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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.
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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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