more elaborative view and a
thorough understanding of the mechanism, mathematical modeling
can be used. It can give a direction to the new approaches for treating
the system quantitatively (Goodman et al., 2008; Altrock et al., 2015).
The essence of numerical modeling lies in developing the
mathematical formulations representing the underlying physical
mechanisms of the 3D tumor spheroid growth rate and kinetics
of nanoparticles through its cellular organization (Chou et al., 2013).
The quantitative approach at distinct cellular scales of tumor spheroid
architecture and diffusion of drug molecules or nanodrug
formulations (i.e., nanomedicine) inside a tumor and its crowded
environment (Ghosh et al., 2012; Ghosh et al., 2015; Ghosh et al.,
2016) provides the momentum for the optimized study of these
mechanisms. These models can be validated by experimental data
bringing forth the unknown parameters that can assist the qualitative
approach more precisely (Hori et al., 2021).

In this article, we will discuss how tumor spheroids could be
used as an in vitro model system to screen nanomedicine used in
tumor-targeted drug delivery aiming to better therapeutic
benefits of anticancer drugs for future development of new
therapeutics and treatment strategies at the preclinical stage
(Mu et al., 2018; Raza et al., 2018; Baker et al., 2020). Here,
we will also provide an overview of qualitative description,
including the strategies to approach the system quantitatively

at distinct scales and coordinates integrating both solid tumor
and nanomedicine as one system for tumor-targeted drug
delivery (Altrock et al., 2015) Beginning with the hierarchical
architecture of the tumor spheroid and then its microenvironment
(Laird, 1964), we will discuss the mathematical modeling at the
cellular, subcellular, and extracellular scale using molecular
dynamics, reaction-diffusion mechanism, and hybrid models (Kim
and Stolarska, 2007). The latter section will elucidate the
physicochemical properties of nanomedicines with a quantitative
description of the concentration of drug molecules, and binding
sites on cell surface, along with models for adsorption,
internalization (Wilhelm et al., 2002; Gao et al., 2013), and
diffusion of nanomedicine through the spheroid taking intricate
cell-cell interaction, cell-ECM adhesions, and porous gel matrix
into consideration for the evaluation of nanomedicine penetration
(Ghosh et al., 2015; Ghosh et al., 2016), featuring their adequacy as an
insightful tool (Goodman et al., 2008;Ghosh et al., 2012).We conclude
with an outlook of the future perspective of the dynamics of shape
change of nanomedicine as a modified and efficient drug delivery
system (Li et al., 2017b).

2 SOLID TUMOR

A tumor is an abnormal lump of cells showing dysregulated
proliferation. Tumors can be largely divided into two categories:
non-solid tumors and solid tumors. Non-solid tumors are
generally referred to as those having a hematological origin.

FIGURE 2 | Comparison of various tumor models used for drug screening: importance of multicellular tumor spheroid as an in vitro model in preclinical level for
screening of new anticancer drugs and development of treatment.
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Examples include lymphoma and leukemia. On the other hand,
solid tumors are structures made up of an abnormal mass of
tissues, which do not contain cysts or liquid areas. They may be
benign or malignant (Gavhane et al., 2011). Benign tumors are
generally slow-growing, resemble normal cells, and remain
localized. In contrast, malignant tumors are cancerous bearing
characteristics like anaplasia, invasiveness, and metastasis. The
nomenclature of solid tumors is based on the type of cells that
form them. For example, osteosarcoma and neurofibrosarcoma
are comprised of bone cells and nerve sheath cells, respectively
(Gavhane et al., 2011). Solid tumors are heterogeneous entities in
which the progression is governed by crosstalk between the
epithelial parenchyma of carcinomas and the supportive
framework of a tumor tissue known as tumor stroma. The
basic constitution of the tumor stroma includes the
nonmalignant cells known as the stromal cells. Compared to
nonsolid tumors, solid tumors pose distinct challenges to
chemotherapy owing to the physical and biochemical
complexity of their local environment, commonly referred to
as the tumor microenvironment. Compared to normal tissue,
tumor tissue has distinct structural properties that often hinder
the delivery and distribution of anticancer drugs throughout the
tumor mass and limit the efficiency and efficacy of drug
treatment. Thus, understanding the detailed structural
characteristics of a solid tumor with its microenvironment is
indispensable for developing new treatment strategies.

2.1 Tumor Stroma
The tumor stroma is the abetting structure of tumor tissue. It is
composed of non-malignant cells of tumor-like cancer-
associated fibroblasts (CAFs) (Raghu et al., 2016; Tang
et al., 2016; Lee et al., 2018; Liu et al., 2019; Monteran and
Erez, 2019; Wang et al., 2019; Yavuz et al., 2019), tumor-
associated macrophages (TAMs) (Qian et al., 2009; Noy and
Pollard, 2014; Larionova et al., 2019; Lin et al., 2019), tumor-
associated neutrophils (TANs), mesenchymal stem cells and
extracellular matrix (ECM) with fibrous structural proteins
(e.g., collagen and elastin), fibrous adhesive proteins (e.g.,
laminin and fibronectin), and proteoglycans. Nests of malignant
tumor cells are linked through junctional proteins (e.g., claudins,
desmoglein-2, and E-cadherin) in most solid tumors derived from
epithelial tissues. These nests are surrounded by tumor stromawhich
plays a key role in regulating the behavior of cells found in the local
milieu. Tumor stroma creates a niche that aids in seeding metastatic
cells and intervenes in drug delivery to tumors. It generates a physical
obstacle of stroma proteins that restrict drug penetration and
connection between drug candidates, tumor-infiltrating immune
cells, and target receptors present in the tumor cell surface.
Tumor stroma generates cytokines and chemokines, which
prompt synthesis of stroma proteins, prevent activation of
immune cells, and activate immuno-suppressive cells such as
regulatory T cells. Stroma is associated with characteristic tissue
development and homeostasis in the tumor microenvironment,
distinct from those associated with normal tissue (Kim et al.,
2013; Nunes et al., 2019). Moreover, ECMs produced in most
tumors make them more rigid and different types of collagen
molecules are also accumulated, forming a thick network inside

tumor tissue, resulting in a decrease in pores of tumor matrix, which
restrict tumor penetration of nanomedicine useful for therapy.
Amplified rigidity increases interstitial fluid pressure, which
further restricts the distribution of nanomedicine throughout
tumor mass. Therefore, targeting genetically stable stromal cells
provides an additional benefit.

2.2 Tumor Stromal Cells
Stromal cells exhibit constant synthesis and release of growth
factors, connective tissue components, and cytokines, cooperate
with malignant cells to proliferate, invade, and metastasize, which
seek major attention in tumor-targeted drug delivery using
nanomedicine (Choi et al., 2013; Raghu et al., 2016; Tang et al.,
2016; Lee et al., 2018; Liu et al., 2019;Monteran and Erez, 2019;Wang
et al., 2019; Yavuz et al., 2019). Cancer-associatedfibroblasts (CAF) are
major cells found in tumor-associated stroma compared to stroma
cells in healthy tissue (Kalluri, 2016). CAF are spindle-shaped
mesenchymal cells characterized by constant activation, faster
proliferation, and accumulation of large amounts of ECM
compared to fibroblast in normal tissue (Kim and Bae, 2016).
Tumor cells and stromal cells upregulate different types of
profibrotic growth factors in the tumor microenvironment to
transdifferentiate stromal fibroblast in CAF. They release various
growth factors, for instance, epidermal growth factor (EGF),
hepatocyte growth factor (HGF), and insulin-like growth factor-1
(IGF-1) and affect cell proliferation, invasion, andmetastasis. They are
involved in angiogenesis along with inflammatory cell recruitment.
CAF are also engaged in the arousal of angiogenic processes and
engages more inflammatory cells. Another very important cell type
present in tumor stroma is tumor-associated macrophages (TAMs),
which are immune cells of the tumor microenvironment. TAMs
suppress antitumor immune responses, generate an immune
suppressive microenvironment, and control tumor-associated
changes in ECM by secretion of profibrotic growth factors. They
produce cytokines (IL-I and IL-8), tumor necrosis factor-α (TNF-α),
growth factors (EGF, HGF, bFGF, and VEGF), and various enzymes
(Li et al., 2017a). TAMs regulate cancer stem cell activities in solid
tumors. Tumor-associated neutrophils (TANs) are also a dominant
form of immune cell infiltrates, found in various types of cancer
(Masucci et al., 2019; Wu et al., 2019). They generate neutrophils,
reactive oxygen species, cytokines, growth factors, and proteinases and
play key roles in controlling tumor cell proliferation, metastasis,
angiogenesis, and antitumor immune suppression (Masucci et al.,
2019; Wu et al., 2019).

2.3 Characteristics of Solid Tumor that
Influence Nanomedicine Penetration
Nanomedicine facilitates the transport of drug candidates from
tumor surface to center. The penetration across tumor mass gets
occasionally influenced by the specific properties of tumor
architecture (Figure 3).

2.3.1 Abnormal Vasculature
The vasculature in solid tumors are heterogeneous, which leads to
perfused areas, and results in abnormal blood flow in the tumor
(Tong et al., 2004; Danquah et al., 2011; Mizukami et al., 2012).
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Tumors can be sustained via the angiogenesis process to generate
new blood capillaries and permit oxygen and nutrient transport
by diffusion (Mark et al., 2013; Li et al., 2018; Lugano et al., 2020).
Healthy tissue forms new blood capillaries and regulates a
sufficient amount of blood supply for cells, whereas the new
blood capillaries in tumor tissue are poorly organized and
heterogeneous in nature. Due to this abnormal vasculature,
some parts of tumors are not easily accessible to demonstrate
the therapeutic outcomes (Tong et al., 2004; Danquah et al., 2011;
Mizukami et al., 2012). Normalization of tumor vasculature is one
of the theories behind using anti-angiogenic drugs, which makes
it more accessible for chemotherapy (Goel et al., 2011). However,
in general, this abnormal and leaky tumor vasculature with
respect to healthy tissue vasculature allows nanomedicine to
be distributed in the tumor region and the delivery of drug
candidates by the well-known enhanced permeability and
retention effect (EPR effect) (Greish, 2007; Fang et al., 2011;
Maeda, 2012; Maeda et al., 2013; Prabhakar et al., 2013; Maeda
et al., 2016). Moreover, the impaired lymphatic drainage of
tumors allows nanomedicine to be retained over there for a
long time, again fostering the sustained release of drugs. EPR
effect allows nanomedicines to not touch healthy tissue and thus
exhibit low therapy-related undesired toxic side effects (Greish,
2007; Fang et al., 2011; Maeda, 2012; Maeda et al., 2013;
Prabhakar et al., 2013; Maeda et al., 2016).

2.3.2 Elevated Interstitial Fluid Pressure
Healthy tissue regulates interstitial fluid pressure in a way where
the total pressure gradient between the tissues and the blood
vessels enhances fluid flow and nutrient transport out of blood
capillaries and into the cells. However, in tumor mass, there is
abnormal vasculature with an increased interstitial fluid pressure
along with high cell density and impaired lymphatic drainage
(Heldin et al., 2004). This increased interstitial fluid pressure
within the tumor causes inefficient uptake of nanomedicine.
Various antagonists of vascular endothelial growth factor,
antifibrotic agents, and transforming growth factor-beta are
commonly used to decrease the interstitial fluid pressure to
improve the transport and penetration of nanomedicine within
the tumor mass.

2.3.3 Dense Extracellular Matrix
The dense extracellular matrix is a significant barrier to the
nanomedicine transport to reach tumor cells (Netti et al.,
2000). Low blood supply is the consequence of abnormal
vasculature within tumors. Drugs are transported by diffusion
due to the insufficient convective transport within tumors.
Fibrous macromolecules (collagen and glycosaminoglycans) fill
in the extracellular spaces in solid tumors, resulting in a relatively
dense extracellular space in solid tumors compared to the healthy
tissues as the collagen content is significantly higher in solids

FIGURE 3 | Tumor spheroid culture, characterization, use, and parameters that affect its activity as a model system: tumor spheroids are prepared using different
experimental methods, and various techniques are used to characterize their architecture, properties, and application for nanomedicine screening. Several parameters
affect the structure, growth, and efficiency of nanomedicine screening, as revealed from the theoretical study.
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tumors than in the normal tissues (Lu and Weaver 2012; Hynes,
2009; Frantz et al., 2010; Kim et al., 2011; Lu and Weaver_2012;
Eble and Niland, 2019). There is no hindrance in the diffusion of
small drug molecules through this protein matrix, but impaired
mobility is observed in the case of large size of nanomedicine,
resulting in them being confined in the areas surrounding the
blood vessels (Greish, 2007; Fang et al., 2011; Lu et al., 2012; Eble
and Niland, 2019). The impaired transport of nanomedicine
through the dense extracellular matrix could be overcome by
the degradation of extracellular matrix proteins.

2.4 Solid Tumor Models
Among the plethora of models for tumor cell culture consisting of
the monolayer, 2D, and 3D culture, there is a foremost
requirement of models congruent with intended efficient
pathways of drug delivery (Waite and Roth, 2012). Different
tumor cells are cultured as in vitro models to understand the
underlying physical mechanism and chemical basis for the
biological phenomena exhibited during tumor growth. The 3D
tumor spheroids models with complex physiology and the
microenvironment as a real solid tumor are highly persuasive.
Various criteria take heed for the appropriate 3D cell culture
model for targeted drug delivery with impaired efficacy. The 3D
cell cultures are obtained mainly in two categories: non-scaffold-
based cell cultures and scaffold-based cell cultures (Figure 4). For
both non-scaffold and scaffold-based cell cultures, ECM and drug
resistance are the two most primitive properties essential to be
incorporated into an in vitro model of tumors. ECM is the non-
cellular component of tissues, which acts as the link that
establishes cell-cell communication for interaction among
themselves and induces growth as a unit for spheroid culture.
ECM components for scaffold-based cell cultures are natural like
collagen, semi-synthetic like chitosan, or synthetic biomaterial
like polycaprolactone (Costa et al., 2016). The obstruction to
continuous flow and transport of drug molecules across the ECM,
caused by the rise in interstitial fluid pressure, is known as drug
resistance. Thus, this network plays an indispensable role in the
proper channelizing of drug molecules to the core of a tumor with
minimum resistance. Considering the impact of ECM, various
kinds of scaffold and non-scaffold-based cell culture models have
been developed. Scaffold-based 3D cell culture models are
hydrogels and inserts, in which cells are grown embedded into
platforms that mimic the ECM architecture. Hydrogel is a

crosslinked polymer network (Ghosh et al., 2014; Ghosh et al.,
2016). It is a colloidal gel with water as a dispersive medium.
Hydrogel is cells seeded in gel-based 3D structures. For hydrogel
to be used as an in vitro cell culture model, it should reflect a
higher rate of reproducibility, which involves constructing the
same results agreeing with the original study with the higher
precision when produced again. In the field of biomedical
research, where applications of in vitro cell cultures are widely
increasing, reproducibility becomes one of the key components
for establishing consistent results similar to in vivo models.
Hydrogels lack reproducibility and ECM components impart
resistance to drug penetration by diffusion (Achilli et al., 2012;
Costa et al., 2016). Materials, such as collagen, that are used to
mimic the ECM components are expensive. Hydrogel restricts the
penetration of compounds leading to cell isolation for analysis,
thereby losing its ability to capture spatial information (Sant and
Johnston, 2017b). Thus, this restricts its use for a more useful cell
culture model. On the other hand, inserts are another 3D cell
culture scaffold-based model. This cell culture system consists of
two parts: a plate as a scaffold with wells and insert. Inserts are like
porous membranes anchored to the platform such that they will
allow the nutrient media transport to them by attaching their
surface to the cells regulating their growth and exchange through
membranes for the transport study. More precisely, they are like
cells seeded in structures constituted by different biomaterials like
polycarbonate. These biomaterials may have similar properties as
those of ECM. However, ECM components create the barrier that
brings forth the resistance to drug flow, providing hindrances to
the drug penetration. They have deficits in reproducibility,
majorly dependent on the methods used for the scaffold
fabrication. Thus, using these two models, hydrogel and
inserts are useful but at the cost of extracellular matrix and
drug resistance, which are the foremost priorities for the most
efficient targeted drug delivery.

Cell culture models that are non-scaffold-based are the self-
assembled aggregates of cells, such as multicellular tumor
spheroid. ECM in these cell cultures is composed of protein
produced by cells during the formation of cell culture (Costa et al.,
2016; Han et al., 2021). Highly dense ECM components are the
driving force for impaired drug penetration without any
resistance. Both of the fundamental requirements are
accompanied. Thus, the facets that play a pivotal role are
extracellular matrix and drug resistance leading to one of the

FIGURE 4 | Schematic representation of different models of cell culture is categorized into two classes: non-scaffold-based and scaffold-based. Non-scaffold-
based culture is multicellular tumor spheroid (A) and scaffold-based cultures are hydrogel (B) and inserts (C).
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appropriate platforms for non-scaffold-based multicellular
spheroid as cell culture model (Costa et al., 2016). The 3D
spheroid models took precedence over all other existing
models, including dimensionality of 2D and 3Dmodels (Table 1).

The foremost properties of the cell culture models have been
discussed, paving the path for the understanding of factors on
which the drug delivery mechanism of spheroid depends. The
delivery competence of therapeutic drug molecules is highly
dependent on the tumor architecture. Modeling the internal
structure of a tumor is a matter of greater importance for the
impaired efficacy of drug delivery. Spatiotemporal study of the
growth of tumors is the point of prime focus primarily influenced
by the complex compartmentalized tumor architecture.
Consequently, for the transport and penetration of the drug
molecules to the core, an insight into the modeling
mechanism can state the benefit of tailoring and governing
treatments. Thus, to understand the fundamental mechanism
for the detailed study of critical factors admissible for targeted
drug delivery, mathematical modeling of a tumor is required.

The following study will comprise a broad view of both key
components, tumor and nanomedicine. The former discusses the
target itself, multicellular tumor spheroid as a tumor in vitro
model, its architecture, factors assisting cell-cell interaction, its
culture methods, the characterization of tumor spheroid, and the
mathematical models supporting its growth at various cellular
scales. Moreover, the latter discusses the drug molecules to be
treated on the target, consisting of the study of key attributes of
nanoparticles affecting their efficient delivery to target and the
mathematical models supporting their adsorption,
internalization, and diffusion at distinct scales.

3 TUMOR SPHEROIDS

Multicellular tumor spheroids are the 3D architecture of cancer
cells that potentially reflect the in vivo conditions of tumors in the
body. They can be cultured with only cancer cells or co-cultured
with cancer cells and other cell types under various conditions

(Nunes et al., 2019). Just as in naturally occurring tumors, these
tumor spheroids also develop similar properties, which provide
insightful details to study them an important model in cancer
research, bridging the gap between in vitro cancer cell line
cultures and in vivo tumors. The 3D architecture of miniature
cellular aggregates modeled in a tumor spheroid is widely used for
studying different types of cancers in vitro.

3.1 Structure of Tumor Spheroids
Multicellular tumor spheroids are spherical in vitro self-assembly
of cellular aggregation representing the characteristics of in vivo
solid tumors. In this self-assembled organization, cells aggregate,
sort, and compartmentalize to separate different regions of the
spheroid (Nath and Devi 2016). To impersonate the shear
properties of the in vivo model of solid tumors, the study of
the internal structure of the in vitro model of a spheroid is
essential. The internal structure is incorporated with different cell
layers based on the concentration gradient of nutrients, oxygen to
regulate cell function, differential zones of proliferation and
growth factors, pH, and cellular density. All these factors of
the cellular organization play an indispensable role in studying
the diffusion and penetration for impaired nanomedicine delivery
(Lazzari et al., 2017; Sant and Johnston, 2017b; Costa et al., 2016).
In accordance with differential proliferation rate, the structure
can be broadly categorized in three different zones: proliferation,
senescent, and necrotic zones; see Figure 5 (Mehta et al., 2012;
Lazzari et al., 2017; Sant and Johnston, 2017). Modeling of
spheroid growth can be done by taking into account the
following spheroid cellular organization. These layers are
characterized by the decreasing gradient of nutrients, oxygen,
and pH, from the exterior to the center of the spheroid and by the
increasing gradient of CO2, lactate, and waste from the exterior to
the center of the spheroid. The outer layer where cells resurge and
escalate rapidly in number is called the proliferation zone. It
exhibits high proliferation rates in the spheroid periphery. The
proliferation is stimulated by the constant exposure of the cells to
oxygen and nutrients. When the oxygen diffusion and nutrient
availability become a limiting factor, the cell’s proliferation rate

TABLE 1 | Comparison of different 3D culture cellular models.

Model ECM Drug penetration Cellular
heterogeneity

Cellular
organization

Gene
expression

Spheroids The deposition of this
connective network is
similar to the in vivo tumor

A highly dense connective
network is responsible for
impaired drug penetration

Cancer cells cultured with
fibroblast, immune cells, and
endothelial cells lead to
heterogeneity

Spheroid of three zones:
proliferating, quiescent, and necrotic
varying in proliferating rate and
gradient of oxygen, nutrients, waste
accumulation, and CO2

Showing
similarity as the in
vivo tumor

Hydrogel Artificial and may have
some components which
are present in the native
matrix

Barriers created by the
connective network may be
responsible for resistance to
drug penetration by diffusion

Varying cell types can be grown
on the scaffold

It is spontaneous and consists of
heterogeneous cells. The necrotic
layer may be formed

Resembles with
in vivo tumor

Inserts Consists of biomaterials
having similar properties
as ECM

Barriers established by ECM
may lead to some resistance to
drug penetration

Heterogeneous cells can be
grown on the platform

The organization of cells is
spontaneous and embedded with
cellular heterogeneity. The innermost
core consisting of necrotic cells may
be formed

Resembles with
in vivo tumor
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decreases, giving rise to the middle layer made up of senescent
cells. In the middle zone, cells can no longer divide due to the
depletion of nutrients; nevertheless, they are active and alive,
which is identified as the senescent zone. The middle region is
followed by a decrease in cell metabolism as the distance from
the outer region increases. The supply of nutrition is also
depleted as we move from the periphery to inner zones.
Finally, the core region, characterized by depletion in oxygen
concentration, results in hypoxia, nutrient supply, and waste
accumulation leading to a critical situation of cell necrosis
(Figure 5). It is identified as the region where cells are
noxious and lead to death, known as the necrotic zone. This
core is the zone of the lowest pH (6.6–7.2) within the tumor
spheroid. In this hypoxic environment, the pyruvate is
converted into lactate by the cancer cells to obtain energy,
known as the Warburg effect. The accumulation of lactate
results in an acidified core of the spheroid and makes it
favorable for drug release from nanomedicine.

The annular organization of subsequent cell layers within the
spheroid is reported to be the key factor behind the inadequate
therapeutic efficacy of anticancer drugs, as the presence of cells in
the successive region from the outer zone, that is, the quiescent
and necrotic region, reduces the potency to penetrate
nanomedicine. In the hypoxic region of the spheroid, different
drugs that cause cell death via the formation of reactive oxygen
species (ROS) have a very low therapeutic efficacy (Liang and Liu,
2016; Al-Akra et al., 2019). Moreover, many drugs (e.g.,
paclitaxel) that promote cytotoxicity to the cells and
proliferation have a poor impact in this innermost zone and
that is why even the drugs which are highly effective in rapidly
multiplying cells have a poor therapeutic benefit in the interior
layers of the spheroid for the same reason. Moreover, low
environmental pH catalyzes the change of net charge of drug
molecules (e.g., melphalan, methotrexate, and mitoxantrone),
tumor penetration, and intracellular uptake. The typical low
pH condition at the interior zone induces the cancer cells to

FIGURE 5 | Tumor spheroid structure and growth: Schematic (A,B) represents the compartmentalized structure of tumor spheroids. The peripheral region in green
represents the outermost zone, rich in oxygen content, and responsible for the rapid multiplication of cell numbers known as the proliferating zone. The annular region in
yellow depicts the region with depletion in nutrients and oxygen known as the quiescent region. The innermost part in orange highlights the zone with the lowest pH and
also deficits in oxygen, leading to the death of healthy cells known as the necrotic zone. (C) The graph in green represents the increase in the availability of oxygen,
nutrients, and pH and the curve in red represents the variation of CO2 content and waste accumulation as we move radially outward from the center. (D) Growth curve:
spheroid growth can be described in two different stages, initial avascular growth, where the volume of the tumor increases exponentially, followed by a dormant phase
of saturation till the growth of spheroid reaches a plateau, and the transition from avascular growth to vascular growth occurs via angiogenesis, which represents the
initiation of formation of new blood vessels led by a vascular growth dominated by the process of growth of cells rich in blood vessels that provide them with a gateway
through which they enter metastasis to distant sites.
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start expressing different kinds of hypoxia-inducible factor (HIF)
family, which promotes the proliferation and consequent survival
rate of the cancer cells (Masoud and Li, 2015; Albadari et al., 2019;
Hompland et al., 2021).

3.2 Characteristics of Tumor Spheroids
The application of multicellular tumor spheroid in tumor-drug
delivery is increasing rapidly. The key characteristics of a
promising in vitro spheroid model are to accurately mimic the
in vivo solid tumor, incorporating the real biological
characteristics such as heterogeneity, microenvironment, and
cellular arrangements. Spheroid is a well felicitous in vitro
model for the aimed conveyance of nanomedicine due to its
ability to transcribe the intrinsic characteristics found in solid
tumors. We will elucidate the following characteristics of the
spheroid in detail such as cellular heterogeneity, cell-cell
signaling, internal structure, ECM deposition, gene expression,
and how the external modification to spheroid could lead to
efficient drug delivery, and how mathematical modeling
approaches could give us the tools to decipher the underlying
mechanisms (Albrecht et al., 2006; Ekert et al., 2014; Popilski and
Stepensky, 2015; Shamsi et al., 2019).

Three-dimensional multicellular tumor spheroid is widely
used as a model system for studying different types of cancers
and screening of nanomedicine efficacy. Cellular heterogeneity is
one of the critical aspects that is needed for this study and
represents the diverse nature of cell types showing distinct
morphological and phenotypic profiles. Cellular heterogeneity
is embodied with the multiple cells that vary in their protein and
gene expression. Spheroid is embraced with different
heterogeneous tumor and stromal cells with varying ratios that
lead to its cellular heterogeneity. The in vitro model can be
established with homotypic cancer cells only or heterotypic
cancer cells cultured with fibroblast, immune cells, or
endothelial cells (Costa et al., 2016; Lazzari et al., 2017;
Millard et al., 2017). In heterotypic tumor spheroids, the
number of cells could be varied to closely mimic heterogeneity
in solid tumors. Moreover, interacting networks among cells
having this heterogeneity are demanded. Signaling established
between the cells which are in close proximity helps in
reproducing the spheroid’s key aspects and its
microenvironment. All the cells growing in close proximity
provide a route to a highly interactive microenvironment for
physical communication and signaling pathways of cells to drugs.
This heterogeneity and signaling can help decipher how multiple
cell types might impact drug delivery to the site.

Solid tumors exhibit complex cellular microenvironment and
architecture, where extracellular matrix (ECM) plays a crucial
role (Lu et al., 2012; Pickup et al., 2014; Bussard et al., 2016;
Lazzari et al., 2017). ECM is an essential component for binding
the cells together via proteoglycans and fibrous proteins. The
extracellular matrix (ECM) compositions, e.g., fibronectin,
laminin, proteoglycans, collagen, and tenascin, are deposited
by cells within 3D spheroids like solid tumors (Frantz et al.,
2010; Kim et al., 2011; Lu et al., 2012; Hynes, 2013). The ECM
(α5- and β1-integrin) in the tumor spheroid form a barrier known
as limited mass transport, further limiting the insertion and

uniform distribution of nanomedicine in the solid tumor mass.
Extracellular matrix components in a highly interactive 3D
microenvironment of spheroids make the structure more
compact by depositing the protein, leading to an increase in
the interstitial fluid pressure and further limiting impaired
therapeutic efficacy of nanomedicine. It helps tumor cells in
regulating different cell functions and maintaining the
complex cell network. ECM-related signaling pathways play a
crucial role in tumor progression, cancer cell migration, and
penetration (Frantz et al., 2010; Kim et al., 2011; Lu et al., 2012;
Hynes, 2013). Tumor cells within solid tumors grow in two stages.
Initially, the tumor grows very rapidly, termed the avascular
growth phase. Then, cells continue to stay in a dormant phase
followed by vascular growth with the generation of new blood
capillaries (angiogenesis) promoted by pro-angiogenic factors
(e.g., angiogenin) and ECM rebuilding mediated by proteases
(e.g., MMP-2 and MMP-9). Similarly, the progress of a tumor in
an in vitromodel is the collective dynamics of interaction between
tumor cells and their microenvironment. The initial volume
growth increases exponentially with time until it reaches a
certain value (∼400 μm in diameter), but later the growth of
volume decreases with time and becomes constant, referred to as
the spheroid growth plateau (Figure 5). This avascular tumor
expansion, growth plateau, and vascular expansion as spheroid
growth varying with both temporal and spatial dimensions can be
modeled mathematically.

Growth factors and the cellular ECM protein can be encoded
with the learning of genes. Gene expression is a closely constrained
process regulating the response of a cell to its changing
environment. The study of gene expression is vital as it involves
the conversion of DNA’s instruction into functional products like
protein (Costa et al., 2016). Gene expression profile is firmly
affected by the cellular organization of the spheroid. The
abundant target protein expression, also known as
overexpressed gene, plays an essential role in studying cancer
progression, invasion, and metastasis. There are various factors
that influence the morphology of tumor spheroids, such as cell
type, cell density, culturemedia, method of culture, andmechanical
stress. Based on their compactness, spheroids could be compact
spheroid, tight aggregates, and loose aggregates of cells. In a
compact spheroid, cells are tightly bound to each other. In tight
or loose aggregation, cells do not form a complete sphere and can
be easily disintegrated. Aggregation of cells initially occurs by loose
bonds between integrin and ECM, then forming close contact
through N-cadherin to E-cadherin interactions. As the cell
communication pathways, morphology, and polarity of the cells
in solid tumors closely resemble the structure of multicellular
tumor spheroids in many ways, the study of using tumor
spheroids is a very important in vitro model in recent times for
studying the penetration profile of nanomedicine and calculation
of accumulation of anticancer drugs (England et al., 2013). Thus,
cellular arrangements and internal structure in tumor spheroid
closely resemble solid tumors, making it an appropriate model for
the study of tumor growth and invasion as metastasis with the
effect of drug candidates for screening of different nanomedicine
formulations towards its efficacy and efficiency of disease
management.
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TABLE 2 | Tumor spheroid used as in vitro model for nanomedicine penetration study.

Sl
no

Nanomedicine Spheroid properties Penetration details Techniques Comments References

1 Doxorubicin-loaded NM coated
with CD47 peptides (DOX/
sNDF-CD47) of sub-150 nm
size

Coculture of tumor-
associated fibroblast MRC-5
cells with MCF-7 cells

sNDF-CD47 penetrate
deeper into TS compared to
control NM

CLSM CD47 peptide assist
penetration

Mo et al.
(2019)

2 PG-co-PCL dendritic NM
loaded with gemcitabine of
166 nm size

TS of MIA PaCa-2 pancreatic
cancer cells. 150,000 cells
per TS were used

NP carried gemcitabine
40 μm deeper into TS

CLSM No ligand has been used for
spheroid penetration

Ray et al.
(2019)

3 pH-responsive crosslinked
nanogels of 200 nm size loaded
with cisplatin

TS of A549 cells with
200–300 μm size having 5 ×
105 cells

Nanogel located at 50 μm
depth

CLSM No ligand has been used for
spheroid penetration

Cheng et al.
(2019)

4 PLGA NP encapsulated with
tetrandrine and a magnetic
material (Fe3O4) with a size of
199 nm and a negative surface
charge

TS with A549 cancer cell
prepared by liquid overlay
method with 250 μm size

NP penetrate to 160 μm
depth

CLSM PLGA NP deeply penetrates
A549 TS, exerts an
antiproliferation effect, and
induces apoptosis

Wang et al.
(2019)

5 Transferrin targeted core-shell
NM encapsulating sorafenib
and doxorubicin, size of 110 nm

3D HCC spheroid with a size
of ∼200 μm

Penetration of targeted core-
shell NP throughout the
tissue causing uniform cell
killing

CLSM Transferrin assists in spheroid
penetration

Malarvizhi
et al., 2014

6 HPMA copolymer-based NM
carrying pirarubicin of size
25 nm

Colon carcinoma C26 tumor
cells (250–300 μm) and
glioblastoma U87-MG cells
(450–550 μm) were
employed

C26 and U87-MG spheroids
were observed with 120 and
80 μm penetration,
respectively

CLSM HPMA NM assists penetration
of THP

Kudláčová
et al. (2020)

7 Paclitaxel-loaded polymeric
micelles with size 90 nm

The NCI/ADR-RES
multicellular spheroids with
400–600 μm size were
established by the liquid
overlay method

The penetration capability of
micelles was greater than
control groups

CLSM MMP2-sensitive peptide linker
assists in tumor penetration

Yao et al.
(2017a)

8 Pluronic NP and PEO-PPO-
PEO triblock copolymers
micelle

HeLa and U87 cells were to
prepare TS of 500–600 μm
size

Penetration NP observed at
80–100 μm depth

CLSM Penetration depends on the
transcellular transport of the
carriers

Arranja et al.
(2016)

9 Doxorubicin immobilized
AuNC-cRGD-Apt NP

U87MG cells were used by a
liquid overlay method of the
diameter of 500–600 μm

NP located at 80 μm
inside TS

CLSM Targeting ligand cRGD assists
penetration

Chen et al.
(2016)

10 Theranostics thermosensitive
micelle CuS functionalized by
(PAAmAN−PEG) with size
8.9 nm

MDA-MB-468 cells with the
size of 500 μm were formed
using the hanging drop
method.

NM shows a higher and
homogeneous distribution in
the central area of the tumor
spheroids

CLSM Targeting ligand facilitates the
penetration of NP into tumor
spheroids

Chen et al.
(2017)

11 Gold NP coated with tiopronin
with a size of 2–15 nm

MCF-7 cells were used in the
liquid overlay method with
600 cells per well

NP penetration occurred in a
size-dependent manner,
with 2 and 6 nm AuNPs able
to penetrate deeply into
tumor spheroid

Bright-field and
dark-field
microscopy

Colloidal gold NP shows great
potential to overcome delivery
limitations

Huang et al.
(2012)

12 Paclitaxel-loaded Ft-NP with a
size of 150 nm and delivered via
neuropilin-1- and tenascin
C-mediated specific
penetration

U87 glioma TS having 5 ×
105 cells were used by liquid
overlay technique

Ft-NP-PTX penetrated
deeper into TS compared to
control NM

CLSM Ft peptide- (fused FHK and
tLyp-1 peptide together via
cysteine linkage)
functionalization facilitated its
deep penetration

Kang et al.
(2016)

13 Micelle with paclitaxel and
40 nm size

4T1 cells were used in TS
with 100 μm size

Deeper penetration and
improved cellular
internalization of NP was
observed in tumor tissues at
pH 6.8

CLSM No ligand has been used for
spheroid penetration

Ke et al.
(2018)

14 Ce6 conjugatedmPEG-PLANP Avascular A549 spheroid
model of 400–500 μm size
was prepared by liquid
overlay method

NP located at 70 μm depth CLSM The small size and the
negative surface of NP help in
easy penetration into the
spheroids

Kumari et al.
(2020)

15 Hyaluronic acid grafted micelles
encapsulating optimal molar
ratio (1:1) of Gem-C12 and
HNK, with 53 nm size

TS of U87MG cells with
200 μm size

NP located to a depth
of 50 μm

CLSM The enhanced penetration
results from active
endocytosis by CD44 on the
U87 cell surface

Liu et al.
(2018)

(Continued on following page)
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TABLE 2 | (Continued) Tumor spheroid used as in vitro model for nanomedicine penetration study.

Sl
no

Nanomedicine Spheroid properties Penetration details Techniques Comments References

16 NP with a mesoporous silica
nanoparticle (MSN)-supported
PEGylated liposome yolk and
CCM coating, with 180 nm size

MCF-7 MCSs were cultured
and prepared using a lipid
overlay system with 104

MCF-7 cells

Penetration throughout TS
up to a 23.3-fold increase
compared to the penetration
of membrane vesicles

CLSM NP exhibited moderate
rigidity, which was attributed
to its yolk-shell structure,
leading to an improved tumor
penetration

Nie et al.
(2020)

17 Lipid-core micelles and
liposomes as nanocarriers for
encapsulation and delivery of
NCL-240, with 200 nm size

NCI/ADR-RES spheroids
with a diameter of ∼550 μm

Micelles located up to a
depth of 100 μm

CLSM Transferrin targeting
enhanced penetration

Pattni et al.
(2016)

18 Nanoformulations of CUR and
DOX with scFv-targeted
micelles

Multicellular 3D cancer cell
spheroids of U87MG were
prepared by the liquid overlay
method with 104 cells

Penetration observed up to a
depth of 70 μm

CLSM Using GLUT-1 scFv as the
targeting ligand resulted in
higher cellular internalization
and better penetration

Sarisozen
et al. (2016)

19 Targeted Mesoporous iron
oxide nanoparticles,
encapsulated perfluorohexane,
and paclitaxel, with a diameter
of 160 nm

Three-dimensional TS
models with 200 μm in
diameter prepared by using a
liquid overlay method

Drug concentration was
observed in the deep regions
of tumor cells

CLSM MF-induced PFH gasification
increased the NP penetration
and accumulation in the TS

Su et al.
(2015)

20 Raloxifene encapsulated with
styrene co-maleic acid (SMA)
micelle, with a diameter of
65.34 ± 30.89 nm

PC3 cells TS with 8,000 cells
and of 400 μm in diameter

Micelle effectively inhibits cell
cycle progression, increases
apoptosis, and alters the
integrity of TS models

CLSM No ligand has been used for
spheroid penetration

Taurin et al.
(2014)

21 Paclitaxel loaded to MHI-HGC
nano-micelle forming MHI-
HGC-PTX with 230 nm size

4T1-3D spheroid of
200–300 μm in radius

MHI-148 Cyanine Dye
Conjugated Nanomicelle
showed high penetration
ability in the tumor spheroid

CLSM Heptamethine dye as a
targeting ligand, optical
imaging agent, and NIR
photothermal stimuli assists
on-demand drug release

Thomas et al.
(2018)

22 Docetaxel-loaded hybrid
micelles with DSPE-PEG and
TPGS (TPGS/DTX-M), with a
diameter of 17–24 nm

Tumor spheroids were
formed with KBv cells using
the hanging drop method,
size of 400 μm

TPGS has served as a
permeation enhancer and
assisted in drug penetration
in TS

CLSM Folate-modified TPGS hybrid
micelles promote effective
delivery of DTX

Wang et al.
(2015)

23 iRGD-modified nanoparticles
loaded with ICG and TPZ, with a
diameter of 112 nm

4T1 cells- multicellular TS
with 400 μm diameter

Nanoparticles located at a
depth of 89 μm

CLSM Conjugated iRGD onto the
surface of the nanoparticles
improves their penetration
in TS

Wang et al.
(2018)

24 curcumin-loaded
VES-g-PLL micelles, exhibiting
an ultra-small particle size of ca.
30 nm and positive Zeta
potential of 19.6 mV

C6 spheroids, with a volume
of 250 mm³, were developed
using the liquid overlay
method

Curcumin-loaded micelles
located in deeper regions
of TS

CLSM Ultra-small size and positively
charged surface, Cur-Micelles
promoted deeper penetration.
No ligand was used

Xu et al.
(2017)

25 DOX-loaded CQDs-TPGS-TPP
nano micelles, size <160 nm

MCF-7/ADR-derived
spheroids with a diameter of
300–400 μm

NP penetrated to a depth of
120 μm

CLSM DOX penetration efficiency
improved via CQDs-TPGS-
TPP/DOX nanomicelles

Zhang et al.
(2017)

26 Silver NPs functionalized with
polyethylene glycol and
aptamer As1411, with a
diameter of 18 nm

C6 glioma spheroid model The penetration ability of the
AgNPs functionalized with
PEG and As1411 was
superior to that of the AgNPs
modified only with PEG

CLSM As1411 effectively increased
the tumor penetration of
the NPs

Zhao et al.
(2019)

27 Transferrin modified (PEG-PE)-
based polymeric micelles
containing paclitaxel and
tariquidar, with hydrodynamic
diameter ca. 16 nm

3D spheroids of SKOV-
3TR cells, with a diameter
larger than 600μm, hypoxic
micro-regions, and a
necrotic spheroid core

Tf-targeted micelles
penetrated deeper layers of
the spheroid

CLSM The small size of the micelles
and Tf-targeting improved TS
penetration

Zou et al.
(2017)

28 GANT61 and curcumin-loaded
PLGA nanoparticles, with a size
of 347.4 nm

MCF-7 3D spheroid with 3
×104 cells

NP are observed in the deep
regions of TS and kills all the
bulk tumor cells and CSCs
together by targeting EGFR
and Hh pathway

CLSM No ligand has been used for
spheroid penetration

Borah et al.
(2020)

29 Hyaluronic acid-coated single-
walled carbon nanotubes
loaded with doxorubicin

MDA-MB-231 cell spheroids NP penetrates deep to the
center of TS and induces cell
apoptosis

CLSM HA can specifically recognize
CD44 acts as a targeting
ligand in nanoparticles and
assists tumor penetration

Liu et al.
(2019)

(Continued on following page)
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3.3 Culture Methods of Tumor Spheroids
A plethora of techniques to culture in vitro models are available,
incorporating the use of cell attachment resistant surface forces to
induce cell-cell interactions and ultimately support the formation
of multicellular tumor spheroid (Figure 3 and Table 2). These
techniques will be discussed in the subsequent part (Ishiguro
et al., 2017; Lazzari et al., 2017).

3.3.1 Liquid Overlay Method
Spheroids are formed by interrupting the adhesion of cells on
non-adherent 96-well culture plates, coated with poly-2-
hydroxyethyl methacrylate or agarose, which prevents
attachment (Costa et al., 2014). This method allows the
culture of both homotypic and heterotypic spheroids where
size and morphology could be changed easily by changing the
number of cells used for seeding in individual wells.
Additionally, ease of handling and production of a large
number of spheroids makes this approach very useful for
different types of high-throughput assessments. The method
demands a lower volume of culture media and testing materials.
However, plate to coat with poly-2-hydroxyethyl methacrylate
or agarose takes a longer time. Commercially available pre-
coated low adhesion plates increase the overall cost of the
experiment.

3.3.2 Hanging Drop Method
This method utilizes surface tension on the underneath of the cover
of the tissue culture plate to hang cell suspension droplets
(∼20–50 μL). Further gravity helps cell accumulation at the
liquid-air interface (cover of drop), resulting in aggregation into
a single spheroid. Both homotypic and heterotypic spheroid size
could be controlled by changing cell density. This method is highly
reproducible. However, the limited volume of seeding suspension
does not supply enough nutrients for long-term culture. It required
transferring to another culture plate for experiments, which affects
the integrity of cells in the spheroids. It is an extremely time-
consuming and labor-intensive process, which is not suitable for
large-scale applications. Some commercially available plates are to
be used for better outcomes (Lin and Chang, 2008; Benien et al.,
2014).

3.3.3 Agitation-Based Approach
In this technique, spheroid formation is done by a constant
spinning of cell suspension in rotational culture systems that
restore motion and support cell-to-cell interactions and avoid
their attachment to the wall of the culture plate. The method
provides control over the condition for large-scale production
and long-term culture of tumor spheroids. However,
controlling the number of cells per spheroid and their size

TABLE 2 | (Continued) Tumor spheroid used as in vitro model for nanomedicine penetration study.

Sl
no

Nanomedicine Spheroid properties Penetration details Techniques Comments References

30 siBcl-2/Dox-TPGS-LPs, size of
210 nm

3D H22 tumor spheroids
with 4×105 cells

siBcl-2/Dox-TPGS-LPs
exhibited better penetration
compared to the control NM

CLSM TPGS-modified cationic LPs
assists in the penetration

Tan et al.
(2019)

31 ND-PG-RGD composite loaded
with doxorubicin to give the final
product Nano-DOX, with a
hydrodynamic diameter of
83.9 ± 32.3 nm

3D GC spheroids Nano-DOX penetrated
deeper layers of the spheroid

CLSM TAM serves as a carrier and
reservoir to release drugs to
the TS

Li et al. (2017)

32 Polymeric hybrid nano micelles
to co-deliver the Dox and
microRNA-34a (miR-34a)

MDA-MB-231 3D
multicellular spheroids
(approximately 600–800 μm)

Suitable micelle size caused
deeper penetration of Dox
into the TS, generating
efficient cell killing

CLSM No ligand has been used for
spheroid penetration

Xie et al.
(2019)

33 MMP2-sensitive FR-targeted,
DSB loaded polymeric
nanoparticulate micelle with a
size of 100–200 nm

NCI/ADR-RES multicellular
spheroids a diameter of
400–600 μm

The polymeric micelle
showed deeper penetration
than the control NP

CLSM Multifunctional micellar
nanoparticles combined
(MMP2)-sensitive tumor (site)
targeting with folate receptor-
mediated tumor (cell) targeting

Yao et al.
(2017b)

34 Glycogen NPs for the
therapeutic delivery of nucleic
acids with a diameter of
20–150 nm

293T-Luc cells and PC3 cells
were used for TS preparation

Glycogen constructs
penetrate the spheroid ECM
and are effectively
internalized into the tumor
cells

CLSM The controlled size and
surface charge density of
glycogen-siRNA constructs
minimized the interactions
with serum proteins and
allowed significant penetration

Wojnilowicz
et al. (2018)

35 Nano-doxorubicin-loaded
monocytes

U87 cell spheroids Drug release from nano-
DOX-MC was observed at
deeper layers of the TS

CLSM Nano-DOX can be effectively
delivered by MC

Wang et al.
(2018)

36 Small unilamellar vesicles
(SUVs) probed with different
lipid compositions, with a
hydrodynamic diameter of
approximately 85 nm

BxPC-3 and HPSC
multicellular spheroids were
prepared by lipid overlay
method with 5,000 BxPC-3
and 5000 HPSC cells

Lip3 displayed the best
penetration compared to the
rest of the liposomes diffused
into the MCSs

CLSM Liposome mechanics is a
design parameter for
enhancing drug delivery in TS

Dai et al.
(2019)
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is very difficult. Moreover, manual selection and transfer into
different plates are necessary before further assay. Hence, it is
labor-intensive and involves requiring a large amount of
culture media, which limits their wide-scale application
(Gianpiero et al., 2017).

3.3.4 Patterned Surfaces and Microfluidic Devices
This technique utilizes arrays of microwells fabricated with
photolithography. Low attachment surfaces are achieved by a
coating of agarose or the use of non-adherent materials like
polydimethylsiloxane. This method requires a limited
number of cells, media, and reagents, making it suitable
for high-throughput drug screening. Complexity is
achieved with microfluidic devices displaying
heterogeneous cell types. Various shaped channels ensure
cell signaling and initiate the in vivo-like organization. The
equipment required for this technique is expensive, hindering
the wide application in the preclinical assessments of
nanomedicines (Gianpiero et al., 2017).

3.4 Characterization of Tumor Spheroids
Advanced characterization techniques are utilized to characterize
tumor spheroids based on, e.g., size, shape, cellular arrangements,
protein and gene expression, cell cycle patterns, invasive nature,
and metastatic potential of cancer cells to assess the
nanomedicine (Figure 3 and Table 2). Various types of
techniques are described as follows (Elizabete et al., 2016).

3.4.1 Optical Microscopy
Bright field, dark field, differential interference contrast (DIC),
phase contrast, and fluorescence microscope-based different
imaging modalities are very important techniques for
characterizing the size, shape, and internal organization of
tumor cells in the spheroids (Table 2). An optical microscope
is a more routine tool used to study the growth evolution and
internal arrangements in each layer of tumor spheroids.
Fluorescent microscopic techniques are commonly used to
understand the amount of live and dead cells within
spheroids, where calcein-AM and propidium iodide are
routine stains used for the purpose. For histological analysis,
hematoxylin and eosin assay, toluidine blue, and Masson’s
trichrome are used. Fluorescence microscopy is a very
important tool to check the therapeutic efficacy of
nanomedicine equipped with various anticancer drugs with
fluorescence properties (e.g., doxorubicin, epirubicin, and
curcumin). This technique allows determining the drug
penetration and distribution profile and calculating the
amount of drug accumulated in the spheroids (Mikhail et al.,
2014). Currently, more advanced techniques of confocal laser
scanning microscopy (CLSM) are used to measure each layer’s
penetration information (Zinchuk and Zinchuk, 2011; Rane and
Armani, 2016). However, thick specimens are difficult to measure
by CLSM where penetration of light is limited with water
immersion objectives. Tumor spheroids are sliced into
5–10 µm thickness and used for measurements. To prevent
distortion of tumor spheroid during sectioning, cryosectioning
is commonly used with cryoprotecting agents. Penetration of the

staining agent is not significantly hindered in sectioned slices but
also in intact spheroids. Different fluorescence-based techniques
such as light-sheet-based fluorescence microscopy (LSFM), two-
photon microscopy, and multiphoton microscopy have been
developed for imaging cell layers present in the interior of
spheroids to avoid sectioning.

3.4.2 Electron Microscopy
Electron microscopy-based technique is used to acquire images of
spheroids with high magnification and resolution with cellular
filopodial projections and cellular architecture involved in cell-
cell physical interaction. Cell death after nanomedicine treatment
is also studied using this technique. Scanning electron
microscopy (SEM) with a high vacuum technique is most
commonly used to prepare a sample following four stages of
fixation. The initial spheroid is preserved and stabilized in order
to allow its manipulation and imaging. In the next stage
(dehydration), water in the sample is replaced with acetone or
alcohol and processed for critical point drying where the sample
is completely dried if any ethanol or acetone present in the sample
is replaced by CO2, evaporated from the sample, and coated with
sputter sample coating with gold for imaging. However, in the last
two stages, disruption of the spheroid structure sometimes
happens. To overcome these limitations, other advanced SEM
techniques, such as low vacuum SEM and cryogenic SEM, are
used as a substitution. Transmission electron microscopy (TEM)
is another widely applied technique to evaluate nanomedicine
penetration and accumulation in tumor spheroid. In this method,
the spheroid is fixed chemically, dehydrated, and sectioned into
thin slices, and before measurement, sections are stained with 2%
uranyl acetate to generate more contrast.

3.4.3 Flow Cytometry
Flow cytometry is used to determine the cell population in tumor
spheroids, where individual cell analysis in suspension is
performed after spheroid disintegration. Flow cytometry has
widely been used to quantify the cellular uptake of
nanomedicine and to evaluate their toxicity; but, however, it is
a less efficient technique to understand nanomedicine
penetration at different layers of spheroids as this technique
requires the disaggregation of spheroids (Sasaki et al., 2020;
Mo et al., 2013). However, flow cytometry is used for cell
cycle pattern analysis in tumor spheroid where fluorescent
dyes intercalate with DNA during the different stages of the
cell cycle (especially for the proliferative and senescent zone)
(Tindall and Please, 2007). Specifically, fluorescent dye interacts
with DNA during S-phase that distinguishes senescent from
proliferating cells. This type of fluorescent dye is used to
identify cells in different phases of the cell cycle, like the
S-phase and S-M phases. Fluorescent probes that target
cellular components or proteins of interest also could be used
for flow cytometry-based analysis of cell death and gene
expression.

3.4.4 Western Blot
Western blot is a very important technique that is widely used to
analyze specific proteins in cell lysates and gene structure in
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tumor spheroids. Cellular homogenates are prepared from
cultured spheroids after cell lysis in the presence of detergent.
Particularly, the cell lysis process damage the cell structure and
releases intracellular proteins from different subcellular
compartments. Western blot allows detecting a low
concentration of protein. However, the western blot is a
semiquantitative method and that is why RTPCR is sometimes
complemented with it. In this technique, gene expression is
quantified through the synthesis of complementary DNA
transcripts from RNA. This technique is used to identify
different essential proteins in tumor progression and analyze
therapeutic efficacy by assessing the expression of pro-apoptotic
markers. This technique is used widely to check the efficacy of
gene therapy in tumor spheroids.

3.4.5 Colorimetric Analysis
The colorimetric analysis is based on the chemical assays used to
measure cytotoxic effects of anticancer drugs. The colorimetric

method is applied for assays like Alamar Blue acid phosphate,
lactate dehydrogenase, MTS, MTT, and WST-8. These assays are
based on the conversion of enzymes present in the subcellular
compartment of live cells. Then, the formed product is
determined by measuring the absorbance or fluorescence at
specific wavelengths. Although colorimetric analysis is more
applicable to monolayer culture, the spheroid system could be
used after modification of experimental techniques. As a
substitute for colorimetric assay, different spectroscopic
techniques like tissue dynamic spectroscopy, Fourier
transformed infrared imaging, and photon-induced X-ray
emission (PIXE) are used less commonly to determine the
toxic effect of drugs in tumor spheroids.

The next part of this review will address an overview of
different types of mathematical models that have been
developed to represent spheroid structure and how the insight
drawn from these models helps in making an efficient drug
delivery mechanism.

FIGURE 6 | Schematic representation of spatial arrangement and assembly of proliferating and necrotic cells: it is mediated by the soluble products among
themselves and regulated by convection and diffusion and is termed as self-assembly. Two broad categories of self-assembly: (A) cluster-based self-assembly, which
involves the formation of small compartments of mono-dispersed cells; (B) collision-based self-assembly, which involves the arrangements or grouping which occurs
when suspended cells collide among themselves. Self-assembly is always followed by sorting of mixed cell populations leading to a particular pattern of the cellular
combination known as self-sorting.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 78593715

Roy et al. Kinetics of Nanomedicine in Tumor Spheroid

97

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


3.5 Mathematical Modeling of Spheroid
Growth
The study of spheroid growth using mathematical modeling is
more than half a century old (Laird, 1964). These quantitative
approaches are invaluable tools for comprehending the cellular
and transport phenomenon within spheroids and foreseeing the
physiological acknowledgment to drug delivery. They can provide
the pertinent perspective for drug delivery mechanisms and
effectiveness in spheroid. Mathematical modeling of spheroid
can be outlined into two distinct scales. First, the cellular scale
describes cellular dynamics that lead to the model of tumor cell
proliferation. The exact quantitative expression for this model is
given by the Gompertz equation (Laird, 1964). It was commonly
believed that tumors grow exponentially and stop until the host
nutrition supply is exhausted. However, it has been observed that
exponential growth is only dominant for a brief period of time
and reaches a growth plateau as the tumor grows larger in size
(Laird, 1964;Ward and King, 1999; Mehta et al., 2012; Costa et al.,
2016). Secondly, on the other hand, the subcellular and
extracellular scales describe the chemical dynamics with the
help of the reaction-diffusion mechanism and hybrid models.
Modeling tumor morphology starting from individual cells is
usually divided into two categories incorporating both
continuum and the cell-level description. Hybrid models deal
with a combination of these two different descriptions. One is
related to the periphery of the tumor, embraced with a cell-level
description where it is advantageous to do so, and the other covers
the two inner zones of tumor and the extracellular matrix
pertaining to continuum description, i.e., cell population-based
continuum models and individual cell-based discrete models.
During the development of these models, the primary focus was
on incorporating the different characteristics of spheroid growth,
such as initial exponential growth and the concentration gradient
of nutrients, oxygen, which are vitally important for the layered
organization of spheroid and targeted nanomedicine delivery.

First, cellular dynamics can be studied mathematically by one
of the pioneering models for tumor growth developed by Laird in
1964 (Laird, 1964). The growth kinetics of solid tumors is akin to
spheroid, which can be classified into two levels. During the initial
phase, the exponential growth of the tumor volume is observed. It
is followed by a dormant phase of minimized metabolic activities
until the spheroid growth plateau, where the spheroid’s volume
attains a constant value (Figure 5). In improving the exponential
model, the cell population growth curve with a time-dependent
growth rate is considered. Let the size of the population at time t
be W(t) and the growth rate decay exponentially be a(t) � αe−bt.
Here, the independent variable is time t, and the dependent variable is
the tumor volume or population size W(t). The corresponding
ordinary differential equation for W(t)can be written as follows:

dW(t)
dt

� αe−btW(t). (1)

The solution to this model shows tumor cell proliferation that
can be expressed by a modified exponential process, commonly
known as the Gompertz equation for sigmoidal growth, of the
following form:

W(t)
W0

� e
a
b(1−e−bt), (2)

whereW(t) is the tumor size at any time t,W0is the initial tumor
size, and b is constant. Now, e−bt can be expressed in power series
as e−bt � ∑∞

n�0
(bt)n
n! . During the initial growth, i.e., at small t,

e−btcan be approximated as e−bt ≈ 1 − bt, and the growth
equation takes the simple exponential form W(t)

W0
� eat, which is

consistent with the observation of initial tumor growth. At later
times, the growth deviates from the pure exponential dependency
and takes the Gompertz form. From the Gompertzian analysis,
the theoretical upper limit of tumor growth for mice is typically
≈ 109cells, which is also consistent with the approximate size at
death (Laird, 1964; Norris et al., 2006; Altrock et al., 2015; Costa
et al., 2016).

In the above formalism of growth dynamics, there is only one
independent variable time t, and the dependent variable is the
volume of the tumor. Nevertheless, mathematical models have
been developed using partial differential equations to study the
spheroid growth and architecture at higher dimensions. For
instance, a model has been developed to study quantities such
as oxygen distribution which has more than one dependence, one
is spatial and the other is temporal. One valuable characteristic of
a spheroid is their limit of diffusion of about 150–200 μm for
many molecules, specifically oxygen (Mehta et al., 2012). This
diffusion limit gives rise to limited mass transport, as a result of
which spheroid displays the gradient of oxygen, distribution of
nutrients, metabolic waste accumulation, and proliferation profile
inside them. Hence, a diffusion model for the oxygen
concentration is requisite. The oxygen concentration in a
tissue can be represented by ρ(r, t), where the position r, in
general, measures from the center of the spheroid at a time t. The
reaction-diffusion equation for oxygen concentration inside a

FIGURE 7 | Schematic illustration of nanomedicine penetration into the
hierarchical layers of the spheroid: the whole nanomedicine internalization and
diffusion process depends on different rate coefficients of association,
dissociation, and internalization and is depicted by arrows.
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spheroid in the form of a partial differential equation can be
written as follows:

zρ(r, t)
zt

� D
z2ρ(r, t)

zr2
− aρ(r, t) − bN(r, t)ρ(r, t) + cρ(r, t) ,

(3)

where oxygen diffuses inside the spheroid with a diffusion
constant D, decays with the rate constant a, and is produced
with a rate constant c. The consumption of oxygen is proportional
to the group size of the tumor cells N(r, t) and available oxygen
concentration ρ(r, t) itself with a rate constant b.

A mathematical model is required to weave the insights gained
from the discrete cellular dynamics into a coherent description of
the reaction-diffusion mechanism. Combining the
continuum model of growth-consumption as a reaction-
diffusion model along with discrete cellular dynamics of
cell growth and motility, a hybrid model has been
developed. The model retains the cellular description in
the rapid proliferation region on the periphery of the
tumor and for the dynamics of tumor cell density,
extracellular matrix (ECM) cells, matrix-degrading
enzymes (MDE), and oxygen concentration as continua.
The corresponding coupled dynamic equations of these
individual quantities can be written as partial differential
equations. For instance, a partial differential equation for the
dynamics of tumor cell number NTis given by

zNT

zt
� DT

z2NT

zr2
− z

zr
(NT

zNE

zr
), (4)

where the diffusion constant of tumor cells is denoted by DT and
extracellular matrix is represented byNE. The dynamics of ECM
(NE), MDE (NM), and oxygen concentration (ρ) are
represented by

zNE

zt
� −ϕNMNE,

zNM

zt
� DM

z2NM

zr2
+ λNT − μNM,

zρ

zt
� Dρ

z2ρ

zr2
+ fNE − nNT − cρ . (5)

The diffusion constant associated with ECM and MDE is,
respectively, represented by DEand DM. The degradation of the
extracellular matrix is directly proportional to the density of
matrix-degrading enzymes and extracellular matrix with a
proportionality constant ϕ. Matrix-degrading enzymes are
produced by the tumor cells themselves with a rate constant λ
and natural decay with a rate constant μ. On the other hand, the
oxygen concentration is directly proportional to the ECM density
with a rate constant f. It is consumed by the tumor cell at a rate n
and decays at a rate c.

The hybrid model bridges two different types of models
distinguishing between individual cell and cell population-
based models. This model complements a fully continuous
and complex description of tumor dynamics. The discrete cell
interaction can be explained by a stochastic model, which is an

off-lattice model. On a 2D lattice, probabilistic rules are applied to
each cell pertaining to discreteness by defining stochastic reaction
rates of respective events and may depend on the
microenvironment (Kim and Stolarska, 2007; Altrock et al.,
2015). In a hybrid model, these stochastic rates depend on the
concentration of continuous variables ρ, NM, NE, and
NT . Besides this, the hybrid model also specifies the guidance
for processes like proliferation, which are dependent on the
environment and are specific to cells. Recent research has been
done considering 3D cell culture leading to newmethods for drug
transport. In the future, mathematical models will continue to
help as a guiding path for understanding the tumor architecture
and its growth and studying the transport of oxygen and nutrients
among different zones within the spheroid via cellular and
chemical dynamics.

3.6 Self-Assembly and Self-Sorting
The organization of interior layered composition of MCTS can be
determined by the spatial arrangements, interaction, and
grouping of cells combined into developmental and functional
patterns. The fabrication of these similar or different cellular
patterns allows them to form self-organized individual
compartments assembled together, resulting in a highly
stratified structure is known as self-assembly. This bio-
fabricated spheroid assembly is mediated by the molecular
gradients of soluble factors which are capable of binding to
cellular receptors causing the signals to initiate proliferation.
These soluble factors within the spheroid microenvironments
are established by the process of convection and diffusion. This
arrangement across the multiple length scales can be assembled in
two different ways: cluster-based self-assembly and collision-
based self-assembly. Cluster-based self-assembly consists of the
partitioning of mono-dispersed cells into sectors followed by their
settlement and aggregation, maintaining their cellular integrity as
clusters and resulting in spheroid. In contrast, when the
suspended cells strike into each other, leading to the
formation of a spheroid is termed collision-based arrangement.
Self-assembly is often followed by self-sorting. When varying cell
types are organized among themselves, leading to a particular
pattern of segregation, this can be stated as self-sorting (Figure 6).
Based on this, a theoretical model has been developed for the
study of spheroid formation that occurs when two cell types are
differently segregated. Modeling of a spheroid based on self-
assembly and sorting is affiliated with cell-to-cell adhesion and
surface tension. This necessitates the sorting of cells of the highest
cohesion to the interior of the spheroid and those with lower
cohesion to the outer. This hypothesis is known as Differential
Adhesion. From the recent study (Achilli et al., 2012), it has been
shown that modeling of self-sorting processes can be done using
an order parameter to describe the relationship between
heterotypic interface length and size of the system, taking the
geometrically driven argument as its base.

The subsequent part of the study will elucidate another key
component of the targeted drug delivery mechanism, that is, the
study of drug molecules and how they can be modeled
mathematically and the key attributes related to their physical
properties and chemical composition.
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4 KINETICS OF NANOMEDICINE IN TUMOR
SPHEROIDS

Anticancer drugs used for chemotherapeutic purposes to treat
intractable cancers have undesired cytotoxic side effects for
normal tissues due to lack of selectivity to the target diseased
tissue and broad biodistribution once administered into the
systemic circulation. Additionally, free drug candidates are
characterized by insufficient pharmacokinetics and early
degradation in the physiological environment (Duncan and
Gaspar, 2011; Curtis et al., 2016; Cabral et al., 2018; Tchoryk
et al., 2019). Usage of drug formulations for treating cancer
having sizes greater than preferred nanometers has adverse
effects such as in vivo instability, poor bioavailability, issues
with target-specific delivery, and toxic effects. To overcome
these critical medical challenges, some potential and advanced
technology is needed. Nanotechnology can be used as a
gateway to bridge the gap between biological phenomena
and physical mechanisms. It entails the use of nanoscale
materials having sizes 10–100 nm with the concept of
aiming peculiar drugs to the desired cells, tissues, and body
parts. To this end, drug delivery in a targeted fashion to the
diseased sites is a smart strategy to combat enhanced
therapeutic benefits and limit these cytotoxic side effects of
drugs to normal tissue. Desired drug individuals are specially
designed as nanomedicine (i.e., nano-drug formulations) so
that effective therapeutic concentration of active drug
molecules reaches its site of action to exhibit required
pharmacological activities (Cai et al., 2019). Nanomedicine-
based approaches could be used as a translational technology
where drugs interact particularly with target-specific diseased
tissue and individual cells with normal sites that remain
thoroughly unaffected and thus ensure to mitigate
undesired toxic side effects. It exerts remedial agents at the
nanoscale with size ranges between 10 and 100 nm leading to
the frontiers of nanomedicine drug delivery, more precisely
with a controlled release (Prokop and Davidson, 2008; Jain and
Stylianopoulos, 2010; Bae and Park, 2011; Carolyn and
Charles, 2012; Babu et al., 2014; Marchal et al., 2015; Li
et al., 2017). These remedial agents have to follow certain
fundamental objectives for effective delivery mechanisms. The
foremost objective of nanomedicine is to increase the
concentration and the augmentative exposure of the
therapeutic drug candidates to the core. Therefore, target-
specific drug delivery is a very promising strategy for therapy
against intractable cancer. Thus, nanomedicine ensures
enhanced therapeutic efficacy and simultaneously reduces
the event of systemic toxicity of anticancer drugs. But, the
efficacy of nanomedicine depends on the spatiotemporal
concentration distribution of the therapeutic drug
candidates in the entire tumor, from the proliferation zone
up to the core, which is associated with the tumor
microenvironment and physicochemical properties of
nanomedicine (Shyh Dar and Leaf, 2008; Markman et al.,
2013; Wicki et al., 2015; Maity and Stepensky, 2016). The
shape, size, charge, initial molar concentration, pH, chemical
composition, the effect of targeting ligand, and cross-linking of

the nanomedicines have a profound impact on its ability to
diffuse, penetrate and accumulate into the solid tumor as well
as tumor spheroids.

Nanomedicines are characterized by a stable circulation in the
bloodstream, escape from unnecessary unspecific interactions
with various blood components, successfully extravasate from
blood vessel to diseased site and increase the ability of interactions
and recognitions by target-tumor tissue and deliver drugs into the
intracellular system. Thus, nanomedicine formulations avoid
leakage and degradation of drugs in the blood compartment.
A very stable blood circulation of nanomedicine is recognized
by solid tumors for developing tumor-targeted drug therapy
strategies. Furthermore, the tumor vasculature is leaky and
non-restrictive, which offers nanomedicines an enhanced
permeability to the tumor site. Once nanomedicine enters,
it remains there for a long time due to impaired lymphatic
drainage system (Shyh Dar and Leaf, 2008; Markman et al.,
2013; Wicki et al., 2015; Maity and Stepensky, 2016b). This is
enhanced permeability and retention effect (EPR), which is
an outstanding mechanism for drug accumulation into tumor
sites. Nanomedicine is transported through the tumor blood
vessel, which is found across interendothelial gaps and
follows transendothelial pathways. In addition, they have
fenestration and vesicular vacuolar organelles with
50–100 nm size, which is simplified to the transport of a
tiny shape nanomedicine into a tumor. Nanomedicine with
100 nm size extravasate by vascular bursts in the tumor. This
process is done by intratumoral and vascular pressure
gradients. It helps to ingest the nanomedicine into the
tumor interstate.

Nanomedicines are internalized to target cells via the
endocytosis mechanism and pass through endosomal-
lysosomal vesicles. The acidic pH of the endo-lysosomal
compartment acts as a trigger for some nanomedicine to
release cargo drugs inside target cells and is suitable for its
action. For this purpose, nanomedicine is prepared with
biocompatible polymers such as PEG (polyethylene glycol),
which shields the outer surface, avert elimination by RES
from the bloodstream, and also extend the lifetime of
nanomedicine in the bloodstream and foster further
extravasation and tumor recognition processes (Li and
Huang, 2009; Nie, 2010). The size and charge of
nanomedicine affect the whole process. Nanomedicine size
less than 150 nm accumulates in the liver and larger than
150 nm stay in the spleen. Nanomedicine with a positive
charge is mostly found in the liver, spleen, and lungs,
whereas neutral or negative charge nanomedicine tends to
stay in the bloodstream for a longer time. A ligand-installed
on the nanomedicine periphery establishes a recognition
towards vascular receptors, promoting the extravasation of
nanomedicines from the bloodstream into tumors (Li and
Huang, 2009; Nie, 2010). Numerous nanomedicine
formulations like dendrimer, liposome, drug-polymer
conjugates, nanoparticles, and polymeric micelles act as
tumor-targeted drug delivery vehicles (Yang et al., 2015). The
design of biocompatible polymers abides by the guidelines of the
FDA for biomedical applications of the polymeric micelle,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 78593718

Roy et al. Kinetics of Nanomedicine in Tumor Spheroid

100

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


where a minimum amount of polymer is administered to avoid
unwanted toxicity in the body and activation of immune
responses (Ahmad et al., 2010; Sun et al., 2017; Mullis et al.,
2019; Tan et al., 2020). Thus, a risk-free biodegradable polymer
is designed and frequently used, which disintegrates into
monomer once contributing its part, excreted from the body
without accumulation and toxicity. As a result, these properties
can provide an insight into the fundamental mechanisms of the
underlying kinetics of drug delivery and help in building up the
potency of nanomedicine delivery in a targeted way (Lane et al.,
2015; Donahue et al., 2019).

The entire pathways taken by nanomedicines to reach the
core of spheroids can be treated mathematically.
Mathematical modeling can be perceived as an essential
tool for quantitative analysis of impaired drug delivery. As
a result, several mathematical models have been developed to
study the penetration, kinetics, and biochemical effects of
therapeutics. The succeeding section will bring forth the
broad vision on the optimal delivery of nanomedicine to
the core of the spheroid and facilitate their tailoring.
Moreover, it will address how various mathematical models
are capable of forecasting the effect of different physical
parameters on the spatiotemporal dynamics and
penetration of nanomedicines. Profuse mathematical
models have been set in motion for more elaborative and
meticulous designing of nanomedicine, which will be
discussed below as:

4.1 Mathematical Modeling of
Nanomedicine
The rapidly growing nanotechnology evokes the need for
understanding how nanomedicine’s characteristics influence
the transport processes. Mathematical modeling has the
potential to point to the comprehensive view of
nanomedicine designing and characterize the important
features prerequisite for drug delivery. In this section, we will
discuss the quantitative insights for the elucidation of
nanoparticle (i.e., nanomedicine) diffusion mechanisms in
the bulk, penetration into the multicellular spheroid, and
then the calculation of binding site availability on the
spheroid surface (Figure 7). The viability of requisite
mathematical models for the treatment of spheroids with
nanomedicine will be of primary focus.

The binding of a drug molecule is essential when it comes to
an unhindered drug delivery mechanism, which is proportional
to the optimized value of successful binding. Molar
concentration plays a major role while addressing the
optimized binding and penetration of nanoparticles to and
through the spheroid. Binding can be maximized in two
different ways: first, it is related to the molar concentration
of nanoparticles, while the other is related to the molar
concentration of the cell surface binding sites in the
spheroid. To study the penetration of nanomedicine to the
spheroid, using stock’s solution (Gao et al., 2013), the molar
concentration of nanoparticle (ρM) in Mol/L can be calculated
as follows:

ρM (Mol/L) � NP conc. (number/L)
6 × 1023particles/mole

� 6Cstock × 1012

NA πρd3
, (6)

where Cstock is the nanoparticle concentration in manufacturer
stock solution, NAis Avogadro’s number, ⍴ is the density of
nanoparticle, and d is the nanoparticle diameter in meters. The
stock’s solution is being prepared for the transport study of the
molar concentration and aggregation of nanoparticles. Moreover,
the molar concentration of cell surface binding sites in a spheroid
can be defined as follows:

Bmax, spheroid � ϕ × 1015

6 × 1023 × 4
3 πr

3
cell

Bmax, single cell., (7)

where ɸ is the cell density calculated by taking the volume of total
cells in spheroid divided by the total spheroid volume (with the
assumption of the spherical shape of spheroid), rcell is the radius
of the tumor cell in the suspension of stock’s solution, Bmax, single

cell is the molar concentration of single-cell binding, and Bmax,

spheroid is the molar concentration of cell surface binding site in
spheroid (Gao et al., 2013).

Mathematical modeling is instrumental in aiding our
understanding of the internalization of nanomedicine
through the stratified structure of tumor spheroid and then
followed by its diffusion inside the spheroid. The diffusion of
nanomedicine at the cellular and extracellular levels is
stipulated by its calculation in the interstitium and
interstitial sites and taking the porosity of the spheroid into
account, addressed using mathematical tools. Nanoparticle
penetration to the cells can be designated as a two-step
process. First, the adsorption of nanoparticles is then
followed by their internalization. Fundamentally, association
or this binding kinetics of negatively charged nanoparticles to
cell surface termed Langmuir adsorption with the assumption
that a particular cell line has a fixed capacity for particle
binding through electrostatic interactions (Wilhelm et al.,
2002). This process incorporates the rate of change of mass
of nanoparticles bound to the cell surface, established by
considering the molar concentration in the extracellular
medium (M), the mass of adsorbing and desorbing
nanoparticles. Langmuir adsorption can be modeled using a
differential equation representing the variation of m(t) with
time consisting of kass, kdiss as the association and dissociation
rate constants:

dm

dt
� kassM(m0 −m) − kdissm, (8)

where m0 and m(t) are the maximum mass that can be bound to
the cell surface initially and at a later time t, respectively. The
above differential equation represents that the mass of absorbed
nanoparticles per unit time is proportional to the molar
concentration of nanoparticles, to the mass that is present on
the cell surface that still can be adsorbed (m0 −m), and to the
mass of desorbing nanoparticles. Initially, at t � 0, m(t) � 0, the
analytical description of mass of the adsorbed particles unifying
both temporal dependencies and the concentration of binding
nanoparticles on the cell surface can be given by
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m(t,M) � kassM

kass M + kdiss
m0(1 − e−(kassM+kdiss)t). (9)

The above expression can be modified to get maximum adsorbed
mass with characteristic time T � 1

(kassM+ kdiss ), which
approximately gives. mmax � kassM

kassM+kdissm0.
After adsorption has occurred, the internalization of

nanoparticles can be quantitatively approached in two ways.
First, by considering the mass of the nanoparticle bound to the cell
surface and another by taking the structural uniformity of the target,
i.e., tumor spheroid, into account. Starting with the first approach, the
global process of nanoparticle penetration into the tumor involves
their binding mass to the cell surface represented at any time t by
mbind(t) and their internalized mass within the cell via endocytosis
represented by mint(t). Differential equation regulating all these
phenomena can be stated as follows:

dmbind(t, M)
dt

� kassM(m0 −mbind) − kdissmbind − dmint

dt
. (10)

It has been previously assumed that the fraction of cell surface
absorbs the nanoparticle, termed reactive surfaces (RS) which are
regenerative and remain constant. Let fint(t), f0 be defined as the
fraction of RS being internalized over the total available reactive
surface at any time t and the maximum fraction of RS internalized
by the cell, respectively. Thus, this can be represented by the
differential equation with internalization rate constant (kint),
dfint(t)

dt � kint(f0 − fint). This equation can be used to calculate
the rate of change of internalized mass asdmint

dt � dfint

dt mbind. Using
this equation, we can also calculate the total uptake of the mass of the
nanoparticle m(t) � mbind +mint.

4.2 Influence of Spheroid Architecture on
Nanomedicine Penetration and Diffusion.
Now, considering the structural uniformity, the penetration of
nanomedicine into the spheroid is addressed quantitatively.
Mathematical models have been developed using the
nanoparticle-cell bio interface data to predict the penetration
of nanomedicine into the spheroid that accounts for radial
dependent changes of its internal structure. The diffusive
transport and the spatial distribution of nanoparticles can be
represented using nanoparticle-cell interaction parameters:
association, dissociation, and internalization rate constants.
The mathematical expression for the nanoparticle motion into
the spheroid relationship is given by Goodman et al. (Goodman
et al., 2008). The kinetics of nanoparticle internalization in 3D
multicellular spheroid depends on the molar concentration of
free nanoparticles available in the spheroid, bound nanoparticles,
nanoparticles undergoing internalization, and concentration of
available binding sites on the cell surface: M, Mb, Mint, and Mbs,

respectively. The entire ensemble of defining free, bound, and
unbound nanoparticles is dependent on the force, which in turn is
potentially mediated by cell-cell interaction and cell-ECM
interaction. A set of partial differential equations representing
the rate of change of respective concentration with time taking
the structural changes of the spheroid in the radial direction and
nanoparticles internalization using concentration into account is
given (Graff andWittrup, 2003; Ward and King, 2003; Hori et al.,
2021; Gao et al. 2013). The molar concentration of free particles
per unit time in spheroid volume is proportional to the molar
concentration of unbound particles present in the accessible
volume intracellularly, which are varying with radial

TABLE 3 | Attributes for nanomedicine modeling considering two important objectives, extent of penetration to the core, and expense of release of drug to the core.

Modeling
parameter

Range Limitations Remarks

Size The domain of 20–70 nm preferred The larger size can be used with growth
inhibitors

The smaller the size, the better the penetration

Charge Cation and anion, due to interaction with cells, both
resist the penetration up to some range, whereas
neutral nanoparticles show higher penetration

Charges will affect the size of nanomedicine
by forming aggregates

Owning charge leads to accumulation in the outer
region and retard the diffusion

Shape Nanocylinders and nanorods with a large aspect
ratio of height/diameter of their respective sizes are
preferred

Variation of shape change with other
parameters like size and length is needed to
be further explored

Preferential penetration depends on the surface
area in contact and hence the shape

pH Once internalized, pH-sensitive nanomedicine
leads to remarkable penetration up to the core

pH-insensitive nanomedicine lowers the
penetration

More pH sensitivity leads to better penetration up to
the core

Chemical
Composition

Biodegradable nanomedicine is preferred Degradability Non-biodegradable with higher concentrations will
induce growth inhibition comparable to
biodegradable

Cross-Linking Crosslinked nanomedicine over uncrosslinked
leads to better penetration and lower cytotoxicity

Disassembly Cross-linking is preferred due to compact structure
though sometimes disassembly leads to a better
release of drugs

Ligand Expressing nanomedicine with the ligand is helpful
in selective cell targeting

Limits the diffusion sometimes due to the size
difference of pores in the tumor

Endowing nanomedicine with ligands leads to
deeper penetration, higher inhibition of growth but
sometimes limits the transport
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coordinates, dissociated bound particles, and associated binding
sites as well as unbound particles concentration can be written as
follows:

zM

zt
� D

r2
z

zr
[ϵr2 z

zr
(Mϵ )] + kdissMb − kassMbs

M

ϵ , (11)

where kass, kdiss, and kint are the kinetic reaction rates for
nanoparticle-cell interaction corresponding to the association,
dissociation, and internalization of nanoparticles in a spheroid,
respectively. D is the effective diffusion coefficient, r is the radial
coordinate representing nanoparticle diffusion measured from
the center of the spheroid, R is the spheroid radius, and ϵis the
volumetric porosity of the spheroid, which is the ratio of the
spheroid volume accessible to the particles to the total available
volume. The partial differential equation elucidating the change
of molar concentration of bound nanoparticles with time
embedded proportionality with association rate of binding
sites, dissociation, and internalization rates of bound particles
can be presented as follows:

zMb

zt
� kassM bs

M

ϵ − (kdiss + kint)Mb . (12)

The following differential equation represents the temporal
variation of the molar concentration of remaining binding sites
on the cell surface on which particles can still attach. It is
proportional to dissociation and the internalization of bound
particles and association rate of binding sites and unbound
particles and also the rate of change of internalized particle
related to internalization constant, respectively, as follows:

zMbs

zt
� (kdiss + kint)Mb − kassMbs

M

ϵ , and
zMi

zt
� kintMb. (13)

The boundary conditions for the initial and at a later time t are
as follows: initially, when all particles are present on the surface of
the cell, the molar concentration of free, bound, and internalized
particle bears no value, i.e., at t � 0, M (0,r) �Mb (0,r) �Mint (0,r)
� 0 for 0 ≤ r<R; and at a later time t, the molar concentration of
particles free in spheroid volume holds the same value as the
molar concentration of nanoparticles outside the
spheroid (M0)multiplied with porosity of spheroid, i.e., t � t, r
� R, we have M(t, R) � M0ϵ(R), with no radial variation of
unbound particle intracellularly z

zr (Mϵ )(t, 0) � 0. Here, M0 is
considered to be uniform and equal to the averaged
concentration of particles due to mixing in stirred vessels
under the experimental conditions. Solving the above set of
partial differential equations, we get the total number of
particles that are retained in spheroid at time t
asMt(t, r) � p(r)[M(t, r) +Mb(t, r) +Mint(t, r)],where p(r)
is the piecewise linear window function. p(r) is used to
consider the particles near the spheroid’s outer rim that need
to be removed with the value of r1 approximated to 0.95R. It
acquires unity when all the particles are internalized and less than
unity as per the variation of their radial position from the
spheroid surface and center, i.e., p(r) � 1 for r< r1;
p(r) � 1 − r−r1

R−r1 for r1 < r ≤ R.

Once the nanoparticles are internalized, diffusion sets are
limited to the targeted delivery. Diffusion plays an
indispensable role in how the nanomedicine gets transported
to multilayers from cellular scale to extracellular scale. Diffusion
is driven by gradients in concentration. It involves the penetration
of nanomedicine to multilayers of cells prior to making it to the
center. Out-turns of diffusion barriers in multilayer tissues such
as cellular compaction, efflux system, and gap junctions have
been solved via various models (Costa et al., 2016). The model by
Gao et al. (Gao et al., 2013), for the diffusion coefficient of
intercellular, porous spaces into the spheroid is represented in
three steps. Initially, free diffusion D0 nanoparticles in water at
37 °C are calculated using the Stokes–Einstein equation. This
coefficient at a specified temperature is given byD0 � kBT

6πηa, where
kB is the Boltzmann constant, T is the temperature in kelvin, η is
the viscosity of water, and a is the radius of the particle. Now, this
is followed by diffusion in the interstitium (Dint). It represents
the diffusion in a porous gel matrix, which acts as an extensive
connective network for cell-cell interactions and is responsible for
the formation of an extracellular matrix via matrix protein. It
depends on the ratio of particle radius (a)to pore radius (af) and
the square root of volume fraction of tumor interstitium matrix
(ϕint). The corresponding relation can be expressed as Dint �
D0e

(− a
af

��
ϕint

√ )
, where the volume fraction of tumor interstitium

matrix (ϕint)is defined as the ratio of the volume occupied by the
particle diffused in the ECM to the total volume of all particles
present before diffusion and ϕint> 0 always. This ratio is always
less than equal to unity depending on the volume of particles that
are diffused. For the calculation of ϕint, the value of collagen is
used, which can be obtained by the multiplication of interstitial
collagen concentration and its effective cell volume. For
movements of nanoparticles to occur through the ECM, the
typical mesh size of the tumor matrix should be comparable
or larger than the size of the nanoparticles. Hence, the ratio a

af
is

usually less than unity. Collectively, this will lead to the overall
value of ( a

af

���
ϕint

√
) less than unity. Now, incorporating diffusion

at interstitial cellular scale, which mainly depends on the cellular
density ϕ and porous spaces inbetween the cell (1 − ϕ) can be
represented as Di � Dint(1 − ϕ)2 ; i.e., Di � Dint ϵ2, where Di is
the interstitial diffusivity constant for diffusion in a porous gel
matrix with immobilized cells and ϵ is the porosity in spheroids
and defined as the ratio of the volume of immobilized cells to the
total volume of cells in the tumor matrix and lies in the range of
0< ϵ< 1. The interstitial diffusivity(Di) depends directly on the
porosity factor, which acquires values less than unity, resulting in
slightly lesser diffusion at the cellular scale. Thus, this entire
process of diffusion can be summarized with an inequality
relation: D0 >Dint >Di, evidently confirming the idea of the
uneven rate of particle diffusion till they reach the spheroid’s core.

Taking the shape factor of spheroid into account consisting
hindrances in its pores, steric hindrances due to the presence of
ligand, and the tortuosity due to structural non-uniformity, the
mathematical model for the nanomedicine diffusion has been
given by Goodman et al. (Goodman et al., 2008). Similar to the
model by Gao et al., initially, this model also takes free diffusion in
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the unbound medium that is not mediated by any force and
potential due to cell-cell and cell-ECM interaction into
consideration. The free diffusion given by the Stokes–Einstein
relation can be written asD0 � kBT

6πηa , where D0 is the diffusion
coefficient in the unbounded medium, kB is the Boltzmann
constant, ηis the viscosity of the liquid, and T is the absolute
temperature. Now, depending on tortuosity τ(ϵ), shape factor F,
hindrances due to hydrodynamics, and the steric effects of the
diffusion coefficient in the porous media L(λ), the corresponding
relation for effective diffusion constant can be presented as D �
D0

L(λ)
Fτ(ϵ). Here, τ(ϵ) is related to the curvature consisting of

structural aspects of the spheroid and has a profound impact
on the diffusion and hydrodynamics in porous media. It is
responsible for the increase in diffusion path length in the
spheroid and related to the volumetric porosity(ϵ)as
1

τ(ϵ) � 1 − 2
3 (1 + ϵ)(1 − ϵ)23, where ϵ is the ratio of the volume of

immobilized cells to the total volume of cells in a tumor and bears a
value in the range 0< ϵ< 1. As defined, the inverse proportionality
between them leads to τ(ϵ)>1.Mobility of particles in spheroid λis
defined as the ratio of particle’s radius a to the pore radiusrp; that
is, λ � a

rp
. The typical size of pore radius is comparable or greater

than the particle size as a< rp ; therefore, λ< 1. The ideal situation
of free diffusion is often affected by hindrances in the intercellular
medium and tumor spheroid structure. Steric hindrances are
defined as the obstructions in the path of a particle due to the
presence of surrounding particles and ligands, often slowing down
its motion and may stagnate the diffusion in the pore. This steric
reduction along with the effects of hydrodynamic forces can be
expressed as L(λ) � (1 − λ)2(1 − 2.1004λ + 2.089λ3 − 0.948λ5).
The structure factor (F) incorporates the obstructions in the
spheroid pore and holds a value F > 1. Thus, the combined
effect of all these defines the demeanor of diffusion in spheroid,
stating an overall lesser value of D than D0 upholding the real
phenomenon.

Binding sites are the receptors on the surface of cells that help
the drug molecules and ligands to bind with them for better signal
transduction pathways. One of the most crucial parts of targeted
drug delivery is the appropriate availability of these binding sites
on the surface of cells with which drug molecules can attach and
eventually internalize. For impaired efficacy of drug delivery to
the target, calculation of the concentration of available binding
sites on the cell surface is a requisite. For the porous media, a
parallel pore model was developed, which established a
relationship among the molar concentrations of the
available binding sites on the cell surface (Mbs)taken
initially at t � 0 with the spheroid structure, porosity,
structural dimension of a particle, and pore radius as
(Goodman et al., 2008) Mbs(0, r) � 2

π
kββϵ

a2rpNA
, where a is the

radius of the particle, rp is the pore radius, NA is the
Avogadro’s number, and the density of remaining binding
sites present on the cell surface is represented by β, whereas kꞵ
is related to the variation in binding cell density on the
monolayer cell culture surface to the cells in spheroid.

The surface of the tumor is well decorated with binding sites
as receptors for the targeting ligand. Once the drug molecules
bind to its surface, the next concern is about the calculation of
the total number of cohesive particles that are bound and

internalized. A model with several assumptions for a single
cell considering bound and internalized particles to determine
the number of cohesive particles, rate constants, and the number
of binding sites is used. The concentration of particles
surrounding the cell and the mean concentration of particles
in the vessel are equal. A cell’s surface area is not inhibited by
any other cells. Due to the continuous turnover of the cell
membrane, the cell regenerates potential binding sites as the
particle internalizes, as a result of which binding sites are taken
to be constant, and any exocytosis will end up in the reduced
value of kint (Goodman et al., 2008). The model provides the
relations representing the variation of number of bound
particles with time proportional to the decreasing rate of
dissociation and internalized particle and the positive
influence of associated binding site on the cell surface along
with total particle outside the spheroid as follows:

dNb

dt
� −(kdiss + kint)Nb + kassM0Nbs. (14)

The remaining number binding site Nbs on the cell surface is
the difference between the number of available binding sites S,
which were present initially, and the number of bound particles
on the cell surface Nb:

Nbs � S −Nb , and
dNint

dt
� kintNb , (15)

where Nint is the number of particles that are internalized and
proportional to the internalization rate constant of bound
particles. The initial number of binding sites (S) can be related
to the effective segment of cell surface area that is available for
binding(β)as β � Sa2

4R2
c
, where Rc is the individual cell’s radius, and

a is the particle radius. On the other hand, the growth of the
number of bound particles and the total number of adhered
particles can be given by solving Eq. 15. Thus, we get the number
of bound particles (Nb) and the total number of adhered
particles (Nt ):

Nb � α(1 − e−ct),
Nt(t) � Nb(t) +Nint(t) � α[kintt + c − kint

c
(1 − e−ct)], (16)

where α and care defined as follows:

α � kassM0S

c
, and c � kassM0 + kdiss + kint . (17)

Here, as cis the sum of all the rate constants, c> kass and
c> kint individually. Also, S and M0 are definite quantities and
greater than unity. Hence, α< 1, which leads to the fact that
Nb andNt are less than unity and therefore sustaining our aim of
greater internalization of particles into the spheroid. Solving Eq.
16 and using experimental data, the value of particle binding to
the cell, rate constants, and the number of binding sites can be
calculated. Thus, the mathematical models provide us the tool
and allow us to calculate all the parameters such as concentration
of nanoparticles, binding sites, diffusion coefficient at distinct
scales, number of adhered particles, rate coefficients, and number
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of binding sites which are needed for successful targeted drug
delivery. This quantitative approach to the problemmakes us well
equipped to deal with the system qualitatively as well by studying
the physicochemical properties of drug carriers.

4.3 Role of Physiochemical Properties of
Nanoparticles.
Quantitative analysis of nanomedicine in all the physical and
mathematical regimes leads the way for the study of
physicochemical features of the drug. The study of these
properties of nanomedicine can help in establishing a suitable
platform for target-oriented delivery of drugs with more
adaptability (Liu et al., 2012). The following section will
illustrate the key features of nanomedicines aiming at
providing efficient drug delivery mechanisms, attaining the
objectives, and enhancing bioactivity (Table 3).

4.3.1 Role of Size
The efficacy of nanomedicine largely depends on the
distribution of the therapeutic concentration throughout the
entire tumor, from the surface to center (i.e., proliferation zone
to the necrotic core), so for the study of penetration profile of
nanomedicine to the necrotic region, a key attribute that
should be taken into account is the size of nanomedicine.
In an ideal situation, the size of nanomedicine varies inversely
with a diffusive capacity (Lazzari et al., 2017). Thus, smaller
nanomedicines show better penetration in the spheroid.
Treating nanomedicine with collagenase has a crucial
impact on its penetration. Goodman et al., 2008 (Goodman
et al., 2008; Cabral et al., 2011) have shown the effect of
collagenase treatment on the penetration of particles.
Nanomedicines lying in the diameter range of 20–40 nm
accumulated to the interior of the spheroid show a dramatic
increase in penetration upon treatment with collagenase, while
those having a diameter of 100 nm experience restricted
penetration after collagenase treatment. Moving further to
the range of 200 nm, there is no penetration at all into the
spheroid interior, even with collagenase treatment. Now,
taking the accumulation into consideration and how the
size of nanomedicine gets affected by it, it has been
reported by Horacio et al. that with the size ranging from
30 to 100 nm, the accumulation of 30 nm nanoparticles was
two times higher than that of 50 nm and four times more than
that of 70 and 100 nm (Horacio et al., 2011). Moreover, 100 nm
nanomedicine shows higher accumulation in the liver than any
other organ, highlighting the significance of nanomedicine
distribution to specific organs.

4.3.2 Role of Charge
The surface charge on nanomedicines also affects the efficiency of
the drug delivery system and their penetration. The nature of the
charge not only leads to the accumulation of nanomedicines in
the spheroid but also affects the rate of penetration. The neutral
charge exhibits the most rapid penetration rate in contrast with
the positive and negative charges. Having any kind of charge,
whether cationic and anionic, manifests slower penetration due

to interaction between the charged particle with the cell surface of
the spheroid, resulting in deceleration of their diffusion (Gao
et al., 2013; Wu et al., 2020). The interaction of nanomedicines
with the cell component expelled in the extracellular medium,
which is already negatively charged, leads to the change in the size
of charged nanomedicines remarkably as compared to the neutral
drug molecules. In support of this, a confocal microscopy-based
study showed that the charged particles formed aggregates over
time (Gao et al., 2013; Lazzari et al., 2017). Hence, the cationic
nanomedicines lead to a high accumulation in the outer layer of
the spheroid and simple surface adsorption. On the other hand,
the cationic drug molecules allow a more uniform distribution in
the spheroid, resulting in loss of ability to work efficiently and
destruction of the inner compact spheroid structure.

4.3.3 Role of Shape
The shape acts as a key component that influences the rate of
tumor accumulation and therapeutic efficacy. The influence of
shape on the penetration of nanomedicine is still under study.
Shape affects the nanoparticle’s affinity to bind with the target.
Nanoparticle’s aspect ratio, which is defined by the height vs.
diameter ratio, may establish varying rates and patterns of
extravasation for different tumors. The underlying role of
shape on the penetration and size of nanoparticles go hand in
hand. Studies by Stenzel et al. showed that the capacity of
penetration is correlated to size. Thus, the shortest one
displayed the highest capacity of penetration for MCF-7 cells.
Numerous shapes of nanomedicine with varying sizes can be
discerned. Disc-shaped nano cylinders and cuboidal nanorods of
two different sizes interpreted in terms of low and high aspect
ratios showed different penetration. It has been observed that
nanocylinders and nano-cuboids of a higher aspect ratio
represent more nanoparticle penetration inside the spheroid
when plotting the normalized intensity against their
normalized distance from the center is done. This comparison
can be drawn more clearly by the two-photon microscopy
highlighting the more accumulation of nanoparticles inside the
spheroid for the higher aspect ratios of the nanocylinders and
nano-cuboids sized drug molecules (Horacio et al., 2011; Lazzari
et al., 2017; Costa et al., 2021). The higher aspect ratio, hence the
larger surface area in contact, can be stated as one of the reasons
for this favored penetration, which promotes a higher avidity
between the cells and diffusion across spheroids.

4.3.4 Role of pH
The pH plays a very crucial role in the modeling of nanomedicine.
While anticipating the tendency of penetration of nanoparticles,
pH-sensitive nanoparticles take the lead over the rest. Targeting
the tumor with nanomedicine involves the diffusion of
nanoparticles and their controlled release up to the core. Thus,
once internalization is done, the disassembly of nanomedicine to
release the drug is the point of prime focus. As we move from the
proliferation zone to the necrotic zone, the region becomes more
acidic due to a drop in pH in the tumor extracellular space.
Immediately after internalization, this redox and acidic
environment proved beneficial for the sustained release of
drugs that are pH-sensitive and can penetrate deeply and
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more uniformly into the spheroid mass (Lazzari et al., 2017).
Nonetheless, the pH-insensitive nanoparticles manifest the
reduced penetration yielding to inefficient drug delivery.

4.3.5 Role of Chemical Composition
Followed by pH, another pivotal aspect in the direction of better
penetration is how nanomedicine is designed chemically. Lower
concentration, minimum cytotoxicity, and biodegradability are
the main criteria for nanomedicine and its efficient use as a drug
delivery system. Additionally, the degradability of a polymer used
for nanomedicine formulation has a profound impact on the
cytotoxicity and growth inhibition of cells. Biodegradable and
non-biodegradable polymers prepared by self-assembly behave
differently for nanomedicine-mediated targeted drug delivery
(Lazzari et al., 2017). Non-biodegradable nanoparticles, such
as bovine serum albumin conjugated with polymethyl
methacrylate, show higher penetration and deeper
accumulation in the tumor via repeated mediated endocytosis
and exocytosis processes, but this higher rate of penetration will
provide resistance to the sufficient intercellular release of drugs
leading to comparatively lower cytotoxicity, as comparable to
biodegradable nanoparticles such as bovine serum albumin
conjugated with polycaprolactone. When nanoparticles are
conjugated chemically with these biodegradable agents, their
degradability is assured, in contrast to their higher
intracellular drug concentration (Lazzari et al., 2017). These
non-biodegradable nanoparticles, when taken with five times
higher concentration, will induce growth inhibition
comparable to bio-degradable.

4.3.6 Role of Cross-Linking
While considering the optimal attributes of nanomedicine,
directing its penetration to the core, the idea of cross-linking
emerges as a prominent one. Nanomedicine penetration, drug
release, and cytotoxicity can be affected by cross-linking of the
drug-loaded micelle (Lazzari et al., 2017). A crosslinked micelle is
capable of moving via a transcellular pathway leading to greater
cytotoxicity than the non-crosslinked or free counterpart, which
got disassembled after penetration through the outer layer.
Inefficacy of free drugs can be followed by their limited
diffusion. In contrast, later on, it was observed by Lu et al. (Lu
et al., 2014) that the compact structure of crosslinked micelle
leads to the deepest penetration, but it displays the lowest
cytotoxicity by creating hindrances for its diffusion to the
core, thus slowing down disassembly and release of loaded
drugs. A non-crosslinked micelle can degrade on the way to
penetrate at the core of tumor spheroids, and as a consequence,
the loaded anticancer drugs could be released somewhere, which
may lead to a complex situation of penetration of free drug vs.
integrated micelle.

4.3.7 Role of Targeting Ligand
Surface decoration of nanoparticles with specific targeting ligands
is beneficial for selectively targeting the tumor site via receptor-
ligand, transporter-ligand interaction. Nanoparticles modified
with various targeting ligands are used as a plan of action for
selective cancer cell targeting (Lazzari et al., 2017; Nagesetti et al.,

2021). The ligand-mediated delivery of nanoparticles promoted
by selective cell targeting and at the same time paved the way for
limited accumulation in the surrounding normal tissue leading to
maximizing the efficiency of drug effects to diseased sites and
minimizing the toxic side effects related to anticancer drugs.
Selective tumor cell targeting with ligands decorated on
nanomedicine surface, some of them can be outlined here.
Nanoparticles decorated with transferrin piloted the inhibition
of cell proliferation, drug penetration, and resulting regression of
spheroid volume but limited the drug penetration to a certain
depth only, not to the core (Lazzari et al., 2017).
Nanoparticles expressed with the folic acid ligand resulted
in the highest inhibition of tumor growth when analyzed in
the tumor spheroid model (Lazzari et al., 2017). Different
carbohydrate decorated nanomedicines resulted in the
efficient delivery of the drug and noteworthy regression of
tumor growth. Moreover, an aptamer-modified
nanomedicine leads to a reduction in spheroid volume up
to five times more comparable with non-functionalized
nanomedicine by higher penetration to the core. Hence,
ligand-decorated nanomedicine showed intense signaling
from the periphery towards the center of the spheroid,
validating the better penetration ability to the core, higher
capacity of inhibition of spheroid volume growth, and
significant tumor regression. However, the binding of
ligands strongly to cell surface receptors and transporter
sometimes limits the nanomedicine transport. The larger
nanoparticles with a size range of <10 nm and
100–200 nm, i.e., between capillary pore size in normal
tissue and the pore size in the tumor vasculature,
respectively, provide the passive tumor targeting but also
retard the transport (Gao et al., 2013). Specific ligands are
decorated to nanomedicine surfaces using different chemical
approaches, e.g., click chemistry, maleimide-thiol coupling,
and carbodiimide coupling (Maity and Stepensky, 2016;
Maity and Stepensky, 2016).

5 CONCLUSION

In order to elicit a given curative response for different intractable
cancers, the effective therapeutic concentration of anticancer
drug candidates should reach the site of action to conjure
therapeutic benefits. However, several inexorable barriers,
including untoward pharmacokinetics, lack of selectivity,
degradation of drugs in harsh in vivo environments, and drug
leaching and widespread biodistribution, act as key factors that
limit inadequate drug effects to diseased sites and cause toxicity to
normal tissues. However, the use of nanomedicines for tumor-
targeted drug delivery overcomes the spatiotemporal distribution
of drugs and avoids the side effects. Desired drug individuals are
specially designed into nanomedicine to exhibit the required
pharmacological activities. Nanomedicine-based approaches
could be used as a translational technology where drugs
interact particularly with target-specific diseased tissue and
individual cells with normal sites remain thoroughly
unaffected. The preclinical evaluation of the therapeutic
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potential of nanomedicines demands relevant models which
could exactly mimic the solid tumors in the body. However,
very recently, the physiological relevance and advantages of 3D
tumor spheroid models and drug screening have been widely
acknowledged. The conventional 2D cultures are incapable of
imitating the heterogeneity and complexity of solid tumors as in
vivo tumors grow in 3D confirmation with a specific architecture
that cannot be reproduced by a 2D monolayer cellular model
system. 3D tumor spheroid models possess several characteristics
of real tumors, such as cell-cell interactions, cellular
microenvironments (e.g., hypoxia), drug penetration, reaction
and resistance, and ECM production/deposition. The tumor
spheroid model bridges the gap between the 2D monolayer
cultures and in vivo tumor tissue models. The model allows
replicating the architecture of solid tumors and better investigates
the pathobiology of human cancer. The potential of the spheroids
model is reported to be crucial for the development of new
anticancer strategies or better measures of cancer treatment.
The cellular organization within the tumor spheroids is the
key aspect governing the therapeutic efficacy of anticancer
drugs. The proliferation of cells in the external layer of the
spheroid causes higher consumption of oxygen. Moreover, the
oxygen and nutrient gradients are reduced towards the center of
the spheroid. The cell signaling pathway and the physiological
communications established between cells in close contact within
the spheroids makes it possible to replicate the fundamental
aspects of real tumor and its microenvironments, including
the proliferative rates of different cells, specific gene
expressions, ECM deposition, ECM-cell, and cell-cell physical
interactions, and drug resistance. Analogous to the solid tumors,
the tumor spheroids display an internal layered cellular
distribution, which is a result of mass transport limitations. It
impedes the diffusion of nutrients, oxygen, and metabolic wastes
through the tumor spheroids and creates distinct gradients. Due
to the constant availability of oxygen and nutrients, highly
proliferating cells form the external layers of the tumor
spheroid, which is similar to solid tumors in vivo. Due to
depletion in oxygen and nutrients, the proliferation rate
decreases, and the cell metabolism decreases progressively,
giving rise to the quiescent viable zone. Further decrease in
oxygen, nutrient shortage, and accumulation of metabolic
wastes results in cell necrosis and forms the core of tumor
spheroids. The cellular organization and presence of gradients
help the internal cells to exhibit specific metabolic adaptations
responsible for the impaired therapeutic efficacy of anti-cancer
drugs. The microenvironments act as regulating factors that
govern the rate of proliferation, differentiation, and tumor
progression. It imitates the physical barriers found in solid
tumors, which impedes the free penetration of drug-loaded
nanocarriers. The physiology and polarity of the cell signaling
pathways and their gene expressions closely resemble the real
tumors. These characteristics make the tumor spheroids suitable
for tumor models and can be used for evaluation of drugs in the
field of oncology and are well acclimated for high-throughput
drug screening. Mathematical modeling of drug delivery systems
is a prerequisite for effective troubleshooting during production
and efficient improvement of the safety of the pharmacological

treatment procedures. It provides a quantitative understanding of
the underlying physical principles and profound insight into the
biochemical phenomena in the drug delivery procedure. A
quantitative approach to the system helps in consolidating the
entire phenomenon of drug delivery as an efficient model by
comprehensively characterizing the tumor growth, features
assimilating the concentration gradients of various factors,
tailoring nanomedicine, and the pathway taken by drug
molecules. These approaches serve as invaluable tools for
designing not only the tumor architecture but also the
optimization of the process of diffusion through its different
layers. These approaches have a contributory impact on the
mathematical understanding of the wide spectrum of drug
molecules administration routes starting from their adsorption
on the surface till their internalization to the core. Mathematical
modeling addresses the elementary components requisite for
nanomedicine delivery, starting from the description of
binding sites on the tumor spheroid surface to the calculation
of a number of internalized particles that are sufficiently complex
enough to describe the phenomenon of interest. These models
describe the essential aspects of targeted drug delivery with more
precision and support the experimental data and qualitative
study. This mathematical vision of the problem proved
significant in our better understanding of cancer biology and
its treatment. It broadens the horizon of the study of
nanomedicine by addressing the shortcomings of the present
empirical models.

Tumor microenvironment vs. nanomedicine efficacy:
despite path-breaking advancements in the modalities of
cancer treatment, the mortality associated with solid tumors
has not changed much in the last decade owing to the fact that
various physical barriers in the tumor microenvironment limit
the treatment efficacy of cancer therapeutics. Major
advancements in the field of nanobiotechnology have
enabled researchers to design different nanomedicines and
modify their physical and chemical characteristics according
to the specific tumor microenvironment. Interaction between
nanomedicine and biological system at different stages of
targeting to extract important factors intrinsic to the
biological system, which influences the therapeutic efficacy
of the targeted nanomedicine by different mechanisms
including premature clearance, phagocytic engulfment by the
RES system, immunological elimination, and inhibition of
tumor penetration by solid tumor microenvironment
complexity. However, a more clinical relevance requires a
special emphasis on the analysis of structural complexity of
the tumor microenvironment, which poses mechanical,
chemical, biological, and hydrodynamic barriers to
nanomedicine efficacy since these factors are prime for
development, delivery, and screening for better therapeutic
benefits.

In the pursuit of the most effective penetration, a universal
shape of nanoparticles is the need of the hour. Keeping the
spheroid architecture and surface properties in mind, specific
shapes of nanoparticles are designed for particular spheroid
model systems. However, obtaining the optimized
universal shape of nanoparticles, for an effective targeted
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drug delivery system generically, is yet to be achieved. The
different shapes of the nanomedicines, along with their size,
surface properties, and parameters, should be further
explored. In this regard, we need to design nanoparticles
whose shape can change dynamically depending on the
tumor surface, microenvironment, and internal porosity.
These shape-switchable nanoparticles allow the
controllable variation in their shape as per the geometrical
constraints of the tumor and are able to shrink and adjust
their size according to the encountered environment. This
stimuli-responsive nanomedicine is promising in designing a
universal nanomedicine carrier for the application in drug
delivery.
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Drug resistance is the most significant causes of cancer chemotherapy failure. Various
mechanisms of drug resistance include tumor heterogeneity, tumor microenvironment,
changes at cellular levels, genetic factors, and other mechanisms. In recent years, more
attention has been paid to tumor resistance mechanisms and countermeasures.
Nanomedicine is an emerging treatment platform, focusing on alternative drug delivery
and improved therapeutic effectiveness while reducing side effects on normal tissues.
Here, we reviewed the principal forms of drug resistance and the new possibilities that
nanomaterials offer for overcoming these therapeutic barriers. Novel nanomaterials based
on tumor types are an excellent modality to equalize drug resistance that enables gain
more rational and flexible drug selectivity for individual patient treatment. With the
emergence of advanced designs and alternative drug delivery strategies with different
nanomaterials, overcome of multidrug resistance shows promising and opens new
horizons for cancer therapy. This review discussed different mechanisms of drug
resistance and recent advances in nanotechnology-based therapeutic strategies to
improve the sensitivity and effectiveness of chemotherapeutic drugs, aiming to show
the advantages of nanomaterials in overcoming of drug resistance for tumor
chemotherapy, which could accelerate the development of personalized medicine.

Keywords: tumor chemotherapy, drug resistance, tumor microenvironment, nanomedical strategy, combination
therapy

INTRODUCTION

The biggest barrier to cancer therapy is the inevitable emergence of drug resistance. Drug resistance can be
divided into two categories according to the behind factors: primary and secondary (Longley and Johnston,
2005). Primary resistance indicates those factors present in the cancer cell or tissue itself before
chemotherapy and reduces the efficacy of chemotherapy. However, because of various adaptive
responses, such as increased expression of therapeutic targets and activation of alternative signaling
pathways, secondary or acquired resistance can develop during therapeutic periods that are initially
sensitive to cytotoxic agents (Lackner et al., 2012). Continuously activated proliferative signaling,
inactivated growth suppressors, and activated metastasis factors are classical hallmarks of some
tumors, which lead to drug resistance to chemotherapy. With the deepening of mechanism research,
tumor heterogeneity, tumor microenvironment, and cancer stem cells (CSCs) were closely associated with
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the occurrence and development of drug resistance in chemotherapy.
Besides, the characteristic of cell motility acquired from epithelial-
mesenchymal transition (EMT), genetic factors of drug transport,
especially themultiple drug resistance (MDR) is also considered to be
vital factors for resistance development.

Considering the drug resistance is a complex mechanism, many
dexterous solutions appeared in anticancer therapies to overcome
drug resistance and increase the efficacy of treatment. Among these,
nanomaterials as a promising drug delivery are being investigated for
solving several forms of drug resistance (Markman et al., 2013; Da
Silva et al., 2017). Compared with “free” drugs, nanomaterials have
remarkable advantages containing higher bioavailability, slower drug
release, lower drug usage, and better treatment outcomes. Statistically,
there are more than 40 therapeutic nanomaterials approved for
clinical use worldwide and at least 200 nanoparticles undergoing
clinical trials (Schütz et al., 2013; vanDerMeel et al., 2013; Bobo et al.,
2016). The classical enhanced permeability and retention (EPR) effect
in solid tumors promote the selective distribution of nanomaterials,
further increase pharmacodynamics and reduce systemic side effects
(Fang et al., 2011; Kobayashi et al., 2013). A possible concern is that
the nanomaterials may be inclined to accumulate in drug disposal
organs such as the liver and kidney, leading to severe organ toxicity.
To avoid the side effects introduced by nanomaterials, researchers
have developed lots of methods including changing the
physicochemical properties of nanomaterial, PEG polymer chains
modifications, and so on (Milla et al., 2012; Zhu et al., 2013). At
present, more and more novel nanomaterial-based formulations are
emerging in-clinic research, many of them win success especially in
solving the therapeutic impediments in cancer treatment.

Here, in this review, we mainly described the mechanisms of
drug resistance and focused on recent innovation of dexterous
and sophisticated nano-strategies in overcoming drug resistance,
providing ideas for tumor chemotherapy and related
combination therapies (Scheme 1).

MECHANISM OF DRUG RESISTANCE

The mechanism of drug resistance at tumor tissue level is
extremely complicated. Commonly, tumor heterogeneity,

tumor microenvironment (TME), drug transporter and
multidrug resistance, cancer stem cells (CSCs), epithelial-
mesenchymal transition (EMT) and tumor metastasis are
known as the major drug resistance factors (Figure 1), which
contribute to the off-target effect in the practice of chemotherapy.
And drug transporters-mediated drug efflux impairs the cellular
chemotherapeutics delivery, leading to the low therapeutic dose
(Cheng et al., 2018a; Fan et al., 2018; Ke et al., 2021). Besides, low
pH, hypoxic tumor microenvironment, and other anti-apoptotic
molecules could enhance the survival compensation effect (Li and
Kataoka, 2021). Except for the five drug resistance reasons we
mentioned, other resistant reasons containing gene mutations
and genomic instability, epigenetic changes such as DNA
methylation and protein acetylation, inhibition of apoptotic
signaling and overexpression of anti-apoptotic molecules (Min
et al., 2017; Vasan et al., 2019). To comprehensively explain the
innovative design and prospects of nanomedicine in overcoming
of tumor resistance, this review mainly focuses on several classic
resistance mechanisms. Clinical practice shows serious resistance
against chemotherapeutic drugs significantly impairs the
therapeutical effect and contributes to poor prognosis for
cancer patients. Therefore, full understanding the mechanism
of drug resistance at the molecular level might bring novel
treatment strategies, which in turn will lead to deeper and
longer-lasting cancer treatments.

Tumor Heterogeneity
Heterogeneity is a distinct characteristic of tumor tissues from
normal tissues and is represented by different morphological
profiles. The heterogeneity may cause discrepant distribution of
tumor cell subpopulations across different regions of the primary
tumor (spatial heterogeneity) or variations in the molecular
makeup of a single lesion over time (temporal heterogeneity).
Cancer cells have the powerful capacity of self-renewal and
differentiation, which give rise to abundant tumor types
causing heterogeneity of the tumors (Marusyk and Polyak,
2010; Dagogo-Jack and Shaw, 2018). The driving forces
behind tumor heterogeneity contain heritable and non-
heritable mechanisms, either as a result of a natural
progression of tumor or exposure to pressures created by

SCHEME 1 | Illustration of chemotherapy resistance mechanism and the advantages of nano-based chemotherapy to achieve efficient chemotherapy.
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clinical interventions. A substantial fraction of heterogeneity
commonly results from environmental factors during tumor
development and is therefore non-heritable. Tumor
heterogeneity can be regarded as a process of Darwinian
evolution theory (Polyak, 2014; Zellmer and Zhang, 2014).
Tumor heterogeneity affects drug sensitivity and provides fuel
for drug resistance in cancer therapy. The example of drug
response influenced by temporal heterogeneity comes from a
cellular barcoding experiment results that resistant clones often
arise from the selective expansion of pre-existing populations
during drug treatment (Bhang et al., 2015). Spatial heterogeneity
has a greater impact on initial drug treatment response. However,
analyses involving single-site biopsy sampling might result in
underestimation of the degree of spatial heterogeneity. Instead,
noninvasive “liquid biopsies” extracted from patient blood are a
promising strategy for addressing the shortcomings of tissue
sampling (Nagrath et al., 2007; Chabon et al., 2016). Recently,
single-cell sequencing technology is revolutionizing biomedical
research. Using single-cell genomics enables to characterize
tumor heterogeneity by quantifying the gene expression of
thousands of individual cells (Villani et al., 2017).

Tumor Microenvironment
The reprogramming of cellular metabolism is a common feature
of cancer cells, one of which is known as the Warburg effect
(Vaupel et al., 2019). Cancer cells would prefer to adopt aerobic
glycolysis for growth rather than oxidative phosphorylation
(OXPHOS), which strongly upregulate glucose uptake and
aerobic glycolysis to increase intermediate glycolytic
metabolites and the production of lactic acid (Lu et al.,
2015). On the one hand, the glycolytic intermediates provide
essential anabolic energy for cell proliferation and tumor
growth. On the other hand, the increased by-product of
lactic acid results in the accumulation of intracellular
protons. The accumulation of protons in the intracellular
environment activates the proton excludes (Na+/H+
exchanger, and carbonic anhydrase) and consequently
changes the pH gradient in the tumor microenvironment
(Izumi et al., 2003). This new biophysical setting profoundly
influences the capability of drug uptake and pharmacological
process in cancer cells. The lower pH value in tumor tissues
gives rise to the protonation and neutralization of various
chemotherapeutic drugs such as doxorubicin by preventing
them from entering the targeted locus (Miraglia et al., 2005;
Spugnini et al., 2015). Moreover, alteration of pH gradient easily
promotes the formation of cytoplasmic acidic vesicles in tumor
cells, which sequestrates chemical molecules in cell organelles
eventually leading to the elimination of the drug through vesicle
degranulation (Taylor et al., 2015).

Hypoxia is another common microenvironment feature in
nearly all solid tumors. The uncontrolled proliferation of tumors
limits the availability of oxygen supplied from the tumor vascular
system, thus exposing them to low oxygen environments. On
average, the oxygen level in tumor tissues is around 1–2% or
below (McKeown, 2014). Hypoxia is also a key factor in cancer
therapy resistance by regulating the tumor microenvironment
(Rohwer and Cramer, 2011; Jing et al., 2019). The transcription

factor hypoxia-inducible factor (HIF) usually serves as the major
mediator of hypoxia response and is highly expressed in many
cancers. Numerous evidence has shown that the inhibition of
HIF-1α in cancer cells significantly enhanced sensitivity towards
chemotherapeutic drugs (Brown et al., 2006; Liu et al., 2008).
However, the underlying molecular mechanism of HIF-1α’s
contributions to drug resistance is complicated, multiple, and
specific in some tumor types. Some studies found that HIF-1 can
induce the expression of the multidrug resistance 1 (MDR1) gene
in a hypoxic tumor environment (Comerford et al., 2002). The
membrane-located P-glycoprotein (P-gp) is the translation
product of the MDR1 gene, which belongs to the family of
ATP-binding cassette (ABC) transporters. Acting as a drug
efflux pump, P-gp could decrease the intracellular
concentration of chemotherapy agents such as paclitaxel, vinca
alkaloids (Gottesman et al., 2002). Many chemotherapeutic
agents such as 5-fluorouracil (5-FU), cisplatin, and DNA
damage inducer triggering cell apoptosis largely depend on
p53 pathway activation. Other important findings are that
HIF-1 may function as an antagonist of p53-mediated cell
death upon treatment with the chemotherapeutic agent (Hao
et al., 2008; Rohwer et al., 2010). Besides, other reasons of HIF-1
contribute to chemotherapeutic drug resistance involving DNA
damage repair, metabolic reprogramming, and immune
microenvironment (Wirthner et al., 2008; Semenza, 2010;
Vaupel and Multhoff, 2018).

Drug Transporter and Multidrug Resistance
Drug transporters are integral membrane proteins that are involved
in drug disposition by affecting absorption, distribution, metabolism,
and excretion (ADME). Clinical pharmacokinetic drug-drug
interactions (DDIs) studies have shown that transporters mainly

FIGURE 1 | Schematic illustration of drug resistance in chemotherapy,
and the underlying crosstalk between these mechanisms.
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participate in the drug ADME process together with metabolic
enzymes (Zhang et al., 2008). Based on their structure and
mechanism, membrane transporters can be divided into two
major superfamilies: the ATP-binding cassette (ABC) and solute-
linked carrier (SLC) superfamily (Giacomini et al., 2010; Nigam,
2015). One of the drug transporter so far received the greatest
attention is ABC family transporters namely ABCB1, also known
as P-glycoprotein or MDR1. Tumor cells can achieve resistance to a
broad range of anti-cancer drugs via activating drug efflux pumps of
membrane-resident P-glycoprotein (P-gp). These hydrophobic drug
substrates such as anthracyclines, vinca alkaloids, taxane,
epipodophyllotoxins, topotecan, as well as several pharmaceuticals
agents are presented to the transporter directly from the lipid bilayer.
Such self-defense effect can occur in ATP-dependent or ATP-
independent manners regardless of the concentration gradients of
drugs (Pérez-Tomás, 2006; Robey et al., 2018). Research has
suggested that the expression of P-gp is usually upregulated in a
variety of tumors including the colon, kidney, liver, and pancreas.
When exposed to chemotherapy drugs, the mRNA levels of MDR1
can be rapidly induced in tumor cells (Abolhoda et al., 1999). Amore
important discovery is that transporter protects against cell death not
only by forcing out drugs but also via direct interference with the
caspase-dependent pathway, which is called as efflux pump-
independent MDR effect (Pallis et al., 2002). For the above
reasons, it seems that P-gp inhibition is a clever therapeutic way
to reverse the MDR phenotype. However, many of the P-gp
modulators were substrates for other transporters or metabolic
enzymes resulting in unpredictable pharmacokinetic interactions.
For this reason, considerable efforts should be made to develop
agents specifically inhibiting P-gp function in MDR-mediated drug
resistance research.

Existence of Cancer Stem Cells
It is widely accepted that cancers develop from a small subset of stem
cells with exclusive ability to self-renew and differentiate into the
heterogeneous cancer cell types (Clarke et al., 2006; Beck and
Blanpain, 2013). These intrinsic cancer stem cells or tumor-
initiating cells constitute a population that is mainly responsible
for cancer aggressiveness, drug resistance, and tumor relapse. There
is no universalmolecular feature of CSCs, although some cell-surface
markers such as CD133, CD44 were associated with CSC phenotype
in different types of tumors (Grosse-Gehling et al., 2013; Yan et al.,
2015). Sometimes, it is assumed that the expression of these surface
markers may reflect the CSC frequency rather than exact content in
certain tumors. CSCs are rarely ranging from 1 per 1,000 to 1 per
100,000 in human tumors (Ishizawa et al., 2010). Nevertheless, when
transplanted into the immunodeficient mice, these CSCs quickly
enable the formation of secondary tumors. Chemotherapeutic drugs
typically affect dividing cells, while CSCs are primarily quiescent cells
with enhanced DNA repair mechanisms, always not influenced
(Vitale et al., 2017). Besides, CSCs also express high levels of specific
ABC drug transporters containing ABCB1, ABCG2, and ABCC1,
which are known MDR genes in tumor cells, allowing for increased
survival (Moitra, 2015). Although chemotherapy kills themajority of
tumor cells, the resistant CSCs may still survive and expand the
tumor again with self-renewing cells and differentiated offspring
(Dean et al., 2005).

EMT and Tumor Metastasis
Epithelial-mesenchymal transition (EMT) is a process that
epithelial cells lose their apical-basal polarity and cell-cell
adhesive properties, acquire migratory and invasive properties
of mesenchymal cells. These undergoing EMT cells exhibit
decreased expression levels of epithelial markers (E-cadherin)
and increased expression levels of mesenchymal genes
(N-cadherin and vimentin) (Lamouille et al., 2014). In most
cases, EMT leads to cell morphological changes and the gain
of stem cell-like features. EMT is extensively involved in multiple
biological pathological processes, especially in many aspects of
cancer progression, including tumor metastasis and drug
resistance (Du and Shim, 2016; Du et al., 2017). In diverse
types of cancers, these undergoing EMT cells frequently
overexpressed ABC family transporters and showed drug
resistance phenotype similar to CSCs (Mani et al., 2008; Jiang
et al., 2017). Studies have demonstrated that the promoters of
ABC transporters contain several binding sites for EMT-related
transcription factors. Overexpression of transcription factors
such as Twist and Snail could increase the promoter activity
and expression of ABC transporters in cancer cells, causing drug
resistance in cancer treatment (Saxena et al., 2011). Besides,
matrix metalloproteinases (MMPs) are involved in the
regulation of EMT and other metastasis-related molecules, the
combination of specific inhibitors against MMPs is an effective
strategy to prevent tumor metastasis and improve tumor
chemotherapy (Chen X. et al., 2021).

NANOMATERIAL THERAPEUTICS
OVERCOME DRUG RESISTANCE

Nanotechnology is initially defined as the “intentional design,
characterization, production, and applications of materials,
structures, devices, and systems by controlling their size and shape
in the nanoscale from 1 to 100 nm range.” (N Engl J Med. 2010 Dec
16; 363 (25):2434–43) Nanotechnology has potential applications in
medical applications because nanomaterials are similar in scale to
biomolecules and systems, and can be designed to perform different
functions. In cancer treatment, nanomaterials are mainly designed to
aid in the transport of anticancer drugs through biological barriers.
The aims of cancer nanomedicine are to use the properties and
physical characteristics of nanomaterials for achieving more effective
and safer cancer treatment (Nat Rev Cancer. 2017 Jan; 17 (1):20–37).
In recent years, emerging evidence demonstrated that some
nanomaterials have distinct advantages in reducing side effects
and overcoming drug resistance. The following will focus on
recent advancements in nanotherapeutic approaches to tackle
drug resistance.

Precise Individualized Strategies for
Overcoming Tumor Heterogeneity
Tumor heterogeneity is an important hallmark for some cancers,
which contribute to the unsatisfactory treatment outcome (Liu et al.,
2019). Traditional tumor treatments are mostly based on ultrasound
(US), magnetic resonance imaging (MRI), computed tomography
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(CT) and other examinations to stage cancer patients, and then
formulate treatment strategies based on histological grade (such as
TNM staging, cancer thrombus formation, et al.) and some clinical
characteristics of the disease, etc. (Lord et al., 2021). And then surgery,
chemotherapy, radiotherapy, immunotherapy and other treatments
could be chosen by median’s experience. Obviously, the consistency
of conventional tumor treatments is poor, and this general treatments
have a certain therapeutic effect on some patients, but due to the
characteristics of tumor heterogeneity and other reasons, many
patients have not benefited. The inhibitor against kirsten rat
sarcoma virus (KRAS) oncogene is a good example. Due to the
gene mutation of KRAS in many cancer patients, the clinical
performance is not satisfactory (Kim et al., 2020). Another specific
example is that sex also plays a critical role in the drug response,
toxicity and other aspects (Hajipour et al., 2021). Therefore, precision
medicine has received more and more attention in recent years,
which could significantly compensate for the shortcomings of
conventional strategies (Figure 2). Simply, patient’s sample-based
multi-omics analysis could comprehensively demonstrate the
underlying risk, suitable patients, novel drug targets, and
promising combination therapies (Zhang and Yu, 2020). Not only

that, precision medicine will also accelerate the process of clinical
transformation, the cells and patient-derived xenograft (PDX)-based
drug screening could enhance the efficacy of clinical trials (Wang
et al., 2018a). Therefore, the precision medicine could guide the
choice of clinical medication and treatment options, and more
evidence also confirms that it is beneficial to improve the
prognosis of cancer patients. Considering the better performance
of nanomedicine in cancer therapy, the diverse functionality of
nanomedicine remarkably facilitates precision nanomedicine,
bringing revolutionary progress to tumor treatment.

Exploiting Novel pH-Responsive
Nanoparticles Based on Tumor Acidity
Recognizing that tumors tend to be acidic environments, a class of
pH-responsive nano-structures is developed and such systems could
enhance uptake by tumor cells through acidic microenvironment-
triggered drug release. These nanoparticles were reported as
following. Self-assembled PEG-detachable polymeric micelles
DOX-PMs (Xu et al., 2019), zwitterionic charge-switchable
polymers S-NP/DOX (Yuan et al., 2012), pH and redox dual

FIGURE 2 | Schematic illustration of the advantages about precise individualized medicine.
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responsive nanoparticle RPDSG/DOX (Kc et al., 2012), pH-sensitive
DSF/PTX co-loaded micelles (Huo et al., 2017), dual-pH responsive
BCP-DOX micelles (Mao et al., 2016), which were designed to
combat chemotherapy resistance based on the low pH tumor
microenvironment, and the results have implied that these pH-
responsive micelles have significant potential for efficiently
combating chemotherapeutic agents (DOX and PTX) resistance in
cancer treatment especially in co-delivery applications (Yu et al.,
2015; Wang et al., 2017). Liu et al. reported a pH-sensitive DSF/PTX
co-delivery systems work in drug-resistant tumor cells model. Briefly,
the micelles were composed of succinic anhydride-modified PTX
(SA-PTX) and disulfiram (DSF), a P-glycoprotein (P-gp) inhibitor,
was simultaneously encapsulated into the hydrophobic core of poly
(ethylene glycol)-block-poly (l-lysine) (PEG-b-PLL). Such a drug
carrier was characterized as follows: 1) the micelles remain
negative surface charge under blood circulation, while quickly
changes to positive under acidic tumor tissues owing to the
hydrolysis of anhydride group. 2) the endocytosis effect increases
the uptake of micelles. 3) the internalized carriers could quickly
release DSF accompanied by deformation of micelles, and then PTX
drugs are released in acidic organelles in a pH-dependent sustained
manner. 4) Because P-gp was inhibited by DSF, the PTX could

accumulate at a higher concentration and effectively kill resistant
tumor cells (Huo et al., 2017). Another good example is the combined
PD173074 chemotherapeutics and chloroquine (CQ) to block the
autophagy and fibroblast growth factor receptor 1 (FGFR1)mediated
AZD9291-resistance (Figure 3). In details, a pH-sensitive
nanoparticle system with shell-core structure was designed to
encapsulate FGFR1 inhibitor PD173074 and autophagy inhibitor
CQ to overcome the resistance of tyrosine kinase inhibitors (TKIs)
AZD9291 in non-small cell lung cancer (NSCLC). FGFR1 signaling
was described to contribute to EMT-associated acquired resistance of
EGFR-TKI in NSCLC treatment. Therefore, NSCLC cells with
EGFR-TKI resistance is sensitive to FGFR1 inhibitors (Wang
et al., 2016). Further, the FGFR1 signaling could regulate cell
autophagy, and autophagy inhibition is beneficial to enhance the
anticancer effects of FGFR1 inhibitor (Lee et al., 2016). The novelty of
this study is the application of pharmacological effects for innovative
nanotheranostic. Furthermore, the biomineralization with CaP
favour the nanoparticles with pH-sensitive to achieve the
lysosome escape and realize the pH-responsive drug release, which
could be applied by the low pH tumor microenvironment. The
specific pH-activation drug release is fully studied, and many
combined strategies were also developed based on other tumor

FIGURE 3 | Schematic model of a pH-responsive shell-core nanoparticles to overcome AZD9291 drug resistance. Reproduced with permission (Gu et al., 2021).
Copyright 2021, Wiley.
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microenvironments, such as higher glucose, low oxygen and higher
Glutathione (GSH) concentration (Li et al., 2013; Li et al., 2017;
Cheng et al., 2021). These pH-responsive nanoparticles not only can
realize the escape of lysosome and enhance the pharmacological
concentration, also achieve the responsive drug release to decrease the
toxic side effects.

Nanoparticles Targeting the Hypoxic Tumor
Microenvironment
Evidence has revealed that hypoxia in the tumor
microenvironment has a crucial role in the clinical resistance of
chemotherapy through a variety of signal transduction pathways
and molecular changes (Pastorek and Pastorekova, 2015; Wang D.
et al., 2021; Xu et al., 2021). The development of advanced
nanomaterial delivery methods for reversing the resistance of
hypoxic tumors is therefore of great interest but remains a

considerable challenge. In general, strategies modulating hypoxia
via nanomaterials that have been investigated can be divided into
three categories including countering hypoxia, disregarding
hypoxia, and exploiting hypoxia. The countering hypoxia
strategy is a traditional targeting method. For example, the
recent study designed a versatile tumor hypoxia-directed
nanoparticle loaded with Acetazolamide (ATZ) specifically
targeting the marker of tumor hypoxia marker carbonic
anhydrase IX (CA IX) for reversing Sorafenib resistance in RCC
treatment (Alsaab et al., 2018). Based on the biocompatibility and
oxygen dissolving ability of perfluorocarbon (PFC), others
developed an innovative nano-PFC as an oxygen shuttle for
ultrasound-triggered tumor-specific delivery of oxygen (Song
et al., 2016). This kind of efficient oxygen-enhanced
nanomaterial may also provide a promising strategy to
overcome the hypoxia-associated resistance in cancer treatment
(Tian et al., 2017). Interestingly, some material scientists tend to

FIGURE 4 | Schematic illustration of the GOx/TPZ@Lipo-Pt nanomaterial and hypoxia-induced reversal of cisplatin resistance. Reproduced with permission (Chen
J. et al., 2021). Copyright 2021, American Chemical Society.
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explore and make use of the hypoxic feature in drug-resistant
tumor cells that is called as exploiting hypoxia strategy. Numerous
studies have indicated that hypoxia-triggered DNA damage,
mitochondrial activity, autophagy, and drug efflux are treatment
obstacles in platinum-based clinical chemotherapy. For example,
the xeroderma pigmentosum group F (XPF), an DNA self-
repairing protein could be regulated by hypoxia, which causes
the acquired resistance of cancer cells to cisplatin (Angew Chem
Int Ed Engl. 2016 Dec 12; 55 (50):15564–15568). Recently,
researchers proposed a novel nano-chemotherapy strategy that
is to build a liposome nanodrug containing glucose oxidase (GOx),
tirapazamine (TPZ), and platinum (IV) prodrug (Chen J. et al.,
2021). The nanodrug can not only be fully utilized but also further
aggravate intracellular hypoxia of cisplatin-resistant tumor cells,
thus fully activating TPZ drug activity. Activated TPZ effectively
inhibited the expression level of XPF protein promoting DNA
repair in tumor cells, thus achieving synergistically enhanced anti-
tumor therapy with platinum drug (Figure 4).

Typical Nanocarriers for Overcome of Drug
Pump Efflux
With the development of nanotechnology, more andmore new-style
nanostructures were discovered. Among these, gold nanoparticles
(AuNPs) are being widely used to deliver small molecules due to
their unique optical properties and surface plasmon resonance effect.

And PEG can be attached to the surface of gold nanoparticles to
increase the stability and circulation time of chemotherapy drugs.
Moreover, the surface plasmon band (SPR) of the nanoparticle will
be modified by changing the shape of AuNPs from spheres to rods.
One of the advantages of gold nanorods is the shift of the SPR allows
for near-infrared (NIR) absorption at the cross-sections permitting a
deeper penetration into living tissues (Arvizo et al., 2010). Many
results have demonstrated these AuNPs or gold nanorods could be
used for the circumvention of drug resistance (Song et al., 2017;
Wang et al., 2018b). One notable work is the study that
Vishwakarma SK et al. developed a stable colloidal suspension of
sorafenib-gold nanoconjugate (SF-GNP) in an aqueous medium for
reverting the drug resistance in HCC cells in a 3D model system.
Owing to the potential of highly biocompatible, SF-GNP
nanoconjugates significantly reduced the growth and proliferation
of SF resistant tumor cells with very least or no side effect after intra-
peritoneal administration of SF-GNP nanoconjugates in animals
(Vishwakarma et al., 2017).

Except for gold nanoparticles, another representative
nanomaterial is the nitric oxide (NO)-stimulated
nanosystem for multidrug resistance cancer therapy. This
system reversing the MDR effect attribute to the principle
that gaseous signaling molecules nitric oxide (NO) can be
used as ABC transporter inhibitors to downregulate the
expression level of P-gp, thus creating a favorable
microenvironment for the treatment of drug-resistant

FIGURE 5 | Illustration of the NO and Dox programmable released ADLAu@CuS YSNPs in MDR cancer therapy. Reproduced with permission (Wang L. et al.,
2019). Copyright 2019, American Chemical Society.
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cancer cells (Pieretti et al., 2020). Interestingly, Wang et al.
designed a sophisticated nanosystem containing NO-
responsive liposome, encapsulate L-arginine (l-Arg)/Dox-
loaded gold@copper sulfide yolk-shell nanoparticles
(ADAu@CuS YSNPs) to programmable release Dox in
Dox-resistant cancer. Various faceted Au NRs were
embedded in CuS HNPs to optimize Au@CuS YSNPs. The
finally formed ADLAu@CuS YSNPs can convert L-Arg into
NO upon NIR laser irradiation, leading to hydrolysis of
o-phenylenediamine-containing lipid and programmable
release of NO and Dox. Once internalized into MCF-7/
ADR cells, the early stage NO release of ADLAu@CuS
YSNPs can inhibit P-gp expression and create a favorable
microenvironment for the latter stage Dox accumulation,
beneficial for MDR cancer therapy (Wang L. et al., 2019).
This NO and Dox sequential release of ADLAu@CuS YSNPs
presenting a potential direction for drug-resistant cancer
therapy (Figure 5).

The combination of chemotherapy and photothermal therapy
is a promising strategy for cancer treatment. Despite the
advantages in overcoming drug resistance, more studies have
demonstrated the promising applications of these gold
nanoparticles or NO-releasing nanomaterials in combined

chemo-photothermal therapy (Zhang et al., 2016; Wei G.
et al., 2019; Wang J. et al., 2021).

Co-Delivery Nano-Formulations for
Reversal of Resistance Mechanism
The co-delivery system of chemo-pharmaceutical agents and
siRNA is an excellent nano-therapeutic strategy for the
effective killing of tumor cells (Xiao et al., 2017; Li et al.,
2019). Since the major mechanisms of drug resistance are the
overexpression of drug-resistant associated genes such as drug
transporters, one approach for overcoming drug resistance is to
use the co-delivery strategy that utilizes small interfering RNA
(siRNA) to silence the expression of drug-resistant associated
genes together with chemotherapeutic drugs. Reports have
demonstrated that these co-delivery nanocarrier systems still
potently reverses the multi-drug resistance effect in tumor
tissues even under hypoxic and acidic conditions (Butt et al.,
2016; Zeng et al., 2017; Marson et al., 2019; Joshi et al., 2020). The
expression of the multidrug resistance 1 (MDR1) gene is a major
obstacle that hinders the treatment of numerous cancer. Notably,
the targeted resistant genes loaded in nanoparticles not only
contain the MDR1 (P-gp) gene but also other genes including the

FIGURE 6 | Schematic illustration of multifunctional DOX + siRNA/ePL lipoplexes to overcome MDR effect. Reproduced with permission (Zhang et al., 2018).
Copyright 2018, American Chemical Society.
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STC2 gene in liver cancer, K-Ras gene in lung cancer, and Bcl2
gene in breast cancer (Jeong et al., 2017; Wen et al., 2017; Cheng
et al., 2018b). Recently, Zhang et al. designed a multifunctional
pH-sensitive drug delivery system loaded with siRNA and DOX
for drug-resistant breast cancer treatment. The nanocarrier is
comprised of EphA10 antibody-conjugated pH-sensitive
doxorubicin (DOX), co-loaded with MDR1-siRNA liposome
(shortened as DOX + siRNA/ePL). Results from the
intracellular study indicated that DOX + siRNA/ePL possessed
the ability for incremental cellular uptake and rapid endosomal
escape in a time-dependent manner. Meanwhile, the animal
experiments suggested that DOX + siRNA/ePL could inhibit
the proliferation, induce apoptosis, and downregulate the P-gp
expression in vivo (Zhang et al., 2018). Altogether, DOX +
siRNA/ePL was expected to be a suitable co-delivery system
for overcoming drug-resistant effects in breast cancer
treatment (Figure 6).

Enhanced Drug Delivery by
Antibody-Modified Active Targeting
The low drug therapeutic dose is an important factor of acquired
resistance in cancer treatment, efficient drug delivery could improve

FIGURE 7 | Schematic representation of the gene-silencing system of anti-CD44-P123-PPI/pDNA-iMDR1-shRNA nanocomplexes. Reproduced with permission
(Gu et al., 2015). Copyright 2015, ELSEVIER.

FIGURE 8 |Mechanism of the reversal of drug resistance in cancer cells
under fs-pulse laser irradiation. Reproduced with permission (Wang et al.,
2014). Copyright 2014, Wiley.
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the pharmaceutic effect and prevent the occurrence of drug
resistance. Sorafenib (SFB) is a common chemotherapeutical drug
targeting vascular endothelial growth factor receptor (VEGFR),
which is universally overexpressed in many tumors (Gounder
et al., 2018). The therapeutic efficacy of sorafenib (SFB) in the
clinic was greatly limited due to its short half-life as well as drug
resistance (Wu et al., 2019). To solve these problems, Gan et al.
developed a novel SFB-loaded polymeric nanoparticle for targeted
therapy of liver cancer. This nanoparticle was fabricated from self-
assembly of biodegradable block copolymers and drug SFB, followed
by conjugating the anti-GPC3 antibody, referred toNP-SFB-Ab (Gan
et al., 2018). Results have shown that NP-SFB-Ab greatly inhibits the
tumor growth of xenograft tumorswithout obvious side effects. Other
antibody-conjugated nanoparticles include HER2-antibody
conjugated nanocarrier for multi-drug-resistant breast cancer
therapy, ICAM-1 as well as Trop2 antibody-mediated
nanoparticles for triple-negative breast cancer (TNBC) treatment
(Vivek et al., 2014; Son et al., 2018; Wang M. et al., 2019). Gu et al.
explored Pluronic P123-conjugated polypropylenimine (PPI)
dendrimer (named as P123-PPI) to deliver shRNA against MDR1
in breast cancer cells (Gu et al., 2015). In detailed, anti-CD44

monoclonal antibody was also included to form nanocomplex,
achieving the efficient gene delivery, enhanced tumor targeting
and longer blood circulation. Based on the above design, the
nanocomplexes significantly inhibited the P-gp expression,
simultaneously drug resistant cells showed the increased cellular
adriamycin (ADR) accumulation (Figure 7).

Combined Strategies in Reversal of Drug
Resistance
The combinatorial strategy of chemo-chemo, chemo-immune,
and chemo-photothermal treatments, usually called “cocktail
therapy”, have been reported to be effective solutions to
overcome drug resistance. For example, Zhang et al. developed
an iRGD peptide-modified lipid-polymer hybrid nanosystem
(LPN), co-loaded with paclitaxel (PTX) and tetrandrine (TET).
As expected, the PTX + TET/iRGD LPNs significantly suppressed
P-gp expression, promoted ROS production and apoptosis in
PTX-resistant tumors (Zhang et al., 2017). Like “Domino-effect”,
the chemotherapy combined with immunotherapy could amplify
the efficacy of anti-tumor treatment. Studies have demonstrated

FIGURE 9 | Schematic illustration of MMPs inhibition to eliminate tumor metastasis. Reproduced with permission (Li et al., 2021). Copyright 2021, Wiley.
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that many advanced nanoparticles are competent to break
through barriers in combinatorial chemo-immune treatment
(Wei X. et al., 2019; He et al., 2021; Yan et al., 2021). Notably,
the latest study reveals the phenomenon that some nanomaterials
possess the inherent biological effect on immunotherapy. These
nonfunctional nanomaterials can overcome tumor resistance to
PD-1 antibody and sensitize the therapeutic effect of PD-1
antibody, thus presenting a promising prospect in chemo-
immune therapy (Sun et al., 2021).

Herein, the following picture simply illustrated a case that
chemo-photothermal treatment applied in overcoming drug
resistance (Figure 8). Wang et al. found that irradiation of
Au@SiO2 resistant cells with femtosecond pulses at a lower
intensity than photothermal therapy produced a unique
photothermal effect, which induced intracellular heat shock
factor (HSF-1) expression, inhibited the expression of
p-glycoprotein (P-gp) on the cell membrane, and the NF-κB
pathway. In addition, it can successfully induce the degradation of
p53 protein mutated in drug-resistant cells, sensitize to
chemotherapy drugs, and finally effectively overcome tumor
drug resistance. Therefore, fs-pulsed laser irradiation provided
a novel and promising strategy to combat drug resistance with the
aid of a multifunctional nanocarrier (Au@SiO2) and triggered
photothermal effects (Wang et al., 2014).

Interaction of Chemotherapeutics and
Metastasis-Related Inhibitors
Tumor metastasis is a major risk factor for poor prognosis of
cancer patients, which is the most concerned issue in surgical
treatment. Moreover, chemotherapy has little benefit in the
treatment of multiple metastasis (He and Shi, 2014). Herein,
the efficient inhibition of tumor metastasis is an urgent work to
enhance the pharmaceutical effect of chemotherapeutics. Li et al.
reported an enzymatically polymer to simultaneously deliver
colchicine chemotherapeutics and marimastat, which is a
potent MMPs inhibitor (Figure 9). Based on the efficient drug
delivery, this nanosystem could disrupt the microtubules of
tumor cells by colchicine, and simultaneously prevent tumor
metastasis microenvironment, which could reduce the primary
post-surgical recurrence and distant metastasis significantly (Li
et al., 2021). To be noted that, MMPs are commonly activated in
some tumor tissues, some nanosystem were developed to release
chemotherapeutics in MMP-responsive manner (Yao et al., 2018;
Vaghasiya et al., 2020), displaying an enhanced
chemotherapeutical response.

CONCLUSION AND PERSPECTIVES

Tumors are composed of mutually interacting tumor cells and
tumor microenvironment. Consequently, internal cancer cells
along with external environmental factors, extracellular matrix
(ECM), and immune cells eventually determine the tumor fate.
Tumor heterogeneity, the existence of CSCs, and the occurrence
of EMT process in tumor cells are the inner driving force in
chemotherapy resistance. However, alterative external pressure

including hypoxia, acidic environment, and tumor-associated
macrophage (TAM) directly affect drug kinetics and favor the
selection of more malignant, therapy-resistant tumor cell
subpopulations. Since the complexity of tumor heterogeneity
and microenvironment, the causes of drug resistance may
differ from individual patients and within a single tumor.
Thus, the therapeutic strategies based on a single and fixed
chemotherapy drug are inevitably suboptimal. In contrast,
flexible and diverse drug delivery materials provided a window
into the availability of better treatment. What’s more, multiple
nanoparticles applied in chemotherapy regimens could be
effectively combined with photothermal therapy,
immunotherapy, and CRISPR-mediated gene edit, thus
synergistically acquiring better therapeutic efficacy in cancer
treatment (Cheng et al., 2020). Considering the complexity
and the heterogeneity of tumors, it is necessary to distinguish
which nanotechnology strategy is most likely effective from a
given context. This is just like the targeted therapy in individual
patients or as we usually called precision medicine (Mitchell et al.,
2021). Of course, one of approaches is to replace the traditional
small molecule drugs with more smart drugs such as anti-cancer
peptides (ACPs). Compared with chemical drugs, peptide-based
drug delivery strategy has obvious advantages in cancer
treatment, especially in overcoming drug resistance. In
addition, the conjugation of peptides to nanoparticles results
in advanced materials for treatment of cancer, whose properties
can be adjusted to maximal efficacy for a given application
(Scarberry et al., 2008; Olson et al., 2010).

In recent years, immunotherapy-combined nanoformulations
have been developed based on studies of tumor escape
mechanism, transforms immunosuppressive tumors into
immunostimulatory phenotypes and overcomes the pathways
leading to tumor escape. The therapeutic strategy has the
potential to induce durable antitumor immune responses in
hematologic and solid malignancies and thus has become
treatment algorithms for multiple tumor types (Bhatia and
Kumar, 2014). Cancer immunotherapy expands potential
targets from tumors to the entire immune system, which is an
area worthy of further exploration. Therapeutic approaches to
manipulate various aspects of the immune system have been
widely investigated including immune checkpoint inhibitors,
CAR T cell adoptive immunotherapy, oncolytic viruses and
vaccines (Yang, 2015). Also, increasing efforts are attempting
to employ combination therapy to engage different parts of the
immune system, implying the importance of this holistic
approach. Through integrating with immunotherapy,
nanomedicine improves the delivery of immune stimulators to
create a close dialogue between tumors and immune system,
which provides unique opportunities to complement each other.
In turn, immunotherapy may weaken the effect of biological
barriers for nanomedicine, and sometimes may not require large-
scale targeted tumor killing activity because activating a small
number of immune cells in the tumor or surrounding tissue can
spread an immune response (Li and Kataoka, 2021). Compared
with solely chemotherapeutic method, immuno-oncological or
immuno-chemical nanomedicine strategies have the great
potential to improve the efficiency toward tumor therapy. In
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our personal view, tumor immunotherapy can be an excellent
way to overcome chemotherapeutic drug resistance because this
strategy directly targets the tumor microenvironment rather than
the heterogeneous tumor cells to achieve efficacy. Furthermore,
nano-immunotherapy strategy could also prevent the function of
cancer stem cells (CSCs), which could significantly enhance the
sensitivity of chemotherapy and tumor recurrence (Lang et al.,
2019). All of these evidence shows the promising outcome of
nanotherapeutics with combination of immunotherapy and
chemotherapy.

It is challenging to design nanomaterials to share all desirable
characteristics for overcoming all barriers. A concrete design
should mainly depend on the specific drug cargo and tumor
target. An ideal drug delivery system should adequately protect
drug cargo, minimize nonspecific interactions with biological
species, and allow efficient aggregation to target sites. In
addition, the drug delivery system, once accumulated in tumor
tissue, should provide sufficient penetration to deliver the drug
throughout the tumor tissue, resulting in mass apoptosis of tumor
cells (Li et al., 2014; Li et al., 2015; Li et al., 2021). For a long time,
we have been tried to design more complex nanomaterials in
many circumstances. However, the design itself is flawed to some
extent. Besides, exploring the function of nanomaterial itself in
vivo and its interaction with biological system at the tissue,
cellular, and molecular levels are always ignored. We strongly
suggest that researchers should pay more attention on the
material itself biological functions and its pharmacokinetics in

vivo. What’s more, many efforts should be made to provide
definitive evidence for its functional mechanism instead of
creating many new complicated nanoparticle systems for
similar concept.

At present, nanoparticles are trying to open a new era for
tumor treatment. Though nanomedicine is still at an early stage,
the reported results in cancer treatment especially in reversing
drug resistance are surprising, and importantly, these advanced
antitumor concepts are of great references for chemists, materials
scientists, biologists, and may provide new insights into cancer
and even a breakthrough in other fields.
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Resveratrol-Loaded
TPGS-Resveratrol-Solid Lipid
Nanoparticles for Multidrug-Resistant
Therapy of Breast Cancer: In Vivo and
In Vitro Study
Wenrui Wang1*, Mengyang Zhou1,2, Yang Xu1, Wei Peng1, Shiwen Zhang1, Rongjie Li 1,
Han Zhang1, Hui Zhang1, Shumin Cheng1, Youjing Wang1, Xinyu Wei3, Chengxu Yue1,
Qingling Yang3* and Changjie Chen3*

1Anhui Province Key Laboratory of Translational Cancer Research, Department of Biotechnology, Bengbu Medical College,
Anhui, China, 2Department of Life Sciences, Anhui Medical University, Anhui, China, 3Department of Biochemistry, School of
Laboratory Medicine Bengbu Medical College, Anhui, China

Multidrug resistance (MDR) is a serious problem during cancer therapy. The purpose of the
present study was to formulate D-α-Tocopheryl polyethylene glycol 1000 succinate-
resveratrol-solid lipid nanoparticles (TPGS-Res-SLNs) to improve its therapeutic
efficacy against breast cancer. In this study, the solvent injection method was used to
prepare the TPGS-Res-SLNs. It was found that the TPGS-Res-SLNs exhibited zeta
potential and drug-loading of −25.6 ± 1.3 mV and 32.4 ± 2.6%, respectively.
Therefore, it was evident that the TPGS-Res-SLNs can increase cellular uptake of
chemotherapeutic drugs, induce mitochondrial dysfunction, and augment tumor
treatment efficiency by inducing apoptosis. Moreover, it was found that SKBR3/PR
cells treated with TPGS-Res-SLNs exhibited significant inhibition of cell migration and
invasion, as compared with free resveratrol. In addition, results from in vivo SKBR3/PR
xenograft tumor models revealed that TPGS-Res-SLNs has better efficacy in promoting
apoptosis of tumor cells owing to high therapeutic outcomes on tumors when compared
with the efficacy of free resveratrol. In conclusion, the findings of the present study indicate
significant potential for use of TPGS-Res-SLNs as an efficient drug delivery vehicle to
overcome drug resistance in breast cancer therapy.

Keywords: multidrug resistance, drug delivery, resveratrol, solid lipid nanoparticle, breast cancer

INTRODUCTION

Globally, breast cancer (BC) is the second leading cause of cancer-related deaths in women (Malvezzi
et al., 2019). The American Cancer Society predicts that, an estimated 281,550 new cases of invasive
breast cancer will be diagnosed, resulting in 43,600 deaths in 2021 (Siegel et al., 2021). Reports
indicate that genetic mutations, endocrine disorders, and a decline in immune function increases the
risk of developing breast cancer (Sun et al., 2017; Sui et al., 2015; Rojas and Stuckey, 2016).

Current methods of treatment for this condition include surgery, chemotherapy, radiotherapy, or
combined strategy (Untch et al., 2014; Willers et al., 1997). For instance, use of paclitaxel (PTX) has
been recognized as the first-line chemotherapy in treatment of breast cancer. However, the efficacy of
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PTX is often limited by multidrug resistance (MDR) (Xu et al.,
2016). Therefore, there is need to develop a novel strategy for
overcoming this limitation and provide a safe, economically-
friendly, and effective therapeutic agent against BC.

The development of MDR poses a major challenge to the
existing conventional chemotherapies against BC. Functionally,
an ATP-binding cassette (ABC) transporter family, comprising
P-glycoprotein (P-gp), multidrug resistance-associated protein
(MRP) and BC resistance protein (BCRP), utilizes ATP-derived
energy to pump chemotherapy drugs out of tumor cells and
protect tumor tissues from chemical toxicity (Yuan et al., 2016;
Tang et al., 2016). This leads to insufficient intracellular levels of
chemotherapeutic drugs and hence a poor therapeutic efficiency
of the drugs. Effective reversal of P-gp-mediated MDR and
maintaining accumulation of chemotherapeutic drugs in tumor
tissues is imperative to management of MDR and for successful
treatment of BC.

Over the past decades, considerable attempts have been made
to develop P-gp inhibitors to overcome MDR. Consequently,
several inhibitors, such as verapamil and disulfiram, have been
identified with their co-encapsulation into nanocarriers found to
reduce MDR of cancer cells in vitro. However, results from in vivo
studies have been unsatisfactory, mainly because of poor aqueous
solubility and low intracellular concentration (Chen et al., 2015;
Alamolhodaei et al., 2017; Zhang et al., 2018). Furthermore, MDR
inhibitors may have inherent toxicity on the normal cells.

D-α-Tocopheryl polyethylene glycol 1000 succinate (TPGS),
as a derivative of natural vitamin E (α-tocopherol). It has been
widely applied in the food and drug industry as a solubilizer,
absorption enhancer, and a vehicle for nanodrug delivery system.
The biological and physicochemical properties of the compound
provide multiple advantages for its applications in drug delivery,
including enhancement of drug solubility, improvement of drug
permeation, and selective antitumor activity (Yang et al., 2018;
Zhang et al., 2017; Gorain et al., 2018). Notably, TPGS can inhibit
activity of ATP-dependent P-gp and act as a potent excipient for
overcoming MDR in tumor tissues.

Nanotechnology has rapidly developed and plays an
important role in anti-tumor, immunology as well as
inflammation research (Cho, et al., 2008; Zhu et al., 2018;
Zheng et al., 2019). Recently, solid lipid nanoparticles (SLNs)
have attracted the most attention among all known nanocarriers
in the field of drug delivery. This, owing to several unique
material properties of SLNs such as small particle size,
biocompatibility, chemical, and mechanical stability as well as
easy functionalization potential (Banerjee et al., 2019; Shen et al.,
2019; Wang et al., 2015). In addition, SLNs can modulate release
of kinetics, improve blood circulation time, and increase overall
therapeutic efficacy of anticancer drugs (Jiang et al., 2016). In the
present study, resveratrol was successfully loaded into SLNs for
treatment of breast cancer (Wang et al., 2017a). Moreover, some
research studies have shown that SLNs is a promising platform
for the delivery of therapeutic agents for MDR cancer
chemotherapy (Majidinia et al., 2020). Based on these
considerations, the current study designed TPGS-
functionalized SLNs for loading drugs to overcome MDR in
breast cancer.

In this study, a novel drug delivery system was developed to
overcome MDR in BC, based on the findings of our previous
research. First, TPGS-Res-SLNs was successfully synthesized
using emulsification and low-temperature solidification
methods and then characterized them using transmission
electron microscopy (TEM) and zeta potential detection. The
release behaviors of TPGS-Res-SLNs in vitro in PBS at different
pH values was then measured. Second, anti-tumor efficacy of the
synthesized compounds in the SKBR3/paclitaxel resistant
(SKBR3/PR) cells was explored in vitro. The effect of these
compounds on cell uptake and cytotoxicity against SKBR3/PR
cells as well as anti-tumor efficacy in mice bearing an SKBR3/PR
tumor were then evaluated. Further, animal studies were used to
validate the treatment with TPGS-Res-SLNs, and compare the
resulting effects to those of free drug. Finally, the present study
examined the probable underlying mechanism of MDR
inhibition in breast cancer.

MATERIALS AND METHODS

Materials
Resveratrol, D-α-Tocopheryl polyethylene glycol 1000 succinate
(TPGS) was obtained from Aladdin Chemicals (Shanghai,
China). Stearic acid, lecithin chloroform, and Tween80 were
acquired from Sinopharm Chemical Reagent Co, Ltd.
(Shanghai, China). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin G, and trypsin-
EDTA were purchased from Thermo Fisher Scientific (MA,
United States). Other chemicals used in this study were of
analytical grade. The primary antibodies used in the
experiment including P-gp, BCRP, N-cadherin, Vimentin,
MMP-2, and MMP-9 were purchased from Proteintech
(Beverly, MA, United States). Horseradish peroxidase (HRP)
which are conjugated secondary antibodies used against rabbit
or mouse immunoglobulin were purchased from Santa Cruz
Biotechnology (Santa Cruz).

Preparation of Res-SLNs and
TPGS-Res-SLNs
D-α-Tocopheryl polyethylene glycol 1000 succinate-resveratrol-
solid lipid nanoparticles (TPGS-Res-SLNs) were prepared using
the emulsification and low-temperature solidification method. A
total of 10 ml solution containing resveratrol (0.15 g), stearic acid
(0.2 g), lecithin (0.1 g), and TPGS (0.1 g) were prepared in
chloroform and then added into 30 ml of H2O containing
Myrj52 (0.25 g) under fast stirring. The mixture was stirred at
1,000 rpm at 75°C for about 1 h till the total volume reduced to
5 ml, 10 ml of cold water was then added and the solution was
stirred at 1,000 rpm for another 2 h at ice bath. To remove both
impurities and large particles, the formulated TPGS-Res-SLNs
were centrifuged at 20,000 rpm (Avanti J25 centrifuge, JA25.50
rotor, Beckman) for 1 h to collect the synthesized materials. The
productive TPGS-Res-SLNs was dried for 24 h at −56°C in
vacuum. Blank SLNs were developed following the same
procedure without the addition of resveratrol whereas the
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preparation of Res-SLNs was done using the same protocol
without the use of TPGS.

Morphological, ζ-potential Characterization
of Res-SLNs and TPGS-Res-SLNs
The Res-SLNs and TPGS-Res-SLNs formulation was initially
imaged under TEM to investigate its morphology. A drop of a
diluted suspension of Res-SLNs and TPGS-Res-SLNs
formulation was placed on the carbon-coated copper grid of
TEM to form a thin liquid film. This was followed by staining
them with phosphotungstic acid solution (2%, w/v) for 5 min.
The prepared samples were examined under a transmission
electron microscope (JEOL, Tokyo, Japan). Theζ-potential of
Res-SLNs and TPGS-Res-SLNs were determined using a
Malvern Zeta-size Nano ZS (Malvern Instruments, Malvern,
United Kingdom).

Quantifying the Loading Efficiency of
Resveratrol by UV-Vis Spectroscopy
The current study also determined the drug loading of Res-SLNs
and TPGS-Res-SLNs. Briefly, 500 µl diluted Res-SLNs and TPGS-
Res-SLNs formulation was placed into a 0.5 ml centrifugal
Amicon® filter tube (Millipore, Carrigtwohill, Ireland) and
centrifuged at 14,000 rpm for 30 min at 4°C using an
eppendorf centrifuge (Eppendorf AG, Germany). The loaded
SLNs remained in the filter tube and the free resveratrol
passed through the filter. The amount of free resveratrol in the
supernatant was then quantified by UV-vis at 304 nm. The drug
loading of SLNs were determined using the following equations:

DL% � Wtotal −Wfree

Wlipids
× 100%

Where: Wfree is the amount of resveratrol measured in the
supernatant; Wtotal is the theoretical amount of resveratrol that
was added;Wlipids is the total mass of lipids in the SLNs or in the
TPGS-SLNs.

In Vitro Drug Release Kinetics
To increase the solubility of resveratrol, the in vitro release of
resveratrol from TPGS-Res-SLNs was tested using pH 7.4 and pH
5.5 buffer solutions [1:1 mixture of water and ethanol (v/v)].
Briefly, 5 ml freshly prepared TPGS-Res-SLNs solution
(equivalent resveratrol dose of 30 μM) was put into dialysis
tube and dialyzed against 50 ml of the medium with constant
shaking at 37°C. At predetermined time points, 1 ml of the
dialysis solution was removed and an equal volume of fresh
medium was added. Resveratrol release was determined by
measuring the absorption intensity at 304 nm using UV-visible
spectrometer.

In Vitro Cytotoxicity
The relative cytotoxicity of free resveratrol, Res-SLNs, and TPGS-
Res-SLNs were separately evaluated in vitro through CCK-8
assay. The SKBR3/PR cells were seeded in 96-well plates at a

density of 5 × 103 cells per well in 100 μl DMEM and grew for
24 h. Subsequently, cells were incubated with free Resveratrol,
Res-SLNs, and TPGS-Res-SLNs at different concentrations (0, 20,
30, and 40 μM) for 24 or 48 h. Cell viability was measured using a
CCK-8 kit (Dojindo Laboratories, Japan) according to the
manufacturer’s instructions and absorbance was measured at
450 nm wavelength using a spectrophotometer.

Cell Uptake
Considering the no fluorescent property of Resveratrol, C6
was chosen as the probe for investigating the cellular uptake
behavior of SKBR3/PR cells (Al-Kassas et al., 2017). The cells
were seeded overnight in a 24-well plate and incubated with
free C6 or C6-loaded-TPGS-SLNs at an equivalent
concentration of C6 (100 ng/ml) in a medium supplement
with 10% FBS. After 0.5- and 4-h incubation, the cells were
washed twice with precooled PBS, fixed using 4%
paraformaldehyde, and stained with DAPI dye solution for
5 min. Fluorescent images of the cells were analyzed under a
TCS SP2 confocal microscope (Leica, Germany) to investigate
the cellular uptake of free C6 and C6-TPGS-SLNs.

P-gp Activity Assay
To investigate the transport activity of P-gp, Rho-123 comprising
fluorescent substrates of P-gp were used (Kumar et al., 2020).
Briefly, SKBR3/PR cells were pretreated with Resveratrol, Res-
SLNs, and TPGS-Res-SLNs in culture medium in the dark and
then co-treated with Rho-123 (0.5 μg/ml) for 1 h at 37°C. After
accumulation of Rho-123, the cells were washed with ice-cold
PBS and collected using trypsinization. Intracellular fluorescence
of Rho-123 was measured using a FACS can flow cytometer (BD
Biosciences).

Scratch Wound Healing Assay
The wound healing assay was carried out to confirm the
migration ability. The SKBR3/PR cells were first seeded in
six-well plates and cultured to confluency. A single wound was
created by scratching the confluent monolayer of the cell using
a 10-μl sterile pipette tip. The cells were then washed two
times with phosphate buffered saline (PBS) and incubated
with DMEM supplemented with 1% FBS. Images were then
taken using an inverted microscope at 0 and 24 h.

Transwell Invasion Assay
The invasion assays of transfected SKBR3/PR cells were
performed using Transwell cell-culture chambers (Corning,
United States). The chamber was coated with the admixture of
Matrigel (BD, United States). A total of 3,000 cells were the
seeded into upper chamber with 100 μl serum-free medium.
On the other hand, the lower chamber was supplemented with
750 μl medium containing 10% FBS. A total of 3,000 treated
cells were seeded into the upper chamber with 100 μl serum-
free medium and the bottom chamber was supplemented with
750 μl medium containing 10% FBS. After 24 h of incubation,
these cells were washed, fixed with 4% polyoxymethylene and
then stained with 0.1% crystal violet. The invaded cells were
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then counted and photographed under a microscope (Hanrong
Company, Shanghai). Five visual fields were selected and the
average number was taken.

Cell Apoptosis
To quantitatively analyze apoptosis in SKBR3/PR cells, Annexin
V-FITC/PI double staining was performed in the current study.
The SKBR3/PR cells were seeded into a six-wells plate at the
density of 2×105 per well and cultured for 24 h. The SKBR3/PR
cells were later washed with PBS (the culture medium) and was
then replaced with TPGS-Res-SLNs, Res-SLNs or free resveratrol
at a concentration equivalent to 30 μM Res for 24 h at 37°C and
5% CO2. The cells with no treatment were used as the control.
Thereafter, the cells were washed with cold PBS and harvested
using 0.25% trypsin (no EDTA). The collected cells were washed
twice with cold PBS and resuspended in 500 μl 1×binding buffer.
Five of Annexin V-Fluorescein isothiocyanate (FITC) and 5 μl
Propidium Iodide (PI) were then into the resuspended cells
according to the manufacture’s protocol. The plate was
incubated in the dark for 30 min at 37°C before it was placed
in an ice bath in preparation for flow cytometry analysis (BD
Biosciences). Results were analyzed using Flowjo7.6 software.

Cell Cycle
The SKBR3/paclitaxel resistant cells were seeded in six-wells
plates at the destiny of 2 × 105 per well for 24 h and then
treated with TPGS-Res-SLNs, Res-SLNs or free Res for 24 h
(equivalent dose of resveratrol 30 μM). The cells were then
washed with cold PBS and harvested after trypsinization with
0.25% trypsin (no EDTA). Then, the cells were washed with PBS
and fixed in cold 70% ethanol for 24 h. After fixation, the cells
were spun again and washed with cold PBS and sequentially
treated with RNase (100 μg/ml) and propidium iodide (50 μg/ml)
for 20 min at 37°C in the dark. Cell cycle stages were determined
and analyzed using flow cytometry.

Immunofluorescent Staining
The SKBR3/PR cells were grown on surface-treated coverslips in 24
well plates (approximately 50,000 cells per well) for 24 h until
between 50 and 60% confluence. The cells were later exposed to
different formulations of Resveratrol, Res-SLNs, andTPGS-Res-SLNs
(equivalent dose of free resveratrol 30 μM). After a 12-h period of
drug treatment, the cells were fixed with 4% paraformaldehyde
(Solarbio, Beijing, China) for 18min, permeabilized for 8min
with 0.2% Triton X-100, and blocked for 55min with 1% bull
serum albumin (Amresco) at room temperature. The cells were
probed overnight with a primary antibody against E-Cadherin
(Sigma; 1:100 dilution) at 4°C and Alexa Fluor 488-conjugated
goat anti rabbit IgG (Molecular Probes, Eugene, OR, 1:100) in the
dark for 1 h at room temperature. After three further washes, the cells
were counterstained using 4, 6-diamidine-2-phenylindole (Beyotime,
1:1000) in the dark for 5min at room temperature. All reagents were
diluted in phosphate buffered saline (PBS) with all the steps followed
by three-times-5min PBS washing. Images were captured using ZEN
version 2012 software (Zeiss, Gottingen, Germany) under a laser
scanning confocal microscope LSM 780 (Zeiss).

Western Blot Analysis
The SKBR3/PR cells (approximately 5 × 105) were seeded in
six-well plates (cells per well) and exposed to resveratrol, Res-
SLNs, or TPGS-Res-SLNs (equivalent dose of free resveratrol
30 μM) for 24 h. The medium was removed and the cells
washed several times using PBS (pH 7.4) in a lysis buffer
for 15 min. After centrifugation at 12,000 rpm, a BCA protein
assay kit (KeyGen Biotech, Nanjing, China) was used to
measure the total protein concentration of the supernatant
with cell lysates. Then, equal amounts of total protein (30 μg)
were analyzed on 10% SDS-polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene
fluoride (PVDF) membranes. The samples were blocked
with 5% BSA and incubated overnight with primary
antibodies at 4°C. The blots were incubated with
horseradish peroxidase (HRP)-coupled secondary antibody,
and the bands were visualized using ImageQuant LAS4000
mini (GE Healthcare Life Science, United States). The primary
antibodies used in the experiment included P-gp, BCRP,
N-cadherin, Vimentin, MMP-2, MMP-9, and β-actin
(included as a control). HRP-conjugated
secondary antibodies were purchased from KeyGEN
(Nanjing, China).

Xenograft Models in Nude Mice
All animal assay were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Bengbu medical University and approved by the Animal
Ethics Committee of Animal Experiments at Bengbu
medical University (Permit No. SYXK Wan 2019081).
Female BALB/c nude mice, aged between 5 and 6 weeks
were use in this study. They were obtained by the
Experimental Animal Center of the Bengbu medical
college. The SKBR3/PR cells we suspended in PBS, at a
concentration of 2 × 107/ml. A 10 μl of the cell suspension
was subcutaneously injected into the dorsal right flank of each
mouse. When tumor volume reached ∼100 mm3, the mice
were randomized into four groups as follows (n � 4 per
group): 1) the control group: where mice were
administered with a daily dose of 100 μl PBS; 2) Resveratrol
group: in which mice were treated with 20 mg/kg resveratrol;
3) Resveratrol-SLNs group: where mice were treated with
Resveratrol-SLNs at doses equivalent to 20 mg/kg
resveratrol; 4) TPGS-Res-SLNs group: in which mice were
treated with TPGS-Res-SLNs at doses equivalent to 20 mg/kg
resveratrol. The tail intravenous injection is a difficult
technique and it is hard to ensure the accuracy of the dose
given to mice every time. Therefore, all treatments were given
intraperitoneally (IP) daily for five times, to guarantee the
equivalent concentration of resveratrol and improve the
accuracy of this study. The shortest (S) and longest (L)
diameters of the mouse tumors were measured and
recorded every after 2 days using a Vernier caliper and the
tumor volume (V) was calculated using the following formula:

Tumor volume(V) � L × S2/2
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After 21 days, the mice were anesthetized, the tissues were
excised, and the major organs (heart, liver, spleen, lung, and
kidney) were collected for subsequent analyses.

Immunohistochemical Staining
Expression of E-cadherin and N-cadherin was examined by
immunohistochemical (IHC) staining. Briefly, paraffin-
embedded tumor tissues were sliced into 3 μm sections,
deparaffinized with xylene, rehydrated with alcohol gradient
and then rinsed using deionized water. The tissue antigen was
the retrieved by heating it for about 10 min in Tris-EDTA
solution (pH 8.0), and the sections were blocked in 3% H2O2

solution. The blocked sections were incubated overnight with
antibodies against E-cadherin (diluted 1:200) or Vimentin
(diluted 1:100) at 4°C, washed three times with PBS, and then
incubated with goat anti-rabbit IgG for 30 min. The sections were
stained with freshly-prepared 3, 3′-diaminobenzidine (DAB),
observed under the microscope, and pictures taken for analysis
using the image processing software.

In Vivo TUNEL Assay
In the current study, TUNEL assays were performed to detect
DNA fragmentation, which is characteristic of apoptotic cells
(Tang, et al., 2010). Tumor sections (4 μm) were
deparaffinized in xylene and rehydrated in a series of
graded ethanol to water. Thereafter, 50 ml of proteinase K
(50 mg/ml) in TBS (pH 8.0) was added onto the slides and
incubated for 30 min at room temperature. The slides were
rinsed three times with PBS and then incubated for 1 h with
50 ml tunel cocktail (a mixture of 2 ml enzyme solution and
48 ml label solution) at 37°C in a humidified atmosphere in the
dark. Finally, 1 μl of 1,000× DAPI stock (0.2 mg/ml) was
allowed to stand in the dark for a few minutes, covered
using slips and the slides analyzed under CLSM using
488 nm excitation and 530 nm emission. The cells showing

green fluorescence were categorized as apoptotic. Cell nuclei
staining using DAPI was also performed and the
mean fluorescence intensity was measured using ImageJ
software.

Histological Examination
In the current study histopathological analysis was performed on
organs and tumor tissues, using hematoxylin and eosin (H&E)
staining. The main organs (heart, lung, liver, spleen, and kidney)
were harvested and fixed overnight in 4% paraformaldehyde and
then embedded in paraffin. The tissues were cut into 5 µm
sections for H&E staining according to the standard
procedures. This was followed by examination of the
tissues under a light microscope (Olympus Corporation,
Tokyo, Japan).

Statistical Analysis
All results of the present study were presented as means ±
standard deviation (SD). The statistical difference between two
groups was tested using one-way analysis of variance (ANOVA)
followed by t-test. The data were considered as statistically
significant at p < 0.05 or 0.01.

RESULTS

Characterization of Res-SLNs and
TPGS-Res-SLNs
Generally, the Res-SLNs and TPGS-Res-SLNs were successfully
prepared in the present study. The morphology and size of these
compounds were first characterized through transmission electron
microscopy (TEM). Both Res- and TPGS-Res-SLNs were spherical
in shape with mean diameters of 169 and 203 nm, respectively
(Figures 1A,B). The zeta potential of Res-SLNs and TPGS-Res-SLNs
was −27.8 ± 1.6 and −25.6 ± 1.3 mV, respectively (Figures 1C,D).

FIGURE 1 | Characterization and in vitro drug release of TPGS-Res-SLNs. TEM image (scale bar: 500 nm) of (A) Res-SLNs and (B) TPGS-Res-SLNs in the
suspension. The Zeta potentials of (C) Res-SLNs and (D) TPGS-Res-SLNs. (E) In vitro release profiles of Resveratrol from TPGS-Res-SLNs at different pH (pH 7.4 and
pH 5.5). Data are expressed as the mean ± S.D. (n � 3).
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The surface charge and size of nanoparticles are important
parameters that affect cellular damage of cancer cells. The
resultant uniform sizes of the Res-SLNs and TPGS-Res-SLNs
enables better solubility and bioavailability (Bai et al., 2013).

Zeta potential is a significant factor in maintaining stability of
nanoparticles in suspension through electrostatic repulsion
between particles (Gao et al., 2011). In this study, zeta
potential of the studied particles was negative enough to
sustain the stability of TPGS-Res-SLNs dispersed system. The

drug-loading of Res by TPGS-SLNs was 32.4 ± 2.6%. In addition,
the release curves of resveratrol from TPGS-Res-SLNs were
investigated under different pH conditions ranging from 5.5 to
7.4. Results of the current study showed that 30.27% of resveratrol
was released from the TPGS-Res-SLNs at 48 h in PBS buffers (pH
7.4), whereas 45.8% of resveratrol in the PBS with pH 5.5
(Figure 1E). These results suggested that the TPGS-SLNs
could be utilized for controlling the release of resveratrol in a
pH-sensitive manner.

FIGURE 2 | In vitro cell viability assay using CCK8 reagents. The cell viability of SKBR3/PR cell treated with SLNs, free resveratrol, Res-SLNs and TPGS-Res-SLNs
after 24 h (A) and 48 h (B). Data are presented as the mean ± S.D. (n � 3 wells). The significant difference of the results was analyzed. **P < 0.01, *P < 0.05.

FIGURE 3 | Cellular uptake and P-gp inhibition ability. (A) Confocal laser scanning microscopy (CLSM) images of SKBR3/PR cells after 0.5 and 4 h incubation with
the coumarin-6-loaded-TPGS-SLNs (C6-TPGS-SLNs), respectively. The image was obtained from FITC channel (green), DAPI channel (blue) and the overlay of the two
channels. The C6-TPGS-SLNs were green and the nucleus was stained by DAPI (blue). (B) P-gp inhibition ability of Resveratrol, Res-SLNs and TPGS-Res-SLNs
increased uptake of Rho-123 in SKBR3/PR cells.
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Cytotoxicity of Res-SLNs and
TPGS-Res-SLNs on SKBR3/PR
To assess the potential of different drug formulations to inhibit
growth of SKBR3/PR cells, a CCK8 assay was performed at 24 and
48 h. It was found that there was no toxicity caused by the
nanocarrier against the SKBR3/PR cells (Figures 2A,B). After
24 h of incubation, the TPGS-Res-SLNs showed a slightly higher
toxicity than free resveratrol and Res-SLNs to SKBR3/PR cells.
After the incubation period, a higher cytotoxicity was recorded in
TPGS-Res-SLNs relative to Res-SLNs and free Res. These results
can be attributed to the fact that free resveratrol have low
solubility and instability in aqueous solution. The solubility
and stability of resveratrol were enhanced by loading it in
SLNs or in TPGS-SLNs and this resulted in prolonged
inhibition of proliferation to drug resistant cancer cells.
Additionally, the rate of cell survival for TPGS-Res-SLNs was

always lower than that of Res-SLNs and free resveratrol at each
dose level (Figure 2).

Efficient Cellular Uptake of TPGS-Res-SLNs
The uptake of different drug formulations in drug-resistant
cell-line SKBR3/PR was also studied under a fluorescence
microscope using the fluorescence dye, coumarin-6 (C6),
and the cellular uptake was compared between C6 loaded
TPGS-SLNs and coumarin-6 solution. The C6@TPGS-SLNs
exhibited stronger fluorescence intensities compared to C6 after
0.5 h of incubation (Figure 3A). Thia suggested that there was a
rapid internalization of C6@TPGS-SLNs into the cells within the
period. Prolonging incubation time to 4 h, resulted into the
entry of C6 into the SKBR/PR and into a marked increase
intensity of fluorescence. When compared with C6, C6@
TPGS-SLNs showed significantly stronger green

FIGURE 4 | TPGS-Res-SLNs induced apoptosis of SKBR3/PR cells. (A) Assessment of cellular death (apoptosis and necrosis) using Annexin V-FITC/PI
staining after incubation for 24 h. SKBR3/PR cells were incubated with Resveratrol, Res-SLNs and TPGS-Res-SLNs for 24 hours. (B) Flow cytometry analysis
of cell cycle phase distribution in SKBR3/PR cells. (C) Histogram showing the cell cycle distribution after treatment with Resveratrol, Res-SLNs and TPGS-Res-
SLNs.
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fluorescence after 4 h of incubation. The results of this study
indicated that uptake of C6 loaded TPGS-SLNs and C6
solution was time dependent.

P-gp Inhibition Improves Intracellular
Accumulation
The P-gp has been recognized as an active efflux transporter and
plays an important role in paclitaxel resistance in various
cancers including breast cancer (Che et al., 2019). To
investigate the functions of free resveratrol, Res-SLNs, and
TPGS-Res-SLNs on P-gp mediated drug efflux, their
influence on intracellular cell uptake of Rhodamine-123
(Rho123) in SKBR3/PR cells was also assessed in the
present study.

It was evident that the cells treated with free resveratrol
showed significantly enhanced fluorescence relative to the
control group (Figure 3B). On the other hand, the cells
treated with TPGS-Res-SLNs exhibited stronger
fluorescence as compared with those treated with Res-SLNs
and Resveratrol. These results showed that TPGS significantly
enhanced Rho123 accumulation in SKRR3/PR cells and this
indicates that the inhibition of p-gp by TPGS-Res-SLNs can
prevent drug efflux and increase chemosensitivity of SKBR3/
PR cells.

Effect of TPGS-Res-SLNs on Cell Cycle and
Apoptosis
To determine the anticancer effect of free resveratrol, Res-SLNs,
and TPGS-Res-SLNs, themethod of AnnexinV-FITC&PIDouble
Staining was used in the present study. A 21.27% of apoptotic cells
(early apoptosis 4.27% plus late apoptosis17%) was recorded in the
sample incubated with free Resveratrol as compared with the
untreated control group (Figure 4A). It was found that when
the cells were treated with Res-SLNs, the total apoptotic SKBR3/PR
cells increased to 39.80% (7.70 and 32.10% for early and late
apoptosis, respectively). In addition, the percentage of total
apoptotic cells treated with TPGS-Res-SLNs was 57.40%, which
represented 45.60 and 11.80% for early and late apoptosis,
respectively. These findings suggest that TPGS-Res-SLNs display
the strongest anti-apoptotic effect in SKBR3/PR cells.

To determine the mechanism of cytotoxicity, the present study
analyzed progression of the cell cycle andDNA content in SKBR3/PR
cells after treatment with free resveratrol, Res-SLNs, and TPGS-Res-
SLNs through flow cytometry. Incubating the cells with the three
compounds revealed an increase at theG2/Mphase from9.5 to 13.92,
21.66, and 28.43%, respectively (Figures 4B,C). This indicated that all
the three formulations could induce different levels of cell cycle arrest
at the G2/M phase. In particular, TPGS-Res-SLNs resulted in the
most significant cell cycle arrest in SKBR3/PR cells. Furthermore,
these findings were consistent with the results of in vitro cytotoxicity.

FIGURE 5 | TPGS-Res-SLNs inhibited invasion and migration ability of SKBR3/PR cells in vitro (A) Transwell migration assay was used to detect the number of
trans-membrane cells. Representative microphotographs of the Boyden chamber assay of SKBR3/PR cells. (B) The quantitative data for the Boyden chamber
assay. The bar graph represents the number of invasive cells present per unit area in different treated groups. (C)Wound-healing assays were performed to assess
cell migration. Cells were treated with Resveratrol, Res-SLNs and TPGS-Res-SLNs for 0 and 24 h or untreated. Representative images of treated and
untreated cells are shown. (D) Distance migrated by cells at the 24 h are shown. The values represent the mean ± SD of three independent experiments. (**p < 0.01,
*p < 0.05).
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Effect of TPGS-Res-SLNs on Cell Migration
and Invasion
To further investigate whether the TPGS-Res-SLNs treatment
had a negative effect on cell invasion, a transwell invasion assay
was conducted using matrigel. It was found that there was a
significant reduction in the number of invasive cells when treated
with TPGS-Res-SLNs for 24 h as compared with when treated
with Res-SLNs and the free resveratrol (Figures 5A,B).

The effect of TPGS-Res-SLNs on SKBR3/PR migration was also
investigated in the current study using a wound-healing assay
(Figures 5C,D). After TPGS-Res-SLNs treatment, the cell
migration distance was notably shorter. This indicate that
resveratrol has a negative effect on cell migration when carried
by the nanoparticles. In addition, it was noted that cellular motility
was also inhibited after different treatment times (0 and 24 h). The
cell images and quantitative analyses revealed that there were three
times fewermigratory cells in the TPGS-Res-SLNs-treated group as
compared with those treated with resveratrol group.

Mechanism by TPGS-Res-SLNs
Prevents MDR
Previous studies have reported that SKBR3/PR cells shows
enhanced migratory ability, which is associated with EMT
phenotype (Smith and Bhowmick, 2016; Wang et al., 2017b;
Laiolo et al., 2018). Therefore, the present study explored the

effect of nano formulations on SKBR3/PR cells by transforming
the EMT phenotype. Considering that EMT is characterized by a
loss of epithelial markers including E-cadherin and upregulation
of mesenchymal markers including N-cadherin and vimentin, the
present study investigated the expressions of EMT-related
proteins using western blot analysis and immunofluorescent
(IF) assay. Immunofluorescence analysis revealed elevated
E-cadherin protein levels were in SKBR3/PR cells (Figure 6A).
Conversely, results of the western blot analysis showed that
treatment with Resveratrol, Res-SLNs, and TPGS-Res-SLNs
resulted in decreased levels of vimentin and N-cadherin
(Figure 6B).

Multi-drug resistance (MDR) is common in patients and has
been linked to overexpression of drug efflux transporters P-gp
and BCRP (Chiu et al., 2016). Overexpression of P-gp is
associated with resistance to a wide range of anticancer drugs,
including several natural product substances such as paclitaxel
(Wang et al., 2017c). Previous studies eports have implicated
some nanodrugs in inhibition of MDR in tumor cells and down-
regulation of P-gp expression, thus reducing drug efflux (Wang
et al., 2019). Based on this, the present study used western blot
analysis to investigate the effects of different nano-formulations
on P-gp and BCRP expression in SKBR3/PR cells. It was evident
that treatment with free resveratrol did not result in a significant
decrease in P-gp and BCRP protein levels, but a significant
reduction in expression of P-gp and BCRP in the two (Res-

FIGURE 6 | The effect of TPGS-res-SLNs on the EMT-related protein level of SKBR3/PR cells by Immunofluorescence assay and Western blot. (A)
Immunofluorescence assay was used to detect EMT re lated proteins. SKBR3/PR cell treated with Resveratrol, Res-SLNs and TPGS-Res-SLNs for 48 h. Untreated cells
served as the control. E-cadherin was stained in green, and nuclei stained with DAPI were in blue. (B) Expression level of P-gp, BCRP, E-cadherin, N-cadherin, Vimentin,
MMP-2, and MMP-9 in protein extracted from SKBR3/PR cells analyzed by Western blot.
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SLNs, and TPGS-Res-SLNs) drug formulations was observed
(Figure 6B).

Many herbal medicines against drug resistance have been
reported in multiple cancer types. Resveratrol was assessed on
various types of cancers as a chemotherapy sensitizer including
pancreatic cancer, breast cancer, and colon cancer. The
mechanisms by which resveratrol chemosensitizes cancer cells
include by inhibition of tumor cell proliferation, metastasis, and
angiogenesis. Resveratrol was assessed as a chemotherapy
sensitizer on various types of cancers, including pancreatic
cancer, breast cancer, and colon cancer. The mechanisms by
which resveratrol chemosensitizes cancer cells include by
inhibition of tumor cell proliferation, metastasis, and
angiogenesis.

Docetaxel–resveratrol combined treatment provides a
promising future for gastric cancer patients to postpone drug
resistance and prolong survival. D-α-Tocopheryl polyethylene
glycol 1000 succinate can inhibit P-gp, thus sensitizing MDR
cells. In the present study, the effect of SLNs with TPGS on
sensitizing MDR cells was investigated in SKBR3/PR cells. Solid
lipid nanoparticles serve as potential anticancer drug delivery
nanocarriers, because they exhibit great superiority to modulate
drug release, improve anticancer activity, and overcome MDR.
Res-SLNs exhibited high cytotoxicity and allowed efficient
intracellular drug delivery. This dual inhibitory strategy can

have a significant potential in the clinical management of
MDR in cancer.

Matrix metalloproteinases, especially MMP-2/-9, play
important roles in breaking down the extracellular matrix
(ECM) (Dia and Pangloli, 2017). Loss of the ECM of blood or
lymph vessels allows cancer cells to invade into the blood or
lymphatic system and spread to other tissues and organs. The
present study evaluated whether different nano-formulations
suppresses cancer cell invasion and motility by affecting the
expression of matrix metalloproteinases. This was performed
through a western blot analysis assay to examine the
expression of MMP-2 and MMP-9 in cancer cells after
treatment with different nano-formulations. Particularly, it was
found that there was a significant decrease in MMP-2/MMP-9
expression in SKBR3/PR cells following treatment with
resveratrol, Res-SLNs, TPGS-Res-SLNs as compared with the
controls (Figure 6B). These results corroborated with the
findings obtained from the transwell-based migration assay.

In Vivo Anti-Tumor Efficacy in SKBR3/PR
Subcutaneous Bearing Nude Mice
Having confirmed the good performance of TPGS-Res-SLNs
through in vitro experiments, we further investigated the
antitumor effect of the nanoparticles in vivo in SKBR3/PR

FIGURE 7 | The in vivo efficacies of Resveratrol, Res-SLNs and TPGS-Res-SLNs onmice bearing SKBR3/PR xenografts. (A) Representative images of mice at the
16th day in the different treatment groups. (B) Digital images of tumors excised from representative mice after the indicated treatments. (C) Body weight vs. time curves
for mice treated with the indicated formulations. (D) Tumor weight of mice in the different treatment groups. (E) Tumor volume vs. time curves for mice treated with the
indicated formulations. he data represented mean ± SD (n � 4). *p < 0.05, **p < 0.01.
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FIGURE 8 | The antitumor effect of TPGS-Res-SLNs on SKBR3/PR tumor bearing BALB/c nudemice. (A) Apoptosis detection by TUNEL assay in slices of tumors
collected from different groups of mice two days after the end of the indicated treatments. Original magnification ×400. (B) IHC staining of E-cadherin (E-Ca), N-cadherin
(N-Ca), and positive cells of differently treated subcutaneous tumor. (C) H8E staining of vital organs of SKBR3-bearing nude mice after intravenous injection of PBS,
Resveratrol, Res-SLNs and TPGS-Res-SLNs.

FIGURE 9 | Schematic illustration of the mechanism of TPGS-Res-SLNs regulates paclitaxel resistance in breast cancer.
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tumor-bearing mice. Different formulations of drugs were
intraperitoneally injected into the mice. Of note, the body
weights of mice were not significantly altered in all treatment
groups during the entire experimental period (Figure 7C). Mice
treated with PBS showed faster tumor growth, whereas those
treated with free resveratrol only showed slightly slower tumor
growth. Comparatively, Res-SLNs and TPGS-Res-SLNs groups
showed higher anti-tumor effects than groups treated with PBS
and free resveratrol (Figure 7A). Images of excised tumors
revealed that TPGS-Res-SLNs had a remarkably higher
inhibition effect compared to other treatments (Figure 7B). In
addition, mice treated with Res-SLNs and TPGS-Res-SLNs had
lower tumor weight compared to control groups (Figure 7D).
Analysis of tumor growth curves showed that TPGS-Res-SLNs
had significantly (p < 0.05) higher antitumor activity than free
Resveratrol and Res-SLNs (Figure 7E). These results suggested
that TPGS-Res-SLNs had stronger tumor growth suppression
effect due to two reasons; it had a higher cellular uptake, and
prevented the inhibitory effect of TPGS on paclitaxel efflux in a
P-gp-dependent manner.

To investigate anti-tumor effects at the cellular level, the
TUNEL assay was performed to analyze cell apoptosis. Similar
to the tumor growth inhibition assay, we found that PBS-treated
groups had no tumor cell apoptosis (Figure 8A). Groups treated
with TPGS-Res-SLNs had significantly higher apoptosis
compared to other groups. These findings reinforced the
conclusion that TPGS-Res-SLNs had the highest therapeutic
efficacy of all treatments. Taken together, these results
demonstrate that TPGS-Res-SLNs can effectively load
resveratrol and enhance its efficacy against breast cancer in vivo.

Previous studies have shown that EMT is associated with
paclitaxel resistance in breast cancer cells (Tian et al., 2017).
During EMT, several epithelial surface markers, primarily
E-cadherin, are downregulated, whereas mesenchymal markers
such as N-cadherin are upregulated. This phenomenon
predominantly occurs at the invasive front (IF) of the tumor.
We, therefore, examined expression of E-cadherin and
N-cadherin in the tumor through immunohistochemistry.
Results showed that E-cadherin expression was higher in
TPGS-Res-SLNs than in free resveratrol and Res-SLNs-treated
groups (Figure 8B). By contrast, N-cadherin expression was
significantly lower in TPGS-Res-SLNs compared to free
resveratrol and Res-SLNs treated groups.

Generally, cancer chemotherapeutics have been shown to
cause severe toxicity to normal tissues. Therefore, we further
explored the effect of each treatment on histopathology of major
organs, heart, liver, spleen, lung, and kidney through H&E
staining. It was evident that free Resveratrol, Res-SLNs, and
TPGS-Res-SLNs treatments induced no obvious histological
changes (Figure 8C). These results demonstrated that TPGS-
Res-SLNs treatment did not induce organ damage, and can
therefore be considered as a safe and effective therapeutic
agent for breast cancer treatment.

CONCLUSION

Although several strategies have been developed to combat multi-
drug resistance in cancer cells, it remains an obstacle that limit
efficacy of chemotherapy. In this study, we developed a TPGS-
SLNs-based delivery strategy as illustrated in Figure 9. The TPGS-
Res-SLNs and TPGS-SLNs were successfully fabricated, then
loaded with Resveratrol. The morphology and size distribution
of these nanoparticles were examined and their inhibitory effects
on growth, apoptosis, and invasion of SKBR3/PR cells were
investigated. The therapeutic effects of different formulations of
these compounds were explored in vivo using nude mice models of
SKBR3/PR, and expression of P-gp, BCRP, E-cadherin,
N-cadherin, MMP-2 and MMP-9 was quantified using western
blots to reveal the mechanism by which the TPGS-Res-SLNs exert
their therapeutic effects. Collectively, the results demonstrated that
TPGS-Res-SLNs showed great potential to treat breast cancer.
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Circulating tumor cells (CTCs) have been well-established as promising biomarkers that
can be leveraged to gauge the prognosis of patients with cancers and to guide patient
treatment efforts. Although the scarcity of CTCs within peripheral circulation and the
associated phenotypic changes that they exhibit owing to the epithelial-mesenchymal
transition (EMT) process make the reliable isolation of these cells very challenging.
Recently, several studies have discussed platforms capable of mediating the efficient
and sensitive isolation of CTCs, but these approaches are nonetheless subject to certain
limitations that preclude their clinical application. For example, these platforms are poorly-
suited to minimizing damage in the context of cellular capture and release or the in vitro
culture of captured cells for subsequent molecular analyses, which would better enable
clinicians to select appropriate precision treatments on an individualized basis. In this
study, we report the layer-by-layer assembly approach to synthesize a novel composite
nanomaterial consisting of modified zirconium-based metal-organic-frameworks (MOFs)
on the surface of magnetic beads with dual antibody surface modifications capable of
capturing CTCs without being hampered by the state of cellular EMT process. Our
analyses indicated that these dual antibody-modified nanomaterials exhibited greater
capture efficiency than that observed for single antibody. Importantly, captured cells can
be gradually released following capture and undergo subsequent in vitro proliferation
following water molecule-induced MOF structural collapse. This release mechanism,
which does not require operator intervention, may be effective as a means of
minimizing damage and preserving cellular viability such that cells can be more reliably
utilized for downstream molecular analyses and associated treatment planning. To further
confirm the potential clinical applicability of the developed nanomaterial, it was successfully
utilized for capturing CTCs from peripheral blood samples collected from cases diagnosed
with gastrointestinal tumors.

Keywords: circulating tumor cells, metal organic frameworks, isolation, cell release, layer-by-layer assembly
method

Edited by:
Jinbing Xie,

Southeast University, China

Reviewed by:
Min Liu,

Jianghan University, China
Ting-Yuan Tu,

National Cheng Kung University,
Taiwan

*Correspondence:
Renjun Pei

rjpei2011@sinano.ac.cn
Hua Xu

szyyxh2000@163.com
Chungen Xing

xingcg@suda.edu.cn

†ORCID:
Mingchao Hu

0000-0002-5567-338X

Specialty section:
This article was submitted to

Nanobiotechnology,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 31 October 2021
Accepted: 17 January 2022

Published: 07 February 2022

Citation:
Hu M, Li C, Wang Z, Ding P, Pei R,
Wang Q, Xu H and Xing C (2022)

Development of Metal-Organic
Framework-Based Dual Antibody

Nanoparticles for the Highly Specific
Capture and Gradual Release of

Circulating Tumor Cells.
Front. Bioeng. Biotechnol. 10:806238.

doi: 10.3389/fbioe.2022.806238

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 8062381

METHODS
published: 07 February 2022

doi: 10.3389/fbioe.2022.806238

145

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.806238&domain=pdf&date_stamp=2022-02-07
https://www.frontiersin.org/articles/10.3389/fbioe.2022.806238/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.806238/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.806238/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.806238/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.806238/full
http://creativecommons.org/licenses/by/4.0/
mailto:rjpei2011@sinano.ac.cn
mailto:szyyxh2000@163.com
mailto:xingcg@suda.edu.cn
http://0000-0002-5567-338X
https://doi.org/10.3389/fbioe.2022.806238
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.806238


INTRODUCTION

Cancer is one of the principal reasons for human morbidity and
mortality globally. Despite notable advancements in the
treatment and diagnosis of various cancers, metastatic disease
progression remains a leading driver of patient death (Jolly et al.,
2019). As tumors grow, malignant cells may travel through the
leaky local vasculature and ultimately enter into systemic
circulation, at which time they are referred to as circulating
tumor cells (CTCs) (Joosse et al., 2015). Previous research
indicates that the spreading and migration of these CTCs is an
important contributor to metastatic tumor progression (Yap
et al., 2014). These CTCs also offer value as biomarkers
amenable to use in the early diagnosis of specific cancers
(Baek et al., 2019; Tsai et al., 2019), the monitoring of patient
treatment responses (Turano et al., 2019; Khattak et al., 2020; Rau
et al., 2020; Reduzzi et al., 2020), and the gauging of patient
prognosis (Yang et al., 2018; Trapp et al., 2019; Wang et al., 2019;
Wang et al., 2020). These CTCs consist of cells taken from
primary tumors or/and metastatic tissue sites that can be
evaluated to gain comprehensive insights regarding the
molecular status of the underlying disease, providing valuable
feedback to inform clinical decision-making. However, these
CTCs are scarce and heterogeneous regarding their molecular
phenotypes, making their reliable isolation and identification
challenging.

Several platforms have been advanced in recent decades that
facilitate the isolation of CTCs based upon either the cellular
physical characteristics or on specific cell surface antigens present
on these CTCs (Nagrath et al., 2016). Physical characteristic-
based cell capture methods include those based on cell size-
(Vona et al., 2000; Oh et al., 2017), density- (Weitz et al., 1998;
Rosenberg et al., 2002), inertia- (Warkiani et al., 2015),
electrophoretic- (Gascoyne et al., 2009; Moon et al., 2011), and
photoacoustic-based approaches (Galanzha and Zharov, 2013;
Nedosekin et al., 2013). Immunoaffinity-based capture methods
generally facilitate the isolation of CTCs through the binding of
EpCAM, which is expressed at high levels on the surface of many
such tumor cells. However, EpCAM is downregulated on CTCs
undergoing the EMT process wherein epithelial cells acquire
mesenchymal-like characteristics conducive to invasive,
aggressive growth (Satelli et al., 2015; Wu et al., 2017; Liu
et al., 2019b). Various recent investigations have shown that
the EMT phenotype is closely tied to prognostic outcomes for a
range of cancers (Satelli et al., 2015; Wu et al., 2017; Liu et al.,
2019b; De et al., 2019; Nicolazzo et al., 2019; Yousefi et al., 2020).
Developing a platform capable of simultaneously capturing CTCs
exhibiting both mesenchymal and epithelial cell surface
characteristics would offer an opportunity to better understand
the mechanistic basis for tumor metastasis while offering new
therapeutic targets and therapeutic options aimed at the effective
treatment of cancers.

MOFs are crystalline porous hybrid nanomaterials consisted
of metal clusters or ions joined by organic connectors (Ou et al.,
2019). MOFs are widely employed for the catalytic purification of
wastewater, gas adsorption, and separation applications
(Furukawa et al., 2013; Zhang et al., 2018). As they are highly

flexible and exhibit a very large surface area with extensive
internal porosity, MOFs have also drawn the interest of
researchers in the fields of biosensing (He et al., 2014a; Dong
et al., 2018; Wang et al., 2018; Afreen et al., 2020), cancer
treatment (He et al., 2014b; Chen et al., 2017), and drug
delivery (Horcajada et al., 2010; Della Rocca et al., 2011).
Several recent studies have sought to employ MOFs as tools to
enhance the efficiency and purity of CTC capture. For example, in
one recent report, researchers detectedMCF-7 tumor cells using a
MOFTA sensor constructed from PCN-224 and DNA
tetrahedron coupled to dual aptamers (AS1411 & MUC1) (Ou
et al., 2019). In a separate study, researchers proposed to design of
a core-shell-basedMOF nanoparticle that had beenmodified with
an EpCAM-specific antibody to facilitate the capture and release
of CTCs (Xie et al., 2019). However, most MOFs are limited by
their poor stability in water, with their structures being
susceptible to collapse as a consequence of the slow
substitution of metal-ligand linkers by water molecules (Burtch
et al., 2014; Yuan et al., 2018; Ding et al., 2019). Zr-based MOFs
represent the most thermally and chemically stable MOFs
produced to date (Cavka et al., 2008), and the Zr-based MOF
UIO-67 has been repeatedly shown to exhibit good stability in
aqueous solutions (Zhu et al., 2015; Øien-Ødegaard et al., 2016;
Pankajakshan et al., 2018). In a previous report, we developed a
dual antibody-based CTC capture platform with specificity for
both N-cadherin and EpCAM, thereby facilitating the highly
efficient isolation of CTCs with both epithelial and mesenchymal
characteristics (Liu et al., 2019a). Here, we employed a layer-by-
layer approach to generate UIO-67-modified Fe3O4 nanoparticles
that underwent further dual antibody modification to facilitate
the recognition of CTCs irrespective of EMT state. The generated
composite nanomaterial was able to capture cells and then
gradually release them for subsequent in vitro culture
following the collapse of this structure upon water exposure.

EXPERIMENTAL SECTION

Materials and Reagents
Ferric chloride hexahydrate (FeCl3.6H2O), trisodium citrate
(TSC), bovine serum albumin (BSA), polyvinyl pyrrolidone
(PVP, Mw: 10,000), Zirconium(IV) chloride (ZrCl4), 1,1′-
biphenyl-4,4′-dicarboxylic acid (BPDC), Streptavidin (SA),
carbodiimide (EDC), N-hydroxysuccinimide (NHS) were
provided from Sigma Aldrich (MO, United States).
Polyethylene glycol (PEG, MW: 4000) was acquired from
Aladdin Co., Ltd. (Shanghai, China), sodium acetate trihydrate
(NaAc·3H2O), ethylene glycol (EG), N,N-Dimethylformamide
(DMF) were provided from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), Hoechst 33342, AF488-conjugated CD45
mouse mAb, AF555-conjugated Pan-Keratin mouse mAb, 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindo-carbocyanine perchlorate
(DiI), 3-3′-dioctadecyloxa-carbocyanine perchlorate (DiO)
were procured from Cell Signaling Technology, Inc. (Danvers,
MA). Biotinylated antibodies specific for human EpCAM and
N-cadherin were obtained from Univ-bio Co. Ltd. (Shanghai,
China).
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Fe3O4 Nanoparticle Synthesis
A solvothermal method was used to synthesize Fe3O4

nanoparticles as reported previously (Guo et al., 2016). Briefly,
FeCl3.6H2O (0.945 g, 3.50mmool), PEG (0.50 g, 0.125 mmol),
and TSC (0.70 g, 2.38 mmol) were combined with gentle mixing
in 70 ml of EG solution until the solvent was fully dissolved to
yield a transparent solution, after which NaAc·3H2O (6.96 g,
51.15 mmol) was added and the mixture was stirred vigorously at
ambient temperature for 1 h. The mixture was then poured into a
reactor and heated to 200°C for 10 h, following which the
obtained product was washed thrice in anhydrous ethanol,
dissolved in anhydrous ethanol, and stored at 4°C.

Dual-Antibody-Fe3O4@UIO-67 Synthesis
A layer-by-layer method was used to synthesize core-shell
structure nanoparticles. Briefly, nanoparticles were prepared by
dispersing 50 mg of Fe3O4 in 50 ml of 10 mg/ml PVP aqueous
solution and stirring the resultant mixture for 24 h at ambient
temperature. The resultant product was collected, rinsed thrice
with anhydrous ethanol, added to 20 ml of DMF along with
0.2 mmol of ZrCl4, and stirred at ambient temperature for 30 min.
The product was then collected via magnetic separation, rinsed
using DMF, and nanoparticles were then dispersant in 20 ml of
10 mmol/L BPDC DMF solution and heated for 40 min at 70°C
followed by an additional wash with DMF. This procedure was
repeated five times to achieve layer-by-layer assembly, yielding
UIO67-coated Fe3O4 particles hereafter referred to as Fe3O4@
UIO-67. Reaction product concentrations were measured,

dissolved with anhydrous ethanol, and stored at 4 °C for
subsequent utilization.

Next, antibody surface modification was achieved by washing
200 μg of Fe3O4@UIO-67 with PBS three times and transferring
them into 0.1 M MES buffer containing 0.025 M NHS and 0.1 M
EDC with shaking at 37°C for 30 min. The resultant products
were then magnetically separated, rinsed thrice with PBS, and
then suspended in 900 uL of PBS and 100 ul of SA solution
(20 μg/ml in PBS) with gentle shaking at ambient temperature for
10 h. Samples were again rinsed thrice with PBS, yielding SA-
modified particles that were subsequently incubated at room
temperature with appropriate biotinylated antibodies (2 μg/ml
anti-EpCAM or anti-N-cadherin in PBS) for 2 h with constant
shaking. The resultant particles were again washed and then
suspended in 2% (w/v) BSA for 2 h with constant shaking to
prevent non-specific binding to the prepared composite
nanomaterial.

Dual Antibody-Modified Fe3O4@UIO-67
Characterization
Fe3O4@UIO-67 morphological characteristics were identified via
transmission electron microscopy (TEM) employing a Hitachi-
HT7700 instrument (accelerating voltage: 120 kV). Fe3O4@UIO-
67 particle size was assessed by implementing a Dynamic Light
Scattering (DLS) instrument (Zetasizer Nano ZS ZEN3600,
Malvern Instruments Ltd. United Kingdom). Following layer-
by-layer assembly, composite nanomaterial surface morphology

FIGURE 1 | (A)Nanoparticles with a core-shell structure were prepared via a layer-by-layer method. (B)Highly specific CTC capture approach using dual antibody-
modified nanoparticles. (C) UIO-67 gradually collapses in aqueous solutions, thereby facilitating the gradual automated release of captured cells.
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was additionally assessed via scanning electron microscopy
(SEM, 20.0 kV, FEI Quanta 400F).

Cell Culture
The human MCF-7 breast cancer (EpCAM+, N-cadherin-), HeLa
cervical cancer (EpCAM-, N-cadherin+), and CCRF-CEM acute
lymphoblastic leukemia T lymphocyte (EpCAM-, N-cadherin-) cell
lines were used asmodels in the present study.HeLa andMCF-7 cells
were cultivated in DMEM comprising 1% penicillin/streptomycin
and 10% fetal bovine serum (FBS), while CCRF-CEM cells were

cultured in RPMI-1640 containing 1% penicillin/streptomycin
and 10% FBS. All cells were cultivated in a 5% CO2 37°C
incubator, with media being replaced every other day. Prior to
cell capture assays, cells were harvested employing 0.05% trypsin.

Antibody-Functionalized Fe3O4@
UIO-67-Mediated Cell Capture Studies
A hemocytometer was used to count model cells, which were then
combined with antibody-modified composite nanomaterials at

FIGURE 2 | (A) Images of TEM for pure Fe3O4. (B) Images of TEM for Fe3O4@UIO-67. (C) Hydrodynamic diameter values for Fe3O4 and Fe3O4@UIO-67
preparations measured via DLS. (D) Zeta potential values for Fe3O4 and Fe3O4@UIO-67 preparations. (E) Fe3O4 and Fe3O4@UIO-67 FTIR spectra. (F) Representative
MCF-7 cell images following capture using dual antibody-modified Fe3O4@UIO-67.

FIGURE 3 | (A) Analysis of the nanoparticle modification status onMCF-7 cell capture efficiency. (B) Analysis of the effects of nanoparticle concentration onMCF-7
cell capture efficiency. (C) Analysis of the effects of time on MCF-7 cell capture efficiency.
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experimentally appropriate concentrations for 30 min at ambient
temperature to assess cell capture dynamics. Capture efficiency
was determined as the ratio of the total number of cells captured
by the prepared nanomaterial to the starting cell number.
Analyses were repeated in triplicate, with results being
reported as the mean ± standard deviation. Associations
between co-incubation time and cell capture efficiency for
prepared composite nanomaterials, 100,000 MCF-7 cells were
incubated with anti-EpCAM-modified magnetic beads for 10, 15,
20, or 25 min, after which samples were magnetically separated,
washed thrice with PBS, and cell capture efficiency was calculated.
The sensitivity of dual antibody-modified Fe3O4@UIO-67
particles as a tool for capturing low numbers of CTCs, 20, 50,
100, or 200 HeLa or MCF-7 cells that had been pre-stained by
utilizing Dio dye were suspended in 1 ml of PBS or healthy
human donor blood to simulate peripheral blood samples from
cancer patients. Following a 30 min co-incubation at 37°C,
samples were magnetically separated, rinsed with PBS, and
capture efficiency was computed.

Culture and Proliferation Analyses of
Captured CTCs
After cells had been captured using modified nanoparticle
preparations, they were rinsed thrice with PBS and added to
DMEM for subsequent culture under standard conditions as
described above. Cellular fluorescence was assessed by staining
cells with the Dio dye after 24, 48, 72, or 96 h. In addition, a CCK-
8 assay was used based on provided protocols to assess cellular
proliferation, while cellular viability was quantified with a
Calcein-AM/PI Double Stain Kit. Briefly, 50,000 HeLa cells
were incubated for 30 min with dual antibody-modified
Fe3O4@UIO-67 at 37 °C, after which samples were rinsed with
PBS and captured cells were stained with 2 μM calcein-AM

(green) and 4.5 μM PI (red) for 20 min at 37°C. After a
subsequent rinse with PBS, cells were imaged via fluorescence
microscopy, and the ImageJ application was employed for
counting dead (red) and live (green) cells. All analyses were
repeated in triplicate.

CTC Capture From Cancer Patient
Peripheral Blood Samples
Samples of whole peripheral blood of cancer patients were
accumulated from the Second Affiliated Hospital of Soochow
University and The Affiliated Jiangsu Shengze Hospital of

FIGURE 4 | (A) Representative confocal microscopy images of captured MCF-7 cells. (B) Representative confocal microscopy images of single captured MCF-
7 cells.

FIGURE 5 | Comparing the rates of capture efficiency when using anti-
EpCAM-modified, anti-N-cadherin-modified, and dual antibody-modified
nanoparticles to capture model target cell lines.
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Nanjing Medical University in tubes comprising Ethylene
Diamine Tetraacetic Acid (EDTA) as an anticoagulant. The
ethics committees of the participating hospitals approved all
aspects of the present study. All samples were processed
within 48 h following collection. In total, 5 ml of peripheral
blood was collected from each of 10 cancer patients. Each
sample was then diluted to a 10 ml total volume using HBSS
(Hank’s balanced salt solution) and layered atoll 5 ml of Ficoll-
Paque (Sigma-Aldrich), after which peripheral blood
mononuclear cells (PBMCs) were isolated through centrifuging
samples at ambient temperature for 30 min at 2,000 rpm, rinsing
the interface later with HBSS three times, and then incubating
samples for 30 min with dual antibody-functionalized magnetic
beads at 37°C. Captured cells were then washed with PBS, fixed
with 4% paraformaldehyde for 20 min, and suspended for 1 h in
blocking buffer (1× PBS with 5% FBS and 0.3% Triton X-100).
CTCs were identified with Alexa Fluor 555-conjugated anti-
PanCK, while leukocytes were identified using Alexa Fluor
488-conjugated anti-CD45, with Hoechst 33342 being used for
nuclear counterstaining. Cells were then imaged via confocal
microscopy, enabling the differentiation between CTCs (CK+/
CD45-/Hoechest+) and leukocytes (CK-/CD45+/Hoechest+).

RESULTS

Fe3O4@UIO-67 Preparation and
Characterization
We began by synthesizing Fe3O4 via a hydrothermal method,
after which UIO-67 was used to modify the surface of these
particles via a layer-by-layer assembly approach to yield a

composite nanomaterial with a stable core-shell structure as
shown in Figure 1. The surface morphology of these prepared
Fe3O4 and Fe3O4@UIO-67 particles was assessed via TEM
(Figure 2A,B), while DLS was employed for confirming the
size and Zeta potential of these particles following UIO-67
modification. The diameters of unmodified Fe3O4 and UIO-
67-modified Fe3O4 in this analysis were 169.90 ± 9.37 nm and
231.91 ± 16.22 nm, respectively, which indicated that UIO-67 was
successfully modified on the surface of the Fe3O4 using the layer-
by-layer assembly method (Figure 2C). Zeta potential values
indicated that while Fe3O4@UIO-67 is relatively stable in water, it
is more labile than Fe3O4 (Figure 2D). The gradual collapse of the
prepared MOF structure in aqueous solutions would thus have
the capability to facilitate the release of captured CTCs for
subsequent culture and analysis. In Fourier-transform infrared
(FTIR) spectra analyses of Fe3O4, the absorption peak at 590 cm

−1

was attributed to the stretching vibration of the Fe-O functional
group, while the peak at 1,585.2 cm−1 corresponded to carboxyl
group vibrations as a consequence of the red-shift of the carboxyl
peak when the carboxylic acid ligand interacts with the metal ion
in the context of coordination, thus reducing its energy and
increasing associated stability (Figure 2E). The peak at
871.7 cm−1 was further assigned to the flexural vibration of
C-H within the benzene ring. Comparisons of the FTIR
spectra for pure Fe3O4 and the prepared composite
nanoparticles confirmed that UIO-67 had successfully been
used to modify the surfaces of these Fe3O4 nanoparticles.
Representative images of SEM for MCF-7 cells captured using
dual antibody-modified versions of these composite
nanoparticles are shown in Figure 2F, demonstrating that
many nanoparticles were visible on captured cell surfaces.

FIGURE 6 | (A) Analysis of the capture efficiency for low numbers of MCF-7 cells in PBS or PBMC-containing solutions. (B) Analysis of the capture efficiency for low
numbers of HeLa cells in PBS or PBMC-containing solutions.
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Cell Capture Condition Optimization
To verify the effective capture of target tumor cells employing our
dual antibody-modified Fe3O4@UIO-67 platform, we next sought to
optimize cell capture conditions. To that end, we utilized MCF-7
tumor cells expressing high levels of EpCAM to mimic tumor cells
with an epithelial-like phenotype, incubating 105 MCF-7 cells with
different nanoparticle preparations for 40 min. Samples were then
magnetically separated and washed three times, after which capture
efficiency was calculated. Modification of UIO-67 using layer-by-
layer assembly on these particles did not effectively eliminate non-
specific binding in this assay context (Figure 3A), leading us to next
block the surface of the prepared nanoparticles with 2% (w/v) BSA
for 2 h following dual antibody modification, thereby significantly
reducing nonspecific cellular adhesion.We next explored the impact
of nanoparticle concentrations and incubation duration on the
efficiency of MCF-7 capture using our anti-EpCAM-modified
nanoparticles, revealing that capture efficiency rose with
nanoparticle concentration to a maximum of 84.375 ± 6.884% at
a nanoparticle concentration of 0.25 mg/ml (Figure 3B). Capture
efficiency was also influenced by incubation time, with maximal
efficiency being achieved following a 20min incubation
(Figure 3C). Representative fluorescent images of MCF-7 cells

following dual antibody-modified nanoparticle-mediated capture
are shown in Figure 4A,B, with isolated MCF-7 cells exhibiting red
fluorescence attributable to anti-Pan-CK staining.

Evaluation of the Impact of Modification
Status on the UIO-67-Coated Magnetic
Nanoparticle Cell Capture Efficiency
We additionally explored the ability of nanoparticles modified with
different antibodies to capture simulated CTCs exhibiting different
surface phenotypes, with MCF-7 (EpCAM+, N-cadherin-) and
HeLa (EpCAM-, N-cadherin+) cells being used to simulate CTCs
with epithelial and mesenchymal characteristics, respectively. In
addition, CCRF-CEM cells were used to evaluate non-specific
nanoparticle cell binding as these cells do not express EpCAM
or N-cadherin. Prepared anti-EpCAM-modified nanoparticles
exhibited high capture efficiency values for MCF-7 cells
(83.75 ± 1.25%) but not for HeLa (12.75 ± 1.79%) or CCRF-
CEM (13.125 ± 2.724%) cells, consistent with the feasibility of this
specific CTC capture approach (Figure 5). Similarly, anti-N-
cadherin-modified nanoparticles exhibited high capture
efficiency for HeLa cells (80.625 ± 2.724%) but not for MCF-7

FIGURE 7 | (A)Brightfield and fluorescent images of HeLa cells following dual antibody-modified nanoparticle-mediated capture and subsequent culture for 24, 48,
72, or 96 h. (B) Absorbance (OD) at 450 nm for HeLa cell cultures following dual antibody-modified nanoparticle-mediated capture. (C) Fluorescent imaging of HeLa cell
viability following nanoparticle-mediated capture. Scale bar: 100 μm.
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or CCRF-CEM cells (2.5 ± 1.44% and 12.5 ± 2.04%, respectively).
Dual antibody-modified nanoparticles were also able to more
efficiently capture both MCF-7 (90 ± 3.95%) and HeLa (87.5 ±
6.85%) cells as compared to single antibody-modified
nanoparticles, consistent with the ability of these nanoparticles
to capture CTCs irrespective of EMT progression status.

Analysis of Rare Cell Capture Efficiency
Prior experimental studies suggest that dual antibody-modified
nanoparticles that had been blocked with BSA (2%, w/v) were
well-suited to the efficient capture of target cells of interest with
minimal non-specific adsorption. To further confirm the
specificity of the developed call capture platform, we sought to
assess the ability of our modified composite nanomaterial to
detect rare simulated CTCs by adding low numbers of Dio-
labeled MCF-7 or HeLa cells (20, 50, 100, or 200 cells) in 1 ml
of PBS. Subsequent analyses indicated that over 86% of MCF-7
cells and 77% of HeLa cells were captured through prepared dual
antibody-modified nanoparticles under these conditions
(Figure 6A). We then repeated these experiments following
the addition of Dio-stained tumor cells to healthy donor
PBMCs to better mimic the complex milieu present within
peripheral blood-derived samples gathered from cancer
patients. Under these conditions, the capture efficiency rates
for MCF-7 and HeLa cells declined slightly to 75 and 70%,
respectively, likely owing to the interference stemming from
the large numbers of background cells present within these
whole blood-derived PBMC samples.

Analysis of Captured Cell Release and
Viability
Given their rarity, the ability to transiently capture CTCs in vitro
and to subsequently culture them for use in subsequent
mutational or gene expression analyses would be invaluable as
a means of better guiding patient care and more fully
understanding the mechanisms shaping tumor pathogenesis.
As such, we next co-cultured captured cells and nanoparticles
in vitro and then evaluated the viability and proliferation of cells
over time. This analysis revealed that after an initial quiescent
period, these captured cells were able to proliferate in culture
(Figure 7A,B), consistent with their gradual release from the
MOF structure as it collapses in water. This progressive
dissolution of the MOF structure following interaction with
water can thus facilitate the automated release of captured
cells in a non-damaging manner, thus enabling their
subsequent proliferation and in vitro culture for downstream
molecular analyses while maintaining high levels of viability
(Figure 7C).

Dual Antibody-Modified Fe3O4@
UIO-67-Mediated Capture of Peripheral
Blood CTCs From Gastrointestinal Cancer
Patients
To confirm the potential clinical viability of these dual antibody-
modified nanoparticles, we next utilized them in an effort for

FIGURE 8 | (A) Representative fluorescent images of captured CTCs. (B) Quantification of the CTCs captured from the peripheral blood (5 ml) of patients with
gastrointestinal tumors. Scale bar: 20 μm.
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capturing CTCs from the peripheral blood of gastrointestinal
cancer cases (n = 7) and healthy controls (n = 5) using blood
samples collected from the Second Affiliated Hospital of
Soochow University and The Affiliated Jiangsu Shengze
Hospital of Nanjing Medical University. Following
nanoparticle-mediated CTC capture, immunofluorescent
staining was conducted to differentiate between leukocytes
(CK-/CD45+/Hoechest+) and CTCs (CK+/CD45-/
Hoechest33342+). Representative images of captured CRCs
are shown in Figure 8A, with the quantification of the
numbers of peripheral blood CTCs captured from each
gastrointestinal cancer patient being shown in Figure 8B. On
average, 1-10 CTCs were collected in the peripheral blood
samples from these cancer cases, whereas 0 CTCs were
evident in any of the healthy control blood samples. Together,
these data thus demonstrate that these dual antibody-modified
nanoparticles can reliably capture CTCs within the peripheral
blood of cases harboring gastrointestinal tumors.

CONCLUSION

In conclusion, we herein employed a layer-by-layer assembly
approach to develop a novel composite nanomaterial via the
modification ofMOF structures on the surfaces of magnetic beads
with dual-antibodies targeting epithelial and mesenchymal
antigens expressed on the surfaces of CTCs. The constructed
MOF structure underwent gradual collapse in water, thereby
facilitating the gradual release of captured cells which can then
undergo subsequent proliferation in culture. This composite
nanomaterial offers many advantages include ease-of-synthesis,
a low cost, and excellent biocompatibility, and its ability to
capture viable CTCs for subsequent culture makes it amenable
to use in the context of a variety of downstream molecular
analyses.
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Janus Magnetic Nanoplatform for
Magnetically Targeted and Protein/
Hyperthermia Combination Therapies
of Breast Cancer
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Protein therapeutics have been considered a promising strategy for cancer treatment
due to their highly specific bioactivity and few side effects. Unfortunately, the low
physiological stability and poor membrane permeability of most protein drugs greatly
limit their clinical application. Furthermore, single-modality protein therapeutics show
insufficient efficacy. To address these issues, Janus magnetic mesoporous silica
nanoparticles (Janus MSNNPs) were developed to preload ribonuclease A (RNaseA)
to simultaneously realize the magnetically enhanced delivery of protein drugs and
magnetic hyperthermia-enhanced protein therapy. Janus MSNNPs showed a high
RNaseA loading ability and pH-responsive drug release behavior. Furthermore, an
external magnetic field could remarkably enhance the therapeutic effect of RNaseA-
loaded Janus MSNNPs due to the improved intracellular internalization of RNaseA.
Importantly, Janus MSNNPs possessed an outstanding magnetic hyperthermia
conversion efficiency, which could generate hyperthermia under an alternating
magnetic field, effectively supplementing protein therapy by a combined effect. In
vitro and in vivo experiments confirmed the high anticancer outcome and low side
effects of this intriguing strategy for breast cancer based on Janus MSNNPs. Hence,
Janus MSNNPs might be an effective and safe nanoplatform for magnetically combined
protein therapy.

Keywords: combination therapies, Janus, breast cancer, magnetic targeting, nanocarriers

INTRODUCTION

Breast cancer is the most frequently diagnosed life-threatening cancer in females and the second
leading cause of cancer deaths among women. An estimated million cases of breast cancer are
diagnosed worldwide every year (Waks and Winer, 2019; Mckinney et al., 2020). Of all breast
cancers, ∼10–20% are described as triple-negative. Triple-negative breast cancer (TNBC), which is
negative for estrogen receptors, progesterone receptors and human epidermal growth factor receptor
2, is a highly malignant cancer that does not respond to hormonal therapy or specific therapy
targeting HER2 receptors (Garrido-Castro et al., 2019; Yin et al., 2020). Surgery and chemotherapy
are considered the standard therapies for breast cancer. Unfortunately, surgical resection only works
for noninvasive TNBC, while most TNBC patients do not meet the criteria for surgery (Chang-Qing
et al., 2020). Moreover, chemotherapy is restricted by severe side effects and multidrug resistance in a
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considerable number of TNBC patients (Pearce et al., 2017;
Nedeljković and Damjanović, 2019). Thus, there is a pressing
need to seek novel strategies for the efficient and safe treatment
of TNBC.

Protein therapeutics, as a new mechanism for cancer therapy,
have attracted great attention due to their highly specific
bioactivity and few side effects (Kordalivand et al., 2018; Si
et al., 2020). Unlike gene therapy, protein drugs can generate
therapeutic efficacy by cell apoptosis activation, blockage of
proliferation and antiangiogenesis without inducing permanent
genetic alterations or adverse effects, thus holding great promise
in the clinic, especially to treat chemotherapy-resistant cancers
(Shao et al., 2018). Ribonuclease A (RNaseA), a relatively small
protein with a size of 2.2 × 2.8 × 3.8 nm, has been applied as an
alternative drug by virtue of its ability to catalyze the degradation
of cellular RNA and subsequently inhibit protein production in
the cytosol (Yu et al., 2017; Zhu et al., 2020). Compared with
traditional chemotherapeutic drugs, RNaseA shows considerable
advantages of highly specific bioactivity and avoids multidrug
resistance. Although promising, the therapeutic efficacy of
RNaseA is highly compromised by its low physiological
stability, short half-life, and poor membrane permeability.
Moreover, RNaseA alone is insufficient to control the
progression of TNBC (Yu et al., 2017; Jia et al., 2019; Zhao
et al., 2019). Consequently, developing a high-performance
strategy for the protein therapy of TNBC is an urgent task
facing the scientific community.

The combination of nanotechnology and biomedicine has
allowed new approaches for cancer theranostics with high
efficiency, specificity and personalization (Bjornmalm et al.,
2017; Yue et al., 2018). The immobilization of proteins into

nanoparticles has been shown to enhance the stability, activity
and cellular internalization efficiency, leading to the development
of multifunctional structures with synergistic effects as hybrid
nanoplatforms (Iype et al., 2017; Xu et al., 2019). Among them,
magnetic mesoporous silica nanoparticles (MMSNPs) provide
good biocompatibility, high surface area and unique magnetic
target properties, and thus they are considered ideal nanocarriers
to achieve magnetically guided protein delivery since the cellular
uptake and tumor accumulation of MMSNPs can be improved by
using an external magnetic field (Chang et al., 2018). More
importantly, M-MSNs can produce hyperthermia under an
alternating current magnetic field (ACMF), termed magnetic
hyperthermia therapy, a noninvasive treatment, which can
effectively supplement the antitumor efficacy of RNaseA (Xing
et al., 2018). Therefore, MMSNPs might be an excellent candidate
for the protein therapy of TNBC. Nevertheless, the potential of
magnetically enhanced RNaseA therapy by MMSNPs has not yet
been explored.

Janus nanomaterials, named after the double-faced Roman
mythology god, are compartmentalized particles with two sides of
different chemical compositions, and they have gained
considerable interest due to their noninterfering properties on
anisotropic surfaces (Zhang et al., 2020; Shao et al., 2021). Janus
metallic mesoporous silica nanocarriers have been demonstrated
to have unique optical, magnetic, thermal, and electric properties
in comparison to the conventional core-shell structures, thus
showing a potentially synergistic and stimuli-responsive manner
in combined diagnosis and therapy of cancer (Hernández-
Montoto et al., 2019; Zhang et al., 2019; Xing et al., 2020). In
this work, Janus MMSNPs were developed using a sol-gel method
and functionalized with carboxyl groups for RNaseA loading and

SCHEME 1 | Schematic illustration of the preparation of RNaseA-loaded Janus MMSNPs and their application for magnetically targeted and protein/hyperthermia
combination therapies of breast cancer.
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pH-responsive release. Janus MMSNPs showed a high RNaseA
loading efficiency, magnetic response performance and magnetic
hyperthermia conversion efficiency. Then, we investigated their
performance in magnetically targeted and hyperthermia-
enhanced suicide protein therapy in vitro and in vivo. In light
of the good therapeutic outcome and biosafety, Janus MMSNPs
might be a promising platform for efficient protein therapy of
TNBC (Scheme 1).

METHODS

Preparation of Janus MMSNPs
Polyacrylic acid (PAA)-stabilized Fe3O4 NPs were fabricated
using a high-temperature hydrolysis reaction. Polyacrylic acid
(PAA)-stabilized Fe3O4 NPs were fabricated using a high-
temperature hydrolysis reaction. Briefly, 0.13 mg FeCl3 was
dissolved into the 34 ml of diethylene glycol under the stirring
at 30°C. At the same time, 2.0 g NaOH was dissolved into the
20 ml of diethylene glycol with stirring at 120°C. After 1 h, the
diethylene glycol solution of FeCl3 was heated to 265°C for
30 min under the protection of nitrogen gas. Then, 3.4 ml
diethylene glycol solution of NaOH was added into the
diethylene glycol solution of FeCl3 and reacted at 265°C for
1 h. Then, the polyacrylic acid (PAA)-stabilized Fe3O4 NPs
were obtained after washed with ethyl alcohol and water and
centrifugation. Then, Janus MMSNPs were fabricated by a
modified sol-gel method. Briefly, 1 ml of Fe3O4 NP solution
(8.4 mg/ml) was mixed with 10 ml of CTAB solution (5 mg/
ml) under ultrasonication for 30 min. Then, 40 μL of tetraethyl
orthosilicate (TEOS) was added dropwise into the mixture,
followed by 0.5 ml of ammonium hydroxide (14.8 M). After
20 min of stirring at 40°C, the products were collected by
magnetic separation using a magnet and washed with
deionized water and ethyl alcohol three times. To form a
mesoporous structure, the prepared products were dispersed
in a NH4NO3 solution and refluxed for 12 h to extract CTAB.
For RNaseA loading and PEG conjugation, carboxylate groups
were introduced on the surface of Janus MMSNPs. First, Janus
MMSNPs were modified with -NH2 groups using ammonium
persulfate (APS) through postgrafting according to a previous
report. Then, 20 mg of Janus MMSNPs was dispersed in a
DMF solution of succinic anhydride (100 ml, 2 wt%) and
stirred overnight at the room temperature. The obtained
Janus MMSNPs with -COOH functionalization were
collected and washed. Finally, PEG was conjugated onto the
Janus MMSNPs through an EDC/NHS reaction. Briefly, the
Janus MMSNP suspension was mixed with an EDC/NHS
aqueous solution and sonicated for 30 min. Then, PEG was
added into the mixture with stirring for 24 h. Finally, PEG-
grafted Janus MMSNPs were collected and stored at 4°C for
further use.

RNaseA Loading and Release
20 mg of RNaseA was added into 10 ml of deionized water to
prepare a protein stock solution. Then, 20 ml of Janus MMSNPs
(2 mg/ml) was mixed with 10 ml of the prepared protein stock

solution, and the mixture was stirred at 4°C for 24 h. After
centrifugation, the loading amount of RNaseA was determined
by detecting the absorbance of the supernatant at 280 nm and
calculated using the following equation: Loading content (%) �
Mass of drug in NPs/Mass of drug-loaded NPs. For the RNaseA
release test, 5 mg of RNaseA-loaded Janus MMSNPs was
encapsulated into a dialysis bag and placed in 10 ml of PBS
solutions with different pH values (pH � 5.5 and 7.4). Then, the
amount of RNaseA released was detected at predetermined time
points by the UV-vis spectrometry.

Intracellular Internalization and Drug
Release
MCF-7 cells were obtained from ATCC and cultured at 37°C
in RPMI 1640 medium with 10% fetal bovine serum penicillin
and streptomycin. MCF-7 cells were seeded in a 6-well plate
and maintained overnight. To detect the cellular uptake of
Janus MMSNPs, FITC-labeled Janus MMSNPs were
incubated with MCF-7 cells at a concentration of 12.5 μg/
ml for 6 h. For the EMF-treated groups, small NdFeB
permanent magnets (surface magnetic field of 0.2 T) were
placed on the bottom of the 6-well plate for 30 min. Then, the
cells were stained with Hoechst 33258 and LysoTracker Red
DND-99 (Invitrogen) for observation by CLSM. To quantify
the intracellular internalization of Janus MMSNPs, the cells
were washed, trypsinized and resuspended after the same
treatment with Janus MMSNPs and measured by FACS. To
investigate the intracellular release of RNaseA, RNaseA was
labeled with Cy5.5 and preloaded into Janus MMSNPs. Then,
RNaseA-loaded Janus MMSNPs were incubated with MCF-7
cells for 6 h and detected by CLSM and FACS using the same
protocol.

In vitro Therapeutic Effect of Janus
MMSNPs@RNaseA
MCF-7 cells were seeded in a 96-well plate and cultured overnight.
Then, these cells were treated with various concentrations of Janus
MMSNPs, RNaseA and Janus MMSNPs@RNaseA for 24 h with or
without 30 min of external magnetic field (EMF) exposure. For the
EMF treatment groups, a small NdFeB permanent magnets (0.2T)
were placed under the 96-well plates during the incubation of 0.5 h.
Notably, the amount of RNaseA in Janus MMSNPs@RNaseA was
equal to that of free RNaseA in the same parallel groups. Then, cell
viability was assessed using WST assays, and untreated cells were
used as the control group.

To investigate the magnetic hyperthermia conversion efficacy of
Janus MMSNPs, cell culture medium containing various
concentrations of Janus MMSNPs@RNaseA was placed and
exposed to an alternating magnetic field (ACFM, 325 Oe,
262 kHz), and the temperature change was monitored at
predetermined time points. To investigate the magnetic
hyperthermia therapy of Janus MMSNPs, MCF-7 cells were
treated with various concentrations of Janus MMSNPs with or
without an ACFM (325 Oe, 262 kHz) in the absence or presence of
an EMF. For the ACFM treatment groups, the cells were exposed in

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 9 | Article 7634863

Zuo et al. Janus Nanoplatform for Combination Therapies

158

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


an ACFM for 30min during the incubation of 6 h. After 24 h of
incubation, the cell viability was measured using the same method.

In vivo Combined Therapies and Biosafety
All animal experiments were approved by the Ethics Committee
for the Use of Experimental Animals of Jilin University. To
establish MCF-7 tumor-bearing nude mice, 5 × 106 MCF-7 cells
were orthotopically injected into the mammary fat pads of
female nude mice weighing approximately 20 g. When the
volume of these tumors grew to approximately 80 mm3, all of
the mice were separated into six groups and intravenously
administered PBS, free RNaseA (5 mg/kg), Janus MMSNPs
(20 mg/kg) and Janus MMSNPs@RNaseA (25 mg/kg) every
3 days. For the EMF-treated groups, a NdFeB permanent
magnet (surface magnetic field of 0.5 T) was placed on the
skin over the tumor site for 1 h at 1 h after administration. For
the ACMF-treated groups, the mice were placed under an
alternating magnetic field (325 Oe, 262 kHz) for 1 h at 24 h
after administration. The tumors and body weight in each group
were recorded every 3 days. Tumor volumes were caculated
using the equation: tumor volume � the length of tumor × the
width of tumor × the width of tumor 2 × 0.52. All the mice were
sacrificed at the 23rd days. The tumors were harvested and
weighed. The liver, spleen, kidneys, lungs and heart were
harvested, sliced and stained with hematoxylin-eosin. The
serum was separated from the collected blood, and the serum
biochemical indices, including aminotransferase (AST),
phosphocreatine kinase (CK), alanine aminotransferase
(ALT), total bilirubin (TBIL), alkaline phosphatase (ALP),

blood urea nitrogen (BUN), creatinine (CR), cholesterol (TC)
and triglyceride (TG) were assessed using the manufacturer’s
protocol.

RESULTS AND DISCUSSION

Janus MMSNPs were constructed using a sol-gel method, in
which Fe3O4 nanoparticles were used as a substrate, TEOS was
used as a silica source, and CTAB was used as a template.
Transmission electron microscopy (TEM) in Figure 1A clearly
revealed that Janus MMSNPs showed a uniform morphology and
good monodispersity, which consisted of a Fe3O4 head with a size
of approximately 50 nm and a silica body with dimensions of
approximately 150 nm. Subsequently, Janus MMSNPs were
modified with carboxyl groups and conjugated with
polyethylene glycol (PEG) amine. After PEG decoration, Janus
MMSNPs showed long-term stability in cell medium for 5 days of
storage (Supplementary Figure S1). Then, we investigated the
magnetic properties of these Janus MMSNPs. As shown in the
Figure 1C, Janus MMSNPs possess good magnetic properties
with a saturation magnetization value of 49 emu·g−1. We next
investigated the mesoporous properties of Janus MMSNs. The N2

adsorption-desorption isotherm curve in Figure 1B indicated
that Janus MMSNPs have a large pore volume (0.57 cm3/g), a
high BET surface area (578.2 m2/g) and a uniform pore diameter
(4.2 nm). The excellent mesoporous properties of Janus MMSNs
suggested a high drug loading efficiency. To investigate the
magnetic hyperthermia conversion ability of Janus MMSNPs,

FIGURE 1 | Characterization of Janus MMSNPs. (A) TEM images of Janus MMSNPs, scale bar � 100 nm. (B) N2 adsorption-desorption isotherms of Janus
MMSNPs. (C) Magnetization curve of Janus MMSNPs. (D) Temperature-time curves of various concentration of Janus MMSNPs solutions.
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we measured the temperature change of cell culture media
containing various concentrations of Janus MMSNPs under an
alternating current magnetic field (ACMF). As shown in
Figure 1D, the temperature of pure water and cell culture
medium without Janus MMSNPs only increased by 6°C under
an ACMF, whereas the temperature increase in Janus MMSNP
solutions was in a time- and concentration-dependent manner
with the exposure to ACMF. At a JanusMMSNP concentration of
50 μg/ml after less than 20 min of exposure to ACMF, the
temperature of the cell medium rose to 43°C, a crucial
temperature to induce cancer cell death.

Numerous studies have demonstrated that an external
magnetic field (EMF) could improve the cellular uptake of
magnetic nanocarriers and direct their transportation to tumor
sites, which was also named as “magnetic targeting”. Thus, we
investigated the cellular internalization of Janus MMSNPs under
a magnetic field stimulus. As shown in Figures 2A, C, the
colocalization of FITC-labeled Janus MMSNPs with
endolysosomes was observed after 6 h of incubation with
MCF-7 cells and MCF 10A cells with or without an EMF by
CLSM, indicating that the Janus MMSNPs could enter into the
cells and internalize in the endolysosomes. As expected, higher

fluorescence signals were found in the magnetic field treated
groups than that those of EMF-untreated groups, which was in
line with the FACS results (Figures 2B, D), confirming the utility
of the EMF to promote the cellular internalization of Janus
MMSNPs. Notably, more Janus MMSNPs distributed in MCF-
7 cells compared with MCF 10A cells at the same EMF-treated
condition, indicated that Janus MMSNP could induce a higher
cellular uptake in cancer cells than normal cells.

To explore the potential for protein delivery, the carboxyl-
functionalized Janus MMSNPs were loaded with Ribonuclease A
(RNaseA), a cytotoxic protein drug commonly used in the breast
cancer therapy. The zeta potential change indicated that RNaseA
was successfully loaded into the Janus MMSNPs (Supplementary
Figure S3). As determined by UV-visible spectrophotometry, the
drug loading content of RNaseA was as high as 250.6 μg mg−1. To
investigate the drug release behavior, the cumulative release of
RNaseA from RNaseA-loaded Janus MMSNs (Janus MMSNs@
RNaseA) was measured in PBS solution at different pH values
(5.5 and 7.4). As shown in Figure 3A, less than 20% of RNaseA
was released from Janus MMSNs@RNaseA after 96 h of dialysis
at a pH of 7.4, whereas a rapid release of RNaseA occurred at a pH
of 5.5, and the cumulative release reached 66.1% at 96 h. The pH-

FIGURE 2 | Cellular uptake of Janus MMSNPs. CLSM images of MCF-7 cells (A) and MCF 10A cells (C) incubated with Janus MMSNPs for 6 h with or without an
EMF, scale bars � 10 μm. Quantitative FACS analysis of the endocytosis of Janus MMSNPs in MCF-7 cells (B) and MCF 10A cells (D) after 6 h of incubation with or
without an EMF. Mean values ± SD. *p < 0.05 vs. the Janus MMSNPs group, n � 3.
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FIGURE 3 | Drug release behavior of Janus MMSNPs@RNaseA. (A) Drug-release behavior of Janus MMSNPs@RNaseA at different pH value. (B) Quantitative FACS
analysis of the intracellular distribution of RNaseA in free RNaseA-, Janus MMSNPs@RNaseA -, or Janus MMSNPs@RNaseA plus an EMF-treated MCF-7 or MCF 10A cells
for 6 h. Mean values ± SD. *p < 0.05 vs. the MCF-7 cell group, n � 3. (C) CLSM images of MCF-7 cells after treated with free RNaseA or Janus MMSNPs@RNaseA with or
without an EMF for 6 h (D) CLSM images of MCF cells after treated with free RNaseA or Janus MMSNPs@RNaseA with or without an EMF for 6 h. Scale bar � 10 μm.

FIGURE 4 | Combination therapies of Janus MMSNPs@RNaseA in vitro. Cell viability of (A) MCF-7 and (B) MCF 10A after incubation with free RNaseA, Janus
M-MSNs or Janus MMSNPs@RNaseA with or without an EMF for 24 h *p < 0.05 vs. free RNaseA group; #p < 0.05 vs. JanusMMSNPs@RNaseA group. The cytotoxicity
of Janus MMSNPs@RNaseA in the absence or presence of an ACMF with or without EMF towards (C)MCF-7 cells and (D)MCF 10A for 24 h. Mean values ± SD, n � 4.
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responsive drug release phenomenon could be explained by
RNaseA becoming more water soluble at low pH because of
the protonation of amine groups. Since endolysosomes and the
local environment of tumor tissues are acidic, pH-responsive
drug release behavior can improve the anticancer effect and
reduce the side effects in normal tissues. To investigate the
intracellular drug release, RNaseA was labeled with Cy 5.5,
and the red fluorescence signals of RNaseA were detected in
MCF-7 cells and MCF-10A cells after 6 h of incubation using
CLSM and FACS. As shown in Figures 3B–D, more green
fluorescent signals were detected in MCF-7 cells after treated
with Janus MMSNPs@RNaseA than those treated with free
RNaseA, indicating Janus MMSNPs are effective carriers to
improve the cellular internalization of RNaseA in cancer cells.
On the contrary, Janus MMSNPs@RNaseA groups showed a
lower intracellular RNaseA distribution than free RNaseA, which
could be attributed to the weak cellular internalization of Janus
MMSNPs and the low RNaseA release in normal cells.
Additionally, an external magnetic field obviously improved
the RNaseA accumulation in both MCF-7 cells and MCF 10A
cells after treated with Janus MMSNPs@RNaseA. Other studies
have demonstrated that in comparison to the core-shell
nanoparticles, Janus magnetic nanoparticles have a higher
cellular uptake efficiency due to the rod-like morphology and
stronger magnetic responsive property because of the non-

interfering feature (Shao et al., 2016). The magnetically-
enhanced performance indicated that Janus MMSNPs might
be a superior nanoplatform for protein therapies of cancer.

Endocytosis and drug distribution play important roles in the
therapeutic effect. TheWST assay was subsequently performed to
evaluate the cytotoxicity of Janus MMSNPs@RNaseA with the
aim of an EMF. As shown in Figures 4A,B, Janus MMSNPs
showed a negligible cytotoxicity towards MCF-7 cells or MCF
10A cells even at a concentration of 100 μg/ml with or without an
EMF, indicating that Janus MMSNPs have a good
biocompatibility. The anticancer effect of Janus MMSNPs@
RNaseA and free RNaseA was concentration-dependent in
MCF-7 cells. Janus MMSNPs@RNaseA showed a higher
killing effect towards MCF-7 cells than free RNaseA when the
amount of RNaseA was equal, whereas Janus MMSNPs@RNaseA
induced lower death of MCF 10A cells than free RNaseA, which
was in line with the results of intracellular RNaseA accumulation.
These results indicated the anticancer efficacy of Janus
MMSNPs@RNaseA originated from the selective endocytosis
and pH-responsive drug release in cancer cells rather than in
normal cells. Notably, the applied EMF remarkably improve the
therapeutic efficiency of Janus MMSNPs@RNaseA, which was
due to the magnetically enhanced endocytosis. Given the ability of
Janus MMSNPs to generate magnetic hyperthermia, we
investigated the therapeutic effect of magnetic hyperthermia on

FIGURE 5 | In vivo combined protein/magnetic hyperthermia therapes of JanusMMSNPs@RNaseA. (A) Tumor photographs. (B) Tumor growth curves. (C) Tumor
weights Mean values ± SD, n � 4. *p < 0.05 vs. the Janus MMSNPs@RNaseA, #p < 0.05 vs. Janus MMSNPs@RNaseA plus ACFM, and &p < 0.05 vs. the free RNaseA
groups. (D) Body weight change.
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Janus MMSNP-treated MCF-7 cells. As shown in Figures 4C,D,
the cell viability of MCF-7 cells and MCF 10 A cells was not
decreased only after exposure to ACMF in the absence of Janus
MMSNPs, indicating the biosafety of the applied ACMF. As
expected, Janus MMSNPs plus ACMF showed a concentration-
dependent anticancer effect, and the therapeutic effect of magnetic
hyperthermia could be improved by an EMF due to magnetically
enhanced endocytosis. We subsequently explored the combined
effect of magnetic hyperthermia therapy with protein therapy. The
Figures 4C,D revealed that Janus MMSNPs@RNaseA plus ACMF
could induce more deaths of MCF-7 cells than single Janus
MMSNPs@RNaseA or Janus MMSNPs plus ACMF.
Additionally, Janus MMSNPs@RNaseA plus ACMF with EMF
showed the best anticancer effect among all the treatment groups.
These results indicated that both ACMF and EMF could improve
the outcome of protein therapy and that the combination of these
two stimuli could result in the best therapeutic efficacy.

After confirming the Janus MMSNPs@RNaseA-based
combination therapies in vitro, we further investigated
magnetically enhanced protein therapy in vivo. MCF-7 tumor-
bearing nude mice were established and randomly divided into six

groups. As shown in Figures 5A–C, tumors in the Janus MMSNP-
treated groups grew similarly to those in the control groups,
indicating that Janus MMSNPs have no inhibitory effect on
tumor growth. Janus MMSNPs@RNaseA showed delayed growth
in the relative tumor volumes and tumor weights compared with the
control groups or the free RNaseA groups. Additionally, the
inhibitory rate of tumor growth was remarkably higher in the
Janus MMSNPs@RNaseA plus ACMF groups than in the Janus
MMSNPs@RNaseA groups, and Janus MMSNPs@RNaseA plus
ACMF with EMF showed the highest therapeutic efficacy among
all of the treatment groups, indicating the magnetically enhanced
combination therapy based on our Janus MMSNPs@RNaseA.

Encouraged by the outstanding therapeutic efficacy, we
evaluated the systemic toxicity of the combination therapies. As
shown in Figure 5D and Figure 6, none of the mice experienced
weight loss, and no observable changes occurred in serum
biochemical indices, including aspartate aminotransferase (AST),
phosphocreatine kinase (CK), alkaline phosphatase (ALP), alanine
aminotransferase (ALT), blood urea nitrogen (BUN), creatinine
(CR), total bilirubin (TBIL), cholesterol (TC) and triglyceride (TG),
after being subjected to a full course of any treatments. Furthermore,

FIGURE 6 | Serum biochemistry indicators assessment. (A) Alanine aminotransferase (ALT). (B) Phosphocreatine kinase (CK). (C) Blood urea nitrogen (BUN). (D)
Aspartate aminotransferase (AST). (E)Creatinine (CR). (F)Alkaline phosphatase (ALP). (G) Triglyceride (TG). (H)Cholesterol (TC). (I) Total bilirubin (TBIL) of MCF-7 tumor-
bearing nude mice. Mean values ± SD, n � 4.
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hematoxylin-eosin staining images of the heart, liver, spleen, lungs
and kidneys in Figure 7 indicated a normal physiology of all of the
mouse organs after receiving any treatment. Collectively, consistent
with our in vitro results, Janus MMSNPs@RNaseA exposed to an
EMF displayed a magnetically enhanced protein therapeutic
outcome in vivo with negligible side effects.

CONCLUSION

In summary, Janus MMSNPs were fabricated to preload RNaseA
for realizing magnetically enhanced protein therapy of breast
cancer. The prepared Janus MMSNPs showed a high RNaseA
loading efficiency, pH-responsive protein release property and
improved protein delivery with the help of an external magnetic
field. Importantly, the therapeutic effect of Janus MMSNPs could
be promoted by magnetically enhanced tumor accumulation and
their combination with magnetic hyperthermia therapy. Given
their good magnetic targeting abilities and the remarkable
combined effect of magnetic hyperthermia therapy with
protein therapy, Janus MMSNPs might be a potentially
superior candidate for the protein therapy of breast cancer.
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As the second reason of causing death after cardiovascular disease for human being,
cancer is damaging people all over the world. Fortunately, rapidly developing in the past
decade, nanotechnology has become one of the most promising technologies for cancer
theranostics. Recent studies have demonstrated that metal nanoparticles, especially
manganese nanoparticles (Mn-NPs), exhibit amazing potential for application in
multifarious oncology fields according to their characteristic fundamental properties.
Although global scientists have developed a variety of new Mn-NPs and have proved
their preponderance in cancer diagnosis and treatment, Mn-NPs are still not approved for
clinical use. In this paper, the recent research progress of Mn-NPs in the fields of cancer
diagnosis and therapy is reviewed. Besides, the future prospect and challenges of Mn-NPs
are discussed to explore wider applications of Mn-NPs in clinic. Here, we hope that this
review will show a better overall understanding of Mn-NPs and provide guidance for their
design in clinical applications for cancer.

Keywords: cancer, diagnosis, therapy, manganese, nanoparticles

1 INTRODUCTION

Cancer, a morbid state caused by aberrant cell proliferation, is the second leading cause of death
globally. Cancer caused almost ten million deaths in 2020 on the basis of data released by the World
Health Organization (WHO), and unfortunately the incidence of cancer is still rising year by year
(Siegel et al., 2021). Cancer is undoubtedly a major risk to the health and lives of people in the world.
Molecular imaging technology has high veracity and dependability in elucidating biological processes
and monitoring disease status, and particularly has important value in tumor detection and
prognosis monitoring. The main types of cancer therapy include surgery, chemotherapy,
radiotherapy, immunotherapy and so on. However, current imaging techniques have their own
limitations of applications in clinical cases and traditional treatments are accompanied by diverse
side effects. Therefore, it is desirable to develop a better medical strategy for diagnosis and treatments
of cancer. In recent years, the rapid development of nanomedicine seems to be a promising option to
overcome these challenges of cancer.

A series of nanoparticles (NPs) have been developed and increasingly entered the stage of clinical
application (Kim et al., 2010; Baetke et al., 2015). Among them, manganese nanoparticles (Mn-NPs)
show good biocompatibility and low side effects because manganese (Mn) is a basic building of cells
and a cofactor for many metabolic enzymes (Felton et al., 2014). Thus, a considerable number of
researches have been conducted, focusing on the development of Mn-NPs and their potential
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applications in multipurpose diagnosis and therapy of cancer.
Herein, we provide a review of the studies that have been
conducted on Mn-NPs over the past decade, describe the
synthesis and surface functionalization of Mn-NPs as well as
the use of Mn-NPs in cancer diagnosis and treatments in detail,
and briefly discuss the possible molecular mechanisms
underlying cancer.

2 CLASSIFICATION AND SYNTHESIS

Mn as the third most abundant transition metal on earth can be
prepared into various Mn nanostructures through different
nanotechnologies, such as NPs, nanorods, nanobelts, nanosheets,
nanowires, nanotubes, nanofibers and other hierarchical structures.
Thereinto, Mn-NPs are divided into twomain categories: Mn oxide
NPs and Mn-doped NPs, and their preparation methods are not
universal due to their customization and complexity of
configurations. Although a brief overview of the synthesis of
MnO2 NPs, which are the simplest Mn-NPs, will be described
here for an instance, readers are encouraged to view other reviews to
obtain detailed information about the synthesis of other kinds of
Mn-NPs. A representative synthesis procedure of MnO2 NPs is as
follows: 60ml of saturated argon aqueous solution containing
0.1 mM KMnO4 in a glass container is irradiated in a water
bath, and the temperature of the water bath is maintained at
20°C using a cold water circulation system. The container is
installed in a constant position and closed from air during the
irradiation (Abulizi et al., 2014). Besides, green synthesis ofMn-NPs
has received great attention in recent years, which is a new evolved
means from the nanobiotechnology and is the latest available

method to manufacture Mn-NPs combining materialogy and
biotechnology (Figure 1) (Hoseinpour and Ghaemi, 2018).
Green synthesis of Mn-NPs using raw materials, vegetables and
fruits, plant extracts, microorganisms and fungi has advantages of
non-toxic, environmentally friendly, clean and low-cost, and it can
be completed at room temperature and normal pressure (Singh
et al., 2016; Ahmed et al., 2017). Using genetic engineering,
molecular cloning, plant extracts and other biotechnologies to
green synthesize Mn-NPs with controllable shape and size will
be a major advancement in the nanobiotechnology, and how to
achieve this achievement is also a huge challenge.

3 CHARACTERISTICS AND MODIFICATION

Mn shows efficient redox performance because it has different
oxidation states, ranging from −3 to +7, and has ability to form
compounds with a coordination number up to 7.5 (Haque et al.,
2021), which led to the use of high oxidation-state Mn species as
strong oxidants (Li andYang, 2018).Mn is effective in improving the
catalytic activity in several oxidation reactions. Mn2+ can trigger
Fenton reaction that converts overexpressed endogenous hydrogen
peroxide (H2O2) (100 μM~1mM) (An et al., 2020) into highly toxic
reactive oxygen species (ROS) in the acidic tumor
microenvironment (TME) at pH 6.5~7.0 (Qian et al., 2019;
Anderson and Simon, 2020). Also, Mn in the form of oxides
possesses strong redox property and surface nanoarchitectures
property. Therefore, Mn-NPs show oxidase-like features for their
catalytic properties (Liu et al., 2012), and are widely used in cancer
diagnosis and therapy. The activity ofMn-NPs is dependent on their
size, morphology, surface area and redox functions (Haque et al.,

FIGURE 1 | Source and synthesis of Mn-NPs.
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2021). Mn-NPs with the diameter ≤100 nm generally exhibit great
chemical and physical properties due to fundamental properties of
their main part (Mn) and are being used in drug delivery studies
owing to their large surface to volume ratio, which can increase the
sensitivity to TME. In addition, Mn-NPs have advantages of good
biocompatibility and environmental compatibility, high specific
capacitance, strong adsorption property and so on.

The negative charge on the surface of Mn-NPs makes them
easy to couple, which means that they can be functionalized
easily by adding diversified biomolecules such as drugs,
targeting ligands, protein, genes and more. Additionally,
different kinds of coating provide surface chemistry that
facilitates the integration of functional ligands (Figure 2).
Surface chemical modification contributes to the versatility
of Mn-NPs, such as combined treatment of multimodal
imaging and chemotherapy-drug delivery (Xi et al., 2017;
Yuan et al., 2019).

4 CYTOTOXICITY

Mn is non-toxic metal, so Mn-NPs are also less-toxic materials
than other NPs-based compounds, such as various chalcogenides

(Hoseinpour and Ghaemi, 2018). Razumov et al. tested toxicity of
different kinds of Mn-NPs against glioblastoma U-87MG and U-
251 cells and normal human cells and confirmed that Mn oxide
NPs exhibited low cytotoxicity (Razumov et al., 2017).
Furthermore, Mn-doped NPs also exhibited low cytotoxicity.
Islam et al. examined the cytotoxicity of polysaccharide
chitosan (CS)-coated Mn ferrite NPs (MnFe2O4-NPs) in HeLa
cells cultured to a confluent state, and found that the cells’
survival was 100% and 95% in the absence and presence of
these NPs after 24 h incubation, respectively. Thus, no
cytotoxic effect was visibly observed for MnFe2O4 NPs in vitro
(Islam et al., 2020). However, Mn in the form of complexus still
had certain weaknesses in vivo such as short blood circulation
time and accumulation in the brain (Bellusci et al., 2014), leading
to damage to the central nervous system followed by cognitive
and movement abnormalities in a few animal models (Sárközi
et al., 2009; Oszlánczi et al., 2010; Li et al., 2014; Haque et al.,
2021). Bellusci et al. discovered complete clearance of MnFe2O4

NPs in the kidneys, spleen and brain of mice at day 7. Fortunately,
there was no evidence of irreversible histopathological damage to
any of the organs examined (Bellusci et al., 2014). Sarkozi et al.
reported that rats were injected with a nanosuspension of MnO2

with approximately 23 nm nominal particle diameter at doses of

FIGURE 2 | Important properties of Mn-NPs.
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2.63 and 5.26 mgMn/kg into the trachea for 3, 6 and 9 weeks. Mn
could be examined in their lung and brain samples after
treatment. In the open field activity, the proportion of walking
and rearing decreased, while the proportion of local activity and
inactivity increased. The evoked potential latency was prolonged,
and the tail nerve conduction velocity was decreased. These
results suggested that the Mn content of perfused NPs could
enter the brain through the airway, causing nerve damage and
reducing exercise capacity (Sárközi et al., 2009). The
biocompatibility and non-toxic properties of Mn-NPs make
them an all-right option for biomedical applications.
Nevertheless, Mn-NPs have cytotoxicity properties against
tumor cells (Al-Fahdawi et al., 2015), which is especially
beneficial to their applications for cancer diagnosis and therapy.

5 DIFFERENT APPLICATIONS IN CANCER
DIAGNOSIS AND THERAPY

Tumor tissue generally has a leaky vasculature, which allows Mn-
NPs to accumulate at tumor site easily. This is referred to as the

enhanced permeation and retention (EPR) effect of Mn-NPs.
Incubation of polymeric Mn-NPs in plasma or serum could result
in surface enrichment with multifunctional proteins. The
targeting ligands of tumor specific biomarkers were conjugated
on to Mn-NPs with the opsonization of serum protein to interact
with receptors on the tumor cells, allowing for endocytosis and
subsequent release of the drug (Moghimi and Szebeni, 2003). For
instance, folic acid (FA) receptors are highly expressed on the
surface of liver cancer cells and breast cancer cells (Law et al.,
2020; Tao Gong et al., 2021), so the targeted uptake of tumor cells
can be achieved by FA-modified Mn-NPs. Mn-NPs have been
studied to be used for a great diversity of biomedical applications
in cancer diagnosis and treatment based on their above properties
(Figure 3), such as magnetic resonance imaging, positron
emission tomography, chemotherapy, radiotherapy, all of
which are discussed in the following subsections.

5.1 Diagnosis
The cancer has a recognizable latent or early asymptomatic stage.
A large number of clinical practices have proved that the key to
the prognosis of malignant tumors is whether early detection and
diagnosis can be achieved so as to take corresponding treatment
measures. A shorter interval between diagnoses may contribute to
improve five-year survivals in five common cancers (Tørring
et al., 2013). Various medical imaging techniques have played an
important role in the early detection and diagnosis of cancer for
their convenient and precise diagnostic capabilities at the
systemic, molecular, and cellular levels, such as magnetic
resonance imaging (MRI), positron emission tomography
(PET), photoacoustic imaging (PAI) and fluorescence imaging
(FI) (Figure 4) (Zanzonico, 2019). In this part, wemake a detailed
introduction of Mn-NPs as contrast agents (CAs) for above
imaging techniques.

5.1.1 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a non-invasive detection
technique based on the principle of nuclear spins, which is of
great value in the clinical diagnosis of cancer. However, most
contrast agents used in MRI are nonspecific and fast-excretory,
and only can act extracellularly with localization imaging of

FIGURE 3 | Different approaches of Mn-NPs in cancer diagnosis and
treatment.

FIGURE 4 | The mechanism of Mn-NPs-based nanotheranostic agents
for imaging guided chemotherapy/PDT/PTT and tumor MR imaging.
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tumor cells (Fan et al., 2020). The logical design of theranostic
nanoparticles shows synergistic turn-on of therapeutic potency
and enhanced diagnostic imaging in response to TME (Hu et al.,
2015). Mn was one of the earliest reported paramagnetic contrast
materials for MRI based on its potent positive contrast
enhancement. The increased accessibility of Mn centers to
adjacent water molecules due to the porous architecture of
Mn-NPs greatly enhances the contrast capacity of T1-weighted
MRI, thus Mn-NPs appear to be a potential choice for MRI tool
exploration. Among them, a variety of Mn oxide NPs, such as
MnO, MnO2, Mn3O4, and MnOx NPs have been extensively
researched as T1-weightedMRI CAs owing to the short cycle time
of Mn2+ chelate and the size-controlled cycle time of colloidal
NPs(Cai et al., 2019). The high loading content of Mn2+ chelate
helps Mn-NPs exert a better effect in MRI (Liu et al., 2015). For
instance, Yang et al. reported that Mn dioxide on silk fibroin NPs
(SF@MnO2-NPs) could significantly enhance water proton
relaxation and improve MRI contrast (Yang et al., 2019).

In order to further improve imaging contrast sensitivity,
various Mn-doped NPs as T1- or T2-MRI CAs have been
developed (Zhao et al., 2018). Kuo et al. developed
gadolinium-Mn-doped magnetism-engineered iron oxide NPs
(Gd-MnMEIO-NPs) as a novel contrast agent with
enhancement effects in both T1- and T2-weighted MRI of
liver with high relaxivity r1 and r2 values. The average
hydrodynamic size of Gd-MnMEIO-NPs was 20 nm, and the
zeta potential was close to 0 mV, which could effectively avoid
their removal from the reticuloendothelial system and prolong
their residence time. Gd-MnMEIO-NPs could not only enhance
normal liver and living tumor tissues but also improve the
visualization of vascular trees. Haemodynamic information
from dynamic contrast-enhanced T1-weighted MRI images
using Gd-MnMEIO-NPs was helpful to diagnose liver tumors
(Kuo et al., 2016).

Prussian blue (PB) as a clinically applied drug has drawn
extensive attention in the theranostics of cancer, such as MRI
(Dacarro et al., 2018), so PB NPs doped with Mn seemed to
display a great performance in the CAs of MRI (Zhu et al., 2015).
Then, diversiform multifunctional Mn-doped PB NPs were
developed and researched universally, and they all had
peculiar longitudinal nuclear MRI relaxivity values (Ali et al.,
2018; Gao et al., 2020). Dumont et al. synthesized Mn-containing
PB NPs (MnPB-NPs) as CAs for molecular MRI of pediatric
brain tumors. The surfaces of these NPs were modified with
biotinylated antibodies targeting neuron-glial antigen 2 or
biotinylated transferrin which were protein markers
overexpressed in pediatric brain tumors. These NPs showed
great capacity in MRI quality of pediatric brain tumors
in vitro (Dumont et al., 2014). These show that Mn-NPs have
been widely applicated in the MRI of cancer.

5.1.2 Positron Emission Tomography Imaging
Positron emission tomography (PET) is a reversely progressive
clinical imaging technology based on positrons released after
decay of positron radionuclides (Fan et al., 2020), which is
especially appropriate for early diagnosis of cancers (Tarkin
et al., 2020). Combinations of different imaging modalities

may be the great trend of future clinical diagnosis, because
each of imaging technique has its own unique advantages and
limitations in terms of spatial and temporal resolution, tissue
penetration depth, detection sensitivity and veracity, and
convenience and cost. In this regard, the integration of PET
andMRI is developing rapidly and is currently in clinical trials for
cancer detection and diagnosis owing to the extremely high
sensitivity of PET and the ultra-high spatial resolution of MRI.
Mn oxide NPs as a class of typical Mn-NPs, which seemingly have
excellent potency as CAs of PET/MRI, are successfully developed
and updated in recent years. Likewise, Zhan et al. reported that
Mn3O4-NPs with conjugation to the anti-CD105 antibody
TRC105 and radionuclide copper-64 (64Cu-NOTA-Mn3O4@
PEG-TRC105-NPs) had excellent specific targeting the
vascular marker CD105, and were successfully used in PET/
MRI of breast tumors in vivo (Zhan et al., 2017). Zhan et al.
also synthesized copper-64 labeling of Mn3O4-NPs (64Cu-
NOTA-FA-FI-PEG-PEI-Ac-Mn3O4-NPs) and resoundingly put
them into applications for PET/MRI of human cervical cancer
xenografts which overexpress folate receptor in mice (Zhu et al.,
2018). Otherwise, Shi et al. developed Mn ferrite NPs conjugated
with integrin αvβ3 over-expressed targeting cyclic arginine-
glycine-aspartic acid-peptide and labeled with positron
radionuclide copper-64 (64Cu-MnFe2O4-NPs-dopa-PEG-
DOTA/RGD). In vivo PET/MRI of mice showed that these
NPs could accurately image the tumor site with over
expression of αvβ3 locally (Shi and Shen, 2018). All of these
indicate Mn-NPs, particularly Mn oxide NPs, play a crucial part
in PET/MRI, which is expanded for early detection and diagnosis
of cancer.

5.1.3 Photoacoustic Imaging
Photoacoustic imaging (PAI) is a mixed imaging modality that
merges optical illumination and ultrasound detection (Attia et al.,
2019). The photothermal effect, which kills tumor cells, produces
sound waves that can be detected and converted into imaging
signals. This technique is capable of detecting changes of several
biologically relevant signals in the TME, such as acidic pH, certain
enzymes and ROS. Furthermore, PAI is useful to help the surgical
removal of tumor because of its instant diagnostic functions.
Photothermal transduction agents (PTAs) have a strong
photothermal effect, which can harvest energy from light and
convert it into heat, thereby increasing the temperature of the
surrounding environment to 41~55°C and inducing tumor cells
death, so PTAs can be used for PAI to build intrinsic theranostic
platforms, in which imaging probes can clearly emerge the
presence of tumors (Shah et al., 2008). PTAs are expected to
only increase the temperature of TME locally to reduce damage to
healthy tissues, where PTAs are absent or outside the range of
laser irradiation.

A series of Mn oxide NPs have been widely and successfully
used as PTAs due to their high absorption cross-section and
strong redox property, such as Hu et al. developed a new smart
nanoplatform based on degradable MnO2-NPs (PBP@MnO2-
NPs) and a near-infrared (NIR) absorptive polymer
conjugated with BODIPY molecules for dual-activatable tumor
MRI/PAI. The designed smart probe had two PAI channels, in
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which H2O2-/pH-sensitive MnO2-NPs provide a clear PAI signal
at 680 nm, and H2O2-/pH-inert polymer-NPs provide a bright
PAI signal at 825 nm. PBP@MnO2-NPs acted as a proportional
agent with slight interference for PAI in vivo, and the Mn2+ ions
released by PBP@MnO2-NPs under TME could accurately reveal
the location and size of the tumor by activated MRI (Hu et al.,
2019). Beyond that, Rich et al. designed ultra-small NaYF4:Nd

3+/
NaGdF4 nanocrystals coated with MnO2 (MnO2@ NaYF4:Nd

3+/
NaGdF4-NPs) to treat head and neck squamous cell carcinomas
(HNSCC), and the ability of which to increase the release of
oxygen (O2) in TME both in vitro and in vivo had been confirmed
using MRI/PAI (Rich et al., 2020). Hence, these studies promise
the discovery of Mn-NPs as theranostic PTAs for fast and
accurate diagnosis of cancer.

5.1.4 Fluorescence Imaging
Fluorescence imaging (FI) is a common testing method in biology
and medical experiments, especially broad adhibition of which in
cancers. This means has superior value in accurate and early
detection of tumor cells in clinical trials. Mn-NPs can selectively
accumulate at the tumor site by functionalized modifications.
Take advantage of this characteristic of Mn-NPs, some
fluorescent dyes modifications of Mn-NPs can improve the
molecular imaging of ultra-small tumor cells that cannot be
detected by other imaging methods. However, the limited
tissue penetration depth and autofluorescence limit its
application in deep tissues (Leblond et al., 2010), thus
combining MRI and FI can make up for the shortcomings of
each individual pattern. MRI can provide a macroscopic
boundary of the tumor for preoperative planning, while high-
resolution FI can directly display the edge of the tumor during
surgery, ensuring that the tumor is completely removed during
surgery and normal tissue is preserved. For instance, Abbasi et al.
developed polymeric theranostic NPs (PTNPs) containing a
fluorescent dye (Myrj 59) and MnO-NPs for dual modal MRI/
FI of breast cancer, and these NPs showed effective tumor
accumulation and enhancement of MRI/FI signal in a mice
xenograft orthotopic human breast tumor model (Abbasi
et al., 2015). Banerjee et al. found that pyrrolidin-2-one
(Pyrr)-capped Mn oxide NPs (MnOpyrr-NPs) not only were
qualified for Cas of MRI, but also had good photoluminescent
property due to the modification of Pyrr during the thermal
treatment (Banerjee et al., 2019). In the previous content, the
application of SF@MnO2-NPs for MRI/FI was also reported
(Yang et al., 2019). Beyond that, Mn-doped PB NPs showed
excellent performance inMRI/FI of pediatric brain tumors in vivo
(Dumont et al., 2014). We are convinced that the great potential
of Mn-NPs in FI would be devoted to assist clinicians to conduct
accurate and early detection of tumor cells.

5.1.5 X-Ray Imaging and X-Ray Computed
Tomography Imaging
X-ray imaging is the most widely available, fastest and most cost-
effective medical imaging technique today. X-ray computed
tomography (CT) imaging, which is an upgraded version of
X-ray imaging, has some advantages in cancer diagnosis, such
as a high density and space distinguishable abilities (Pfeiffer et al.,

2020). Mn-NPs have the relatively high atomic number and X-ray
absorption coefficient, which makes for an X-ray contrast agent.
For instance, Zhao et al. reported that Bi@mSiO2@MnO2/DOX-
NPs could be used as excellent contrast agents for CT imaging of
tumors with a high CT value (Zhao et al., 2021). Besides, Wang
et al. found that multifunctional MnO2-mSiO2@Au-HA-NPs
could simultaneously perform significant multispectral
optoacoustic tomography (MSOT)/CT/MR imaging (Siyu
Wang et al., 2019). Wang et al. developed MPDA-WS2@
MnO2-NPs as trimodality contrast agents for MSOT/CT/MRI
that could accomplish real-time guidance and monitoring during
cancer treatment (YidanWang et al., 2019). It can be seen that the
addition of MnO2 into NPs will help expand their functions and
enhance their applications in CT.

5.2 Therapy
The most traditional cancer therapies include chemotherapy,
radiotherapy, and surgery, in which the patients may suffer
from severe side effects and unsatisfied treatment outcomes.
These treatment failures have inspired the development of
more safe and effective treatment strategies for cancer. The
emerging cancer therapies include but are not limited to
photodynamic therapy (PDT), photothermal therapy (PTT),
magnetic hyperthermia, immunotherapy, gene therapy
(Figure 5), which have or may improve treatment outcomes
(Liu et al., 2019a). Particularly, the simultaneous therapy of
tumors by loading therapeutic drugs in Mn-NPs or combining
certain clinical treatments has been widely studied and has been a
hot area of current research.

5.2.1 Chemotherapy
Chemotherapy is a common treatment for cancer whichmakes use
of chemical drugs. Traditional delivery of chemotherapeutic drugs
involves oral or intravenous administration, which results in a
systemic distribution of the drug, with only a small part of it
reaching the tumor site. Consequently, these chemotherapeutic
drugs are inevitably endocytosed by normal cells, causing serious
side effects. Furthermore, chemotherapeutic drug resistance
usually occurs owing to over-expression of drug efflux pumps,
increased drug metabolism, and alteration of drug targets in tumor
cells under constant drug stimulation. These imperfections of
cancer chemotherapy are overcome by targeted drug delivery
approaches, in which specific drugs or bioactive substances are
released at a specific location in a controlled way (Singh et al.,
2018). The fast development of nanomedicine offers great
possibilities for targeted drug delivery. The ligands of tumor
specific biomarkers such as monoclonal antibodies, aptamers,
peptides, and vitamins all can be conjugated on to the surface
of Mn-NPs containing chemotherapeutic drugs to realize targeted
drug delivery. Then, these ligands interact with receptors on tumor
cells, allowing endocytosis and subsequent release of the drug. Due
to the small size ofMn-NPs, they can efficiently cross the capillaries
to approach their target tumor cells. Mn-NPs have great
biocompatibility, non-toxic nature and especially high loading
capacity (Felton et al., 2014). According to these properties of
Mn-NPs, they are considered as a potential drug delivery system
which can be used in chemotherapy of cancer.
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Song et al. reported that high responsiveness of MnO2-NPs
to H2O2, which concurrently generated O2 and regulated pH,
could effectively alleviate tumor hypoxia and contribute to
improve chemotherapy response in solid tumors. Additionally,
hyaluronic acid (HA) modification was helpful to further
enhance this ability of MnO2-NPs. The HA-coated,
mannan-conjugated MnO2-NPs (Man-HA-MnO2-NPs)
treatment notably increased tumor oxygenation and down-
regulated the expression of hypoxia-inducible factor-1α (HIF-
1α) and vascular endothelial growth factor (VEGF) in breast
tumor. Compared with single classical chemotherapeutic drug
doxorubicin (DOX) treatment, Man-HA-MnO2-NPs
combined with DOX treatment of breast tumor observably
increased the diffusion coefficient and inhibited tumor growth
and tumor cell proliferation (Song et al., 2016). Yang et al.
synthesized SF@MnO2-NPs, which were co-loaded with a
photodynamic agent indocyanine green (ICG) and DOX to
produce a SF@MnO2/ICG/DOX nanocomplex (SMID-NC).
They demonstrated that SMID-NC could effectively
accumulate in tumor-specific site via EPR effect using FI
and MRI in vivo, and significantly improved tumor
suppressive efficacy of chemotherapy with minimal systemic
side effects (Yang et al., 2019).

In addition, Hou et al. reported that DOX could be enveloped
in amorphous porous Mn phosphate NPs (PL/APMP-DOX).
These NPs had remarkable antitumor efficacy in prolonging
the lifetime of the tumor-bearing mice (Hou et al., 2020). Ren
et al. described that DOX could be also packeted inside the lumen
of hollow Mn/cobalt oxide NPs (MCO-DOX-NPs) and be fast
released under the condition of increased glutathione (GSH) in
acidic TME. MCO-DOX-NPs showed great inhibition effects in
brain tumor growth both in vitro and in vivo (Ren et al., 2019).

Another anticancer chemotherapeutic drug docetaxel (DTX) was
co-loaded into PTNPs, and PTNPs exhibited high-efficiency drug
loading, continuous and steady drug release, and higher
cytotoxicity to human breast cancer cells than DTX alone
in vitro (Abbasi et al., 2015). Moreover, Tang et al. discovered
that Mn-doped silica NPs containing a special chemotherapeutic
drug for liver cancer sorafenib (FaPEG-MnMSN@SFB-NPs) had
efficient antitumor activity (Tang et al., 2020). These Mn-based
targeted drug delivery systems provide evidence for the potential
applications of Mn-NPs in cancer chemotherapy.

5.2.2 Radiotherapy
Radiotherapy (RT) is another frequently-used treatment for
cancer, which depends on employing high-energy radiation to
kill tumor cells. Radiosensitizers can efficiently increase the
radiation dose at the cellular level, consequently improving the
effect of RT. Mainstream radiosensitizers include alkylating
agents that cause DNA damage, inhibitors that block DNA
repair, and cell cycle synchronization agents that arrest tumor
cells at the more radiosensitive G2/M phase (Liuyun Gong et al.,
2021). However, the efficient and specific delivery of these
radiosensitizers, same as chemotherapeutic drugs, is also a
challenge of RT. In addition, the hypoxic TME induces the
radioresistance of tumors, which brings many troubles to
clinicians.

Several research groups have demonstrated that inorganic
NPs-based radiosensitizers are a promising choice for RT
(Calugaru et al., 2015). Thereinto, Mn oxide NPs showed
excellent potentials for their unique properties. They could
function as not only a good radiosensitizer carrier, but also
both a catalase and an oxidant that promoted decomposition
of H2O2 into O2 to convert the hypoxic TME, thus enhancing

FIGURE 5 | Different approaches of Mn-NPs in cancer treatment.
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RT efficacy (Siyu Wang et al., 2019). Let us cite, Meng et al.
delivered the HIF-1 inhibitor acriflavine toward the tumor site
to surmount hypoxia-induced radioresistance via a ROS
responsive nanoplatform based on MnO2-NPs, thus
enhancing tumor oxidative repair of DNA damage and
initiating O2-dependent HIF-1α degradation at the same
time (Meng et al., 2018). In particular, Cho et al. discovered
that MnO2-NPs treatment had striking cytotoxic effects on
non-small-cell lung cancer (NSCLC) cells and could achieve
extra dose-dependent therapeutic effects (Cho et al., 2017).
Besides, various functional modifications of Mn dioxide NPs
contribute to optimize their aforesaid properties. Liu et al. also
reported that acridine orange (AO), which can cause DNA
damage under X-ray irradiation, was loaded onto MnO2-NPs,
making it a potential approach to enhance the efficacy of RT
(Liu et al., 2020). Yao et al. fabricated a new kind of Bi2Se3-
MnO2 nanocomposites that were templated by bovine serum
albumin (BSA) (Bi2Se3-MnO2@BSA) via biomineralization. In
this, MnO2 as catalase could increase the O2 concentration in
TME via facilitating the decomposition of endogenous H2O2 in
order to improve the hypoxia-induced radiation resistance of
tumors (Yao et al., 2021). Tao et al. designed PEG-modified
reduced nano-graphene oxide-Mn dioxide (rGO-MnO2-PEG)
nanocomposites, and used the radioisotope (131I) to label these
nanocomposites as radiosensitizers for in vivo tumor RT,
ultimately obtaining significant tumor killing effects and
further raising the therapeutic effects of RT (Tao et al.,
2018). Shin et al. suggested that fucoidan-coated MnO₂-NPs
(Fuco-MnO₂-NPs) might enhance the therapeutic effects of
RT by dual targeting of tumor hypoxia and angiogenesis (Shin
et al., 2018).

Meanwhile, numerous Mn-doped NPs also received
elaborative studies. Bao et al. showed the whole process of a
nanoscale metal-organic framework based on hafnium (Hf)
cluster and Mn(III)-porphyrin ligand (fHMNM) development
and production in details, and put them into use as a high-
powered multifunctional theranostic agent of RT sequentially
getting amazing therapeutic effect (Bao et al., 2020). Wang et al.
demonstrated a nanoparticle-loaded block copolymer micellar
system, based on HA-modified Mn-zinc ferrite magnetic NPs
(MZF-HA-NPs), was able to be used for RT of NSCLC and played
good performance in RT efficacy (Haimei Wang et al., 2020). Li
et al. synthesized Au@MnS@ZnSNPs with PEG functionalization
(Au@MnS@ZnS-PEG-NPs) and found that these NPs could
enhance RT induced tumor cells killing efficiency (Li et al.,
2016). These researches indicate that Mn-NPs have broad
application prospect in the field of RT.

5.2.3 Photothermal Therapy
Photothermal therapy (PTT) is a novel cancer treatment
technology that utilizes NPs to convert NIR light energy into
thermal energy to ablate tumors (Zhi et al., 2020). Additionally,
the PA cavitation can excite water to generate abundant ROS such
as superoxide radical (O2

−), which further spontaneously reacts
with the in situ released NO to burst highly cytotoxic
peroxynitrite (ONOO−), resulting in promoting mitochondrial
damage and DNA fragmentation to initiate programmed tumor

cell death to treat cancer (Wang et al., 2021). This treatment
technology has attracted much current attention owe to its
remarkable advantages, such as non-traumatic, a short
treatment time and high special spacetime control. In most
cases, Mn-NPs as PTAs could be used for both PAI and PTT
synchronously because of their powerful oxidizing property to
establish expedient theranostic platform for monitoring and
evaluating therapeutic effects. To illustrate, SMID-NC exerted
a mighty and jarless photothermal effect with NIR irradiation for
PTT owing to the distinct photothermal response of SF@
MnO2(Yang et al., 2019). Liu et al. prepared PEGylated
amorphous MnO₂ coated polydopamine (PDA) core-shell NPs
(PDA@MnO₂-PEG-NPs) with regular morphology and uniform
dimensions for acid-sensitive MRI-guided tumor PTT (Liu et al.,
2019b). Wen et al. showed that MnO2-ICG@BSA had a strong
singlet O2-generation ability as well as high photothermal
conversion efficiency and stability, especially possessed a
significant inhibitory effect on the melanoma in vitro and in
vivo (Wen et al., 2021).

PTT with the combination of other treatments is able to
acquire great outcomes. Besides above, Wang et al. designed a
gold withMnO2 core-shell nanostructure (Au@MnO2) as a GSH-
triggered intelligent theranostic agent for dual-MRI/PAI-guided
chemodynamic therapy (CDT) and PTT, and confirmed their
excellent synergistic treatment effects in CDT/PTT (Yijue Wang
et al., 2020). Soratijahromi et al. synthesized a gold with MnO2

nanocomposite (Au/MnO2-NC) as a new type photo- and sono-
responsive nanomedicine that worked upon laser irradiation or
ultrasound exposure for applications in PTT and sonodynamic
therapy (SDT) of cancer (Soratijahromi et al., 2020). In addition,
some Mn-doped NPs also had broad application prospects in
PTT, such as Wu et al. discovered that magnetic-luminescent
folic acid-conjugated NPs (MnFe2O4-NaYF4 Janus-NPs) had a
high cellular uptake efficiency in human esophageal carcinoma
cells (Eca-109 cells) own to their upconversion luminescence
properties and folate targeting potential. These NPs could
strongly absorb light in the NIR range and fast convert to
thermal energy, in order to remarkedly kill Eca-109 cells upon
808 nm laser irradiation. Furthermore, the growth of Eca-109
cells tumors in mice was availably restrained by the photothermal
effects of MnFe2O4-NaYF4 Janus-NPs(Wu et al., 2017). Zhang
et al. developed a therapeutic nanoplatform based on Mn-doped
iron oxide NPs that were modified denatured BSA (MnIO-dBSA-
NPs). In vitro experiments showed great photothermal effects of
MnIO-dBSA-NPs, and in vivo experiments further proved that
these NPs could effectively ablate the tumor tissue achieved light
irradiation (Zhang et al., 2015). Yang et al. also reported that
graphene oxide (GO)/MnFe2O4-NPs had strong light absorption
capacity and good photothermal stability in NIR region, and
could give rise to the worthy photothermal ablation of cancer cells
(Yang et al., 2016). These studies showed that Mn-NPs possessed
enormous potential and application values in PTT of cancer.

5.2.4 Photodynamic Therapy
Photodynamic therapy (PDT) is a clinically approved cancer
therapy that uses non-toxic dyes and harmless visible light in
combination with O2 to produce high level of ROS to kill tumor
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cells (Castano et al., 2006). As we all known, the hypoxic TME is a
challenge for cancer treatments. The obtained product of Mn
oxide NPs could reactive with endogenous H2O2 in TME
strongly, which was decomposed into O2 to improve PDT of
cancer (Yang et al., 2019). Liu et al. prepared the hybridized
nanoplatform (R-MnO2-FBP) by assembly of Rhodamine B
(RhB)-encapsulated MnO2 as O2 supplier and indicator, and
fluorescein isothiocyanate (FITC)-labelled peptide-
functionalized black phosphorus as the theranostic agent. After
specific delivery towards tumor cells, R-MnO2-FBP decomposed
in the acidic and H2O2-rich TME and produced O2 to confront
hypoxia-induced PDT resistance, in which released Mn2+ and
RhB dye to realize dual-mode MRI/FI monitoring of O2 self-
supply process. Importantly, imaging-guided PDT using
R-MnO2-FBP showed 51.6% of apoptosis in hypoxic cells (Liu
et al., 2019c). Yin et al. developed a H2O2-responsive nanozyme
(AuNCs@mSiO2@MnO2) for off/on modulation and
enhancement of MRI-guided PDT, in which MnO2 nanosheets
were wrapped as switch shielding shell. In a neutral physiological
environment, the stable MnO2 shell could eliminate the
production of singlet O2, thereby turning off MRI and PDT.
Nevertheless, the reaction of MnO2 shell with H2O2 could induce
the degradation of MnO2 to turn on MRI and PDT in the acidic
TME, and the generated O2 further enhanced PDT (Yin et al.,
2021). Liang et al. developed the core-shell gold nanocage with
MnO2 NPs (AuNC@MnO2-NPs) as TME responsive O2

generators and NIR-triggered ROS producers for O2-boosted
immunogenic PDT against metastatic triple-negative breast
cancer (Liang et al., 2018).

Similarly, PDT combined with other treatment methods can
achieve better curative effect. The combination of PDT and
enzyme therapy is a very suitable treatment for tumors
because it exploits the dimensional control of PDT and
efficient enzyme-catalyzed biological reactions. However, co-
encapsulation of hydrophilic enzymes and hydrophobic
photosensitizers is a challenge, because these two agents often
interfere with each other. The development of Mn-doped NPs is
expected to solve this problem. For example, Zhu et al. developed
a protocell-like nanoreactor, in which hydrophilic glucose
oxidase (GOx) was loaded in the pores of mesoporous silica
NPs, and hydrophobic Mn phthalate (MnPc) was loaded in the
membrane layer of liposomes middle, for synergistic starvation
therapy and PDT. The spatial separation of these two payloads
protected GOx and MnPc from the cellular environment and
avoided mutual influence. GOx catalyzed the oxidation of glucose
to generate H2O2 and gluconic acid, causing cancer cells to
undergo starvation therapy by consuming glucose while
disrupting cellular redox balance. MnPc could generate
cytotoxic singlet O2 under 730 nm laser irradiation to conduct
PDT. A single treatment of GOx-MSN@MnPc-LP could
effectively inhibit tumor growth, indicating a strong synergistic
effect of starvation therapy and PDT, which was validated in vitro
and vivo experiments (Zhu et al., 2020). Additionally, Irmania
et al. synthesized Mn-doped green tea-derived carbon quantum
dots (Mn-CQDs) as a targeted dual imaging and PDT
nanoplatform, and in vitro cell viability studies verified Mn-
CQDs upon 671 nm irradiation were able to kill more than

90% of tumor cells in PDT (Irmania et al., 2020). Atif et al.
reported that Mn-doped cerium nanocomposites enhanced the
antibacterial activity and effectiveness of PDT, which might be
related to the maximal ROS generation from targeted toxicity and
maximal antioxidant activity in bacterial growth inhibition (Atif
et al., 2019). As can be seen, Mn-NPs might provide additional
benefits to enhance PDT.

5.2.5 Magnetic Hyperthermia
Magnetic hyperthermia is a treatment technique that raises the
temperature of a specific tissue above 46°C, which is pretty above
the normal physiological temperature (36~37°C), to kill tumor
cells under the controlled magnetic field (Farzin et al., 2020).
Cancerous cells are more sensitized to hyperthermia compared to
normal cells, due to the reducation of the pH at TME causing
decreased thermotolerance. The implement of magnetic
hyperthermia is inseparable from the use of magnetic NPs
(MNPs) (Iacovita et al., 2019). Magnetite (Fe3O4) and
maghemite (γ-F2O3) are the only category of MNPs approved
for clinical use by the US Food and Drug Administration
(Wilczewska et al., 2012). However, iron oxide MNPs have
limited value in magnetic moments, causing the restrictive
heating capacity. To figure out these difficulties, new kinds of
MNPs have been persistently developed, aimed to obtain better
magnetic properties.

Mn becomes a good option for this improvement approach of
MNPs owing to its outstanding biocompatibility. For instances,
Haghniaz et al. firstly reported that the dextran-coated
lanthanum strontium MnO3-NPs (Dex-LSMO-NPs) had
strong ferromagnetism and low Curie temperature and were
suitable for hyperthermia applications in vivo (Haghniaz et al.,
2016). Other than that, CS-coated MnFe2O4 NPs also showed
great magnetic properties, especially used in hyperthermia studies
for biomedical research (Islam et al., 2020). MZF-HA-NPs were
developed for synergistic therapy under alternating magnetic field
and radiation field (Haimei Wang et al., 2020). We believe that
MNPs will obtain better effectiveness and wider applications in
diagnosis and treatment of cancer, with the further research in
Mn coating.

5.2.7 Immunotherapy
Cancer immunotherapy has drawn much attention and achieved
continued advancements especially for its safety and amazing
prognosis (Yang et al., 2021). Yang et al. developed an intelligent
biodegradable hollow Mn dioxide (H-MnO2) nanoplatform that
served for on-demand drug release and modulation of hypoxic
TME to enhance cancer immunotherapy. H-MnO2 nanoshells
post modification with polyethylene glycol (PEG) were co-loaded
with a photodynamic agent chlorine e6 (Ce6) and DOX
(H-MnO2-PEG/C&D-NPs). As a result, an arresting in vivo
synergistic therapeutic effect was gained via the combined
chemo-PDT, which also triggered a series of anti-tumor
immune responses at the same time (Yang et al., 2017). Cyclic
GMP-AMP synthase (cGAS) and stimulator of interferon genes
(STING) are vital components of the innate immune sensors to
cytosolic DNA. Mn was reported to comprehensively induce the
activation of cGAS and STING from heightening cGAMP
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TABLE 1 | Summary of the application of Mn-NPs in cancer diagnosis and therapy.

NPs Size Applications Cell lines Animal model Ref

SMID-NC 60 nm MRI, FI,
chemotherapy,
PTT, PDT

4T1 cells Balb/c 4T1 tumor-bearing mice Yang et al. (2019)

Gd-MnMEIO-NPs 12 nm MRI CT26 cells Balb/c CT26 xenograft liver
tumor mice

Kuo et al. (2016)

MnPB-NPs 33 nm MRI, FI brainstem glioma (BSG) D10 cells Balb/c BSG D10 tumor-bearing
mice

Dumont et al.
(2014)

64Cu-NOTA-Mn3O4@
PEG-TRC105-NPs

7 nm MRI, PET 4T1 cells, HEK-293 cells, HUH-7 cells, MCF-7
human breast cancer cells, human umbilical
vein endothelial cells

Balb/c 4T1 tumor-bearing mice Zhan et al. (2017)

64Cu-NOTA-FA-FI-PEG-
PEI-Ac-Mn3O4-NPs

7.29 nm MRI, PET HeLa cells Nude HeLa tumor-bearing mice Zhu et al. (2018)

64Cu-MnFe2O4-NPs-
dopa-PEG-DOTA/RGD

5 nm MRI, PET U87MG cells Nude U87MG tumor-bearing
mice

Shi and Shen,
(2018)

PBP@MnO2-NPs 93 nm MRI, PAI 4T1 cells Xenograft 4T1 tumor mice Hu et al. (2019)
MnO2@ NaYF4:Nd

3+/
NaGdF4-NPs

4.13 nm MRI, PAI None SCID mice bearing tumor from a
HNSCC patient-derived
xenograft

Rich et al. (2020)

PTNPs 13 nm MRI, FI, chemotherapy MDAMB-231 cells SCID breast tumor-bearing mice Abbasi et al. (2015)
MnOpyrr-NPs 8.1 nm MRI, FI HeLa cells, HepG2 cells None Banerjee et al.

(2019)
Bi@mSiO2@MnO2/
DOX-NPs

30 nm MRI, CT,
chemotherapy,
PTT, CDT

human umbilical vein endothelial cells, HeLa
cells

Nude HeLa tumor-bearing mice Zhao et al. (2021)

MnO2-mSiO2@Au-
HA-NPs

196.9 nm MRI, CT, MSOT,
RT, PTT

4T1 cells Nude 4T1 tumor-bearing mice Siyu Wang et al.
(2019)

MPDA-WS2@
MnO2-NPs

170 nm MRI, CT, MSOT, RT 4T1 cells Nude 4T1 tumor-bearing mice Yidan Wang et al.
(2019)

Man-HA-MnO2-NPs 203 nm Chemotherapy 4T1 cells Balb/c 4T1 tumor-bearing mice Song et al. (2016)
PL/APMP-DOX 3.88 nm Chemotherapy 4T1 cells Balb/c 4T1 tumor-bearing mice Hou et al. (2020)
MCO-DOX-NPs 70 nm MRI, chemotherapy U87MG cells Nude U87MG tumor-bearing

mice
Ren et al. (2019)

FaPEG-MnMSN@
SFB-NPs

101 nm Chemotherapy HepG2 cells Nude HepG2 tumor-bearing
mice

Tang et al. (2020)

MnO2-NPs 30 nm RT CT26 cells, 4T1 cells CT26 tumor-bearing mice,
4T1 tumor-bearing mice

Meng et al. (2018)

MnO2-NPs 49.81 nm RT NSCLC cells None Cho et al. (2017)
MnO2-NPs 155.5 nm RT H1299 cells Nude H1299 xenograft tumor

mice
Liu et al. (2020)

Bi2Se3-MnO2@BSA 38 nm RT 4T1 cells Balb/c 4T1 tumor-bearing mice Yao et al. (2021)
rGO-MnO2-PEG 24 nm RT 4T1 cells Balb/c 4T1 tumor-bearing mice Tao et al. (2018)
Fuco-MnO₂-NPs 17 nm RT human pancreatic cancer cell lines (AsPC-1

and BxPC-3)
Balb/c nude mice bearing
BxPC3 xenograft tumors

Shin et al. (2018)

fHMNM 4 nm MRI, PAI, CT, RT, PTT Hela cells, 4T1 cells, MCF10A cells and S180
cells

Balb/c S180 tumor-bearing
mice

Bao et al. (2020)

MZF-HA-NPs 150 nm RT, magnetic
hyperthermia

A549 cells, Beas-2B cells Balb/c nude A549 tumor-
bearing mice

Haimei Wang et al.
(2020)

Au@MnS@ZnS-
PEG-NPs

110 nm MRI, RT 4T1 cells Balb/c 4T1 tumor-bearing mice Li et al. (2016)

PDA@MnO₂-PEG-NPs 120 nm MRI, PTT 4T1 cells Balb/c 4T1 tumor-bearing mice Liu et al. (2019b)
MnO2-ICG@BSA 44.67 nm PTT, PDT B16F10 cells Nude B16F10 tumor-bearing

mice
Wen et al. (2021)

Au@MnO2 25 nm MRI, PAI, PTT, CDT 4T1 cells Balb/c 4T1 tumor-bearing mice Yijue Wang et al.
(2020)

Au/MnO2-NC 2 μm PTT, sonodynamic
therapy

Mouse threatening melanoma cell line C540
(B16/F10)

Balb/c C540 tumor-bearing
mice

Soratijahromi et al.
(2020)

MnFe2O4-NaYF4
Janus-NPs

13.1 nm PTT QSG-7701 cells, Eca-109 cells Balb/c Eca-109 tumor-bearing
mice

Wu et al. (2017)

MnIO-dBSA-NPs 5 nm MRI, PTT 4T1 cells Balb/c 4T1 tumor-bearing mice Zhang et al. (2015)
GO/MnFe2O4-NPs 170 nm MRI,

chemotherapy, PTT
HeLa cells, L929 cells Nude HeLa tumor-bearing mice Yang et al. (2016)

R-MnO2-FBP 120 nm MRI, FI, PDT HeLa cells Nude HeLa tumor-bearing mice Liu et al. (2019c)
AuNCs@mSiO2@MnO2 140 nm MRI, PDT MDA-MB-435 cells Nude MDA-MB-435 tumor-

bearing mice
Yin et al. (2021)

(Continued on following page)
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production to strengthening cGAMP/STING binding affinity
(Wang et al., 2018). Thus, DOX was enveloped in APMP-NPs
to gain better synergetic antitumor effects through the activation
of cGAS/STING pathway (Hou et al., 2020). A battery of
antibodies targeting cellular immune checkpoints, such as PD-
1/PD-L1 and CTLA-4, have been developed to promote the
activation of T cells and succedent tumor treatment (Van
Allen et al., 2015; McGranahan et al., 2016; Le et al., 2017).
The rapid development of Mn-NPs is helpful for making use of
these antibodies. Geng et al. synthesized Ce6 and DOX coating
Mn-NPs (DCMNs) to increase antitumor responses of PD-1 via
the combination of chemotherapy and PDT (Geng et al., 2021).
The properties of Mn-NPs can greatly improve the efficacy of
immunotherapy.

5.2.6 Gene Therapy
Gene therapy was first used genetic material to treat inherited
diseases, but it was soon used in cancer treatment (Husain et al.,
2015). One of the most important advances in gene therapy of
cancer is the application of small interfering RNA (siRNA), which
is able to regulate the expression of genes by RNA interference
(RNAi). However, despite the potential and powerful functions of
these molecules, several shortcomings make their clinical
application difficult, including delivery problems, off-target
effects, interference with physiological functions of cellular
mechanisms involved in gene silencing, and induction of
innate immune responses. The appearance of NPs systems
provides an ideal opportunity to conquer these troubles (Miele
et al., 2012; Zaimy et al., 2017).

Mn-NPs are an excellent gene delivery system which is able to
efficiently package siRNA, avoiding its degradation along with
serious immune response in the organisms (Bae et al., 2011). Liu
et al. synthesized Mn@CaCO3/ICG-NPs loaded with PD-L1-
targeting siRNA to enhance the effect of PDT while inhibiting
tumor cell resistance/escape with the combination of PDT and
immunotherapy. In vivo experiments showed that Mn@CaCO3/
ICG-NPs could effectively deliver drugs to tumor tissues,

significantly redress tumor hypoxia, and further enhance the
therapeutic effect of PDT. Besides, the synergistic benefit of
siRNA silenced PD-L1 gene that mediated immune resistance/
evasion, bringing an amazing therapeutic effect by rousing the
immune system (Liu et al., 2019d). Rajendrakumar et al. packaged
DOX and antiapoptotic protein B-cell lymphma 2 (Bcl-2) shRNA
encoded plasmid into Mn3O4 and Fe3O4 NPs (HART
nanoassembly) with a green-synthesized method. The
synergistic cytotoxic effect of Bcl-2 silencing and DOX was
acquired by successfully transfecting these NPs into
MCF7 multidrug-resistant breast cancer cells (Rajendrakumar
et al., 2019).

The RNA-cleaving DNA zyme (DZ) has better prospects for
RNAi applications than siRNA because of its higher chemical
stability, biocompatibility, predictable activity, and substrate
versatility. However, its pharmaceutical applications for disease
treatment are confined by the need of metal cofactor for
activation and the lack of reliable co-delivery systems in
combination with other therapeutic manners. Nie et al.
developed metal organic framework coated MnO2 nanosheets
to realize the co-delivery of a survivin inhibiting DZ and DOX for
combined chemo-gene therapy in cancer (Nie et al., 2020).
Thereout, Mn-NPs provide a good model for designing
efficient, customizable nanocarriers for gene therapy of cancer.

Table 1 summarized the application of Mn-NPs in cancer
diagnosis and therapy in details.

6 FUTURE PERSPECTIVE AND
CHALLENGES

As we all known, cancer is a multi-system disease caused by
numerous factors. Therefore, the combination of diagnosis and
therapy modalities is significantly necessary for anti-cancer work.
The use of multifunctional therapeutic agents in multimodal
imaging and therapy is a promising strategy to overcome the
limitations of single modality diagnosis and therapy, which can

TABLE 1 | (Continued) Summary of the application of Mn-NPs in cancer diagnosis and therapy.

NPs Size Applications Cell lines Animal model Ref

AuNC@MnO2-NPs 91 nm MRI, PAI, FI, PDT 4T1 cells Balb/c 4T1 tumor-bearing mice Liang et al. (2018)
GOx-MSN@MnPc-LP 177 nm PDT 4T1 cells Balb/c 4T1 tumor-bearing mice Zhu et al. (2020)
Mn-CQDs 5 nm MRI, FI, PDT HeLa cells Nude HeLa tumor-bearing mice Irmania et al. (2020)
Mn-doped ceria
nanocomposite

27.2 nm PDT MCF-7 cells None Atif et al. (2019)

Dex-LSMO-NPs 25–50 nm magnetic hyperthermia B16F1 cells C57BL/6J B16F1 tumor-
bearing mice

Haghniaz et al.
(2016)

H-MnO2-PEG/C&D-NPs 3.94 nm Chemotherapy, PDT,
immunotherapy

4T1 cells Balb/c 4T1 tumor-bearing mice Yang et al. (2017)

DCMNs 78 nm Chemotherapy, PDT,
immunotherapy

HeLa cells, 4T1 cells Balb/c 4T1 tumor-bearing mice Geng et al. (2021)

Mn@CaCO3/ICG-NPs 107.5 nm PDT, gene therapy Lewis lung tumor cells Balb/c Lewis lung tumor-
bearing mice

Liu et al. (2019d)

HART nanoassembly 314 nm MRI, chemotherapy,
gene therapy

MCF7/ADR cells None Rajendrakumar
et al. (2019)

MnO2 nanosheets 6 nm Chemotherapy, gene
therapy

A549 cells, MDA-MB-231 cells Nude MDA-MB-231 xenograft
tumor mice

Nie et al. (2020)
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effectively improve the accuracy of diagnosis and prognosis after
treatment in affected cancer patients. As mentioned above, many
multifunctional Mn-NPs were developed to realize the early
imaging and dual even more trimodality therapy of cancer
simultaneously (Xi et al., 2017; Siyu Wang et al., 2019; Yang
et al., 2019).

The hypoxic TME as a major mechanism of resistance to
tumor treatment may be the most severe difficulty in cancer
therapy, which results in insignificant therapeutic effects and
poor patient survivals (Siemer et al., 2020), and is urgent for
researchers and clinicians to overcome it. Interestingly, Mn-NPs
can exert anti-tumor effects through not only as a drug delivery
system but also as an oxygenation agent according to past
researches. When Mn-NPs are specifically distributed in tumor
sites, the decomposition reaction of Mn-NPs promotes H2O2 into
oxygen molecules, which can relieve tumor hypoxia (Meng et al.,
2018). Moreover, Mn-NPs induced that disruption of redox
balance would lead to apoptosis and ROS-dependent
ferroptosis of tumor cells (Tang et al., 2020). Ferroptosis is a
newly discovered form of cell death, which is different from
apoptosis, autophagy and pyroptosis, and has unique
morphological and biological metabolic changes in cells. Its
mechanism is mainly characterized by the production of iron-
dependent ROS: When too much ROS is produced and its
antioxidant capacity is insufficient to fight it, ROS production
and clearance are out of balance, leading to ferroptosis. In recent
years, ferroptosis has become a research hotspot in the field of
oncology (Liang et al., 2019). With the continuous attempts and
applications of Mn-NPs in clinical practice, more and more
studies believe that inducing the ferroptosis of tumor cells may
become an effective tumor treatment.

Although the current researches on Mn-NPs for biomedical
applications in cancer diagnosis and therapy have made great
progress, there are still some problems that need to be alerted.
Firstly, the large size of Mn-NPs has difficulty excreting from
the kidney and causes accumulation in the visceral organ.
Secondly, the nerve damage caused by Mn-NPs is not properly
addressed. These two issues are still the biggest barriers to the

inability of Mn-NPs to be used in the clinic. Thirdly, the
diversity of cancer types and progression as well as the
differences between affected cancer patients are hard for
researchers and clinicians to make the right choice for
functional modification of Mn-NPs, which require abundant
efforts to resolve. Fortunately, numerous advanced computer
simulation techniques can now predict the target and affinity
of well-designed NPs, which can greatly reduce our workload
for modifier selection of NPs including Mn-NPs. Considered
the success of Mn-NPs for biological imaging and cancer
treatment, we believe that Mn-NPs offer unique
opportunities to translate the insights of basic research into
clinical applications.
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