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ABSTRACT: The development of smart polymer vehicles to carry and release cytotoxic
drugs to tumor tissues and cells while reducing the exposure of drugs in the blood and
healthy organs is a highly challenging task with continuously growing interest from
multiple fields, including polymer science, pharmaceutical science, nanotechnology, and
clinical oncology. Inspired by the unique tumor microenvironment, such as mild acidity
and overexpressed enzymes, functional polymer prodrugs and nanoparticles with reversible
charge, detachable PEG shell, activatable ligand, and switchable size have been designed to
enhance tumor deposition, tumor penetration, tumor cell uptake, and tumoral drug release.
Utilizing biological signals inside tumor cells, such as acidic endo/lysosomal pH, elevated
glutathione levels, and reactive oxygen species, responsive polymer prodrugs and
nanoparticles with good extracellular stability but fast intracellular disintegration have
been engineered for specific intracellular drug release. These biological stimuli-sensitive
polymer prodrugs and nanoparticles have shown superior specificity and therapeutic
efficacy to nonsensitive counterparts and, in certain cases, even clinically approved systems in varying tumor models. In this
Viewpoint, design strategies and recent advances of biological stimuli-responsive polymer prodrugs and nanoparticles for tumor-
specific drug delivery will be highlighted, and their challenges and future perspectives will be discussed.

Polymer materials have been widely explored for controlled
drug delivery in the past decades.1 Landmark events

include (i) the report of the first polymer−drug conjugate
(polymer prodrug) by Jatzkewitz in 1955, (ii) the first polymer
system for sustained release of macromolecules and the
elaboration on the concepts of polymer−drug conjugates and
polymeric nanocarriers in the 1970s, (iii) as well as the first
stealth polymer nanoparticles with a long circulation time
described by Langer et al. in 1994.2,3 Based on these ground-
breaking efforts, polymeric nanosystems with polymer
prodrugs and nanoparticles as the mainstay have experienced
fast development with over 20 products successfully translated
into the clinical stage.
Polymers with tunable physicochemical properties and

diverse structures possess many advantages for the delivery
of chemotherapeutic drugs for cancer therapy, for instance,
improved pharmacokinetics, passively targeted delivery to
tumor tissues, and reduced systemic toxicity.4 It is well
documented that systemically administered polymer vehicles
need to pass through five delivery stages following the order of
blood circulation, tumor accumulation, tumor penetration,
cellular uptake, and intracellular drug release, to reach the
action site.5,6 However, each delivery stage is characterized by
markedly different and often contradictory requirements for
the nanovehicles, such as the well-known “PEG and charge

dilemma” of blood circulation versus cellular uptake, “size
dilemma” of blood circulation versus tumor penetration, and
“stability dilemma” of extracellular drug retention versus
intracellular drug release.7

Stimuli-responsive polymers that can change their properties
in response to biological signals in the tumor tissues and inside
tumor cells are anticipated to facilitate nanovehicles over-
coming multiple delivery barriers and boosting antitumor
effects (Figure 1). For example, tumor microenvironment
responsive polymers that are sensitive to mild acidity (pHe
6.5−7.0) and overexpressed enzymes (e.g., matrix metal-
loproteinases, MMPs) enable nanovehicles with stealth
surfaces during circulation to reverse their charge, detach
their PEG shells, activate ligands, and switch their size once
they arrive at the tumor site, which allows for programmed
tumor targeting and drug delivery. Polymers composed of
moieties sensitive to acidic endo/lysosomes with a pH of 4.5−
6.0, elevated glutathione (GSH), and reactive oxygen species
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(ROS) levels in the intracellular milieu can facilitate specific
intracellular drug release. Moreover, biological stimuli-
responsive polymers engineered with both a tumor micro-
environment and intracellular signal-sensitive segments can
simultaneously overcome extracellular and intracellular bar-
riers, leading to boosted drug delivery and augmented
therapeutic efficacy. In recent years, a wide variety of
bioresponsive polymers have been designed and utilized to
prepare prodrugs and nanoparticles that undergo in situ
transformation of surface composition, size, or stability upon a
tumor extracellular or intracellular trigger to overcome delivery
barriers and improve tumor accumulation and antitumor
effects.8−11 It should be noted that only about 0.7% of the
injected dose (ID) was reportedly delivered to the tumor site
by nanoparticles.12 Surface- and size-switchable nanoparticles
that have stealth surfaces and large sizes during circulation
while are transformed to positively charged or ligand-decorated

surfaces and smaller sizes, respectively, at the tumor site, are
expected to enhance not only tumor accumulation, but also
tumor penetration. Enhanced tumor accumulation might also
be achieved by stimuli-sensitive prodrug nanoparticles and
cross-linked polymer nanovehicles that with a high stability in
circulation to effectively prevent drug leakage. It has to be
noted further that likely only partial drug is released from the
0.7% ID of nanoparticulate systems, which means that in fact
even a lower percentage of drugs take antitumor effect. The
employment of endogenous stimuli-sensitive polymer nano-
particles is expected to greatly improve the therapeutic
outcome by boosting tumoral drug release. In this Viewpoint,
we will highlight representative design strategies and recent
advances of biological stimuli-responsive polymer prodrugs
and nanoparticles for tumor-specific drug delivery.

Figure 1. Representative design strategies for biological stimuli-responsive polymers and typical actions of the resulting nanoparticles (NPs) in
response to a tumor microenvironment and intracellular signals.
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■ TUMOR MICROENVIRONMENT-RESPONSIVE
POLYMER PRODRUGS AND NANOPARTICLES FOR
PROGRAMMED TUMOR TARGETING AND
TUMORAL DRUG RELEASE

Prolonged blood circulation, as the first premise of intra-
venously injected polymer vehicles, is generally achieved via
employing stealth surfaces through PEGylation or other
neutrally or negatively charged polymers.13 It should be
noted, however, that stealth surfaces inevitably impose a direct
challenge of inefficient cellular uptake. In addition, size is also a
crucial factor influencing the blood circulation, tumor
penetration, and cellular uptake of polymeric nanosystems,
wherein, relatively large ones (∼100 nm) are beneficial for
prolonged circulation, while smaller ones are preferred for
enhanced tumor penetration and cellular uptake.14 In order to
overcome these dilemmas, polymer prodrugs and nanoparticles
respond to specific tumor microenvironment, in particular,
mild tumor acidity and overexpressed MMP enzymes have
been engineered for programmed tumor targeting and drug
delivery.15

Tumor Acidity-Responsive Polymer Prodrugs and
Nanoparticles. Tumors develop a slightly acidic extracellular
pH (pHe) of ∼6.5−7.0 as a result of elevated cellular glycolytic
activity compared to normal tissues (pH 7.4).16 This unique
pH difference has been the basis for the development of ultra-
pH-sensitive polymers to enable nanoparticles to overcome
multiple extracellular delivery barriers. The pHe-sensitive
polymers are mainly obtained via incorporating acid-labile
bonds or directly using ionizable polymers, which can be
cleaved or protonated under the tumor-microenvironment
conditions, respectively, facilitating surface charge conversion,
PEG detachment, and activation of targeting molecules for the
enhanced cellular interaction of polymeric nanosystems.
Considering that negatively charged nanoparticles enable

prolonged circulation and positively charged ones can promote
cellular internalization, pHe-triggered charge reversible poly-
mer nanoparticles with an anionic surface during circulation,
which changes to a cationic surface once accumulated at the
tumor site, were therefore developed.17 One widely explored
strategy is based on 2,3-dimethylmaleic anhydride (DMMA),
which upon the reaction with amino groups generates a pHe-
responsive amide bond and carboxylic groups on the surface of
the nanoparticles.18 The resulting amide bond is stable at
physiological pH while it can be cleaved at pH 6.8, leading to
surface charge reversal from negative to positive and, thus,
facilitating cellular uptake of nanoparticles both in vitro and in
vivo. Similarly, the DMMA strategy has been used to mask cell
penetration peptides (CPPs), which are cationic and rich in
lysine and arginine units. It is well documented that CPPs can
increase the uptake of nanoparticles into tumor cells, whereas
they may suffer quick clearance from blood and nonspecific
interactions with normal cells, hindering in vivo applications.
DMMA-masked CPPs offer an effective approach to construct
polymer nanoparticles with inert features during circulation
while fully recovering their cell-penetrating capabilities in
response to pHe, realizing simultaneous prolonged circulation
and enhanced cellular internalization.19

Poly(ethylene glycol) (PEG) as the gold standard of stealth
polymers is extensively exploited as the hydrophilic corona to
protect polymer nanovehicles from fast blood clearance, thus,
achieving enhanced tumor accumulation. However, PEGyla-
tion also impedes the interactions of polymer nanoparticles

with tumor cells, resulting in inefficient cellular uptake and low
delivery efficiency, also known as the “PEG dilemma”. A
reliable strategy to deal with this dilemma is to detach the PEG
corona in the acidic tumor microenvironment. Utilizing tumor
acidity-cleavable bonds by using, for example, 2-propionic-3-
methylmaleic amide (CDM) and benzoic imine as linkers
between the hydrophobic and hydrophilic blocks provides an
effective way for nanoparticles to maintain stealth properties
during circulation and realize pHe-triggered PEG detachment
accompanied by a charge switch from neutral to positive.20,21

Another way is to introduce PEG-containing pHe-sensitive
polymers, for instance, PEG-b-poly(methacryloyl sulfadime-
thoxine) and PEG-b-(2-azepane ethyl methacrylate) (PEG-b-
PAEMA with a pKa of ∼6.9), to nanosystems via electrostatic
or hydrophobic interactions.22−24 These polymers undergo
either a charge or hydrophilicity switch at the acidic tumor site,
leading to reduced interactions and detachment from nano-
systems with the exposure of positive charge, CPPs, or
targeting ligands for increased cellular uptake.
In addition to positive charge, introducing CPPs or targeting

ligands directly to the surface of nanoparticles is well-known to
increase cellular interactions. However, these modifications
may cause undesirable interactions with serum proteins and
normal tissues, resulting in short blood circulation and
systemic toxicity. As discussed above, DMMA and PEG-
sheddable strategies are effective in addressing this issue with
reactivated cell targeting or penetration ability in the tumor
microenvironment. Another alternative approach to engineer
pHe-activatable CPPs or ligand-modified nanoparticles in-
volves the use of protonatable polybases that can quickly
switch from hydrophobic to hydrophilic in response to pHe
and, hence, transfer CPPs or ligands to the surface of
nanoparticles for interaction with tumor cells. For instance,
PAEMA, poly-L-histidine (PHis), and poly(β-amino ester)
(PAE) based block copolymers that are deprotonated and,
thus, hydrophobic at physiological pH can hide the CPPs or
targeting ligands in the hydrophobic core of the nanoparticles
during circulation.25−27 Once they arrive at the acidic tumor
site, these ultra-pH-sensitive polybases undergo protonation
and conversion from hydrophobic to hydrophilic, resulting in
the surface exposure of CPPs or targeting ligands for enhanced
intracellular transportation.
pHe-responsive surface switchable polymer nanoparticles

have demonstrated prolonged blood circulation, enhanced
tumor accumulation and selective cellular internalization. It
should be noted that nanoparticles have to penetrate deep into
the tumor tissues to reach the tumor cells for efficient cellular
interactions. Small polymer nanoparticles (e.g., 30 nm and
below) are reported to exhibit better tumor penetration than
larger ones favoring long circulation, but very small ones, in
general, suffer rapid blood clearance, leading to short
circulation and low tumor accumulation.28 Therefore, polymer
nanoparticles with a large size during circulation and quick
transition to small size in response to pHe are anticipated to
address the blood circulation and tumor penetration barriers
simultaneously. Employing acid-cleavable DMMA masking and
CDM-based linkers, as well as ionizable PAEMA and
imidazole-containing polymers, several size-shrinkable poly-
meric nanosystems were developed for the efficient delivery of
anticancer drugs.29−32 More interestingly, together with the
size reduction, the surface charge of these nanosystems also
switch to positive, promoting cellular internalization at the
same time. In one typical example, Wang et al. conjugated pHe-
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sensitive PEG-b-PAEMA to platinum-prodrug conjugated
polyamidoamine dendrimers (PAMAM/Pt), which formed
clustered prodrug nanoparticles with a size of ∼80 nm at
neutral pH as a result of the hydrophobic interactions of
PAEMA blocks (Figure 2).33 Upon incubation at mildly acidic
pH (6.7), PAEMA was quickly protonated and converted into
its hydrophilic state, leading to immediate dissociation of
clustered nanoparticles into positively charged small prodrug
particles (<10 nm) for boosted tumor penetration and cellular
uptake. As expected, these clustered prodrug nanoparticles
showed similar blood circulation profiles with the pHe-
insensitive control, while significantly improved tumor
penetration, tumor cell uptake, and antitumor efficacy were
observed.
Tumor Extracellular MMP-Responsive Polymer Pro-

drugs and Nanoparticles. Due to the essential roles of
enzymes in different biological processes, several specific
enzymes are up-regulated in the tumor compared to normal
tissues.34 For instance, MMPs, a family of zinc-dependent
proteolytic enzymes degrading extracellular matrix proteins, are
major extracellular enzymes closely associated with tumor
proliferation, invasion and metastasis.35 Compared to tumor
acidity, the overexpressed MMPs in the tumor extracellular
environment are more pronounced with high selectivity for
their substrates, which can function as a site-specific trigger for
programmed tumor targeting. Taking advantage of this, various
polymers and polymer prodrugs that respond to MMPs, in
particular, MMP2 and MMP9, were synthesized recently for
overcoming multiple delivery barriers and realizing on-demand
drug delivery.36 Incorporating synthetic MMP substrates (e.g.,
short peptides) is a straightforward approach to preparing
MMP-responsive polymers and polymer prodrugs, thus,
affording nanoparticles that can change their surface property,
size, and morphology for elevated tumor accumulation, tumor
penetration, cellular internalization, and tumoral drug release.
In order to address the “PEG dilemma”, MMP2-cleavable

peptides with sequences of GPLGIAGQ and PLGIAG are used
as linkers to synthesize amphiphilic PEG conjugates for

sheddable PEG coatings. The resulting MMP2-sensitive
polymers or prodrugs with long PEG chains can protect
short chain targeting molecules, such as TAT peptide and folic
acid (FA), from interaction with blood components and
normal tissues.37−39 Once accumulated at the tumor site, the
extracellular MMP2 would trigger the detachment of long PEG
chains to reactivate the targeting molecules for cellular uptake
and penetration. In a recent study, MMP2-sensitive PEG-
sheddable micelles were constructed via coassembly of MMP2-
cleavable PEG-phosphoethanolamine conjugates (PEG5k-pp-
PE) with FA-PEG2k-PE and PEG2k-PE (Figure 3).38 These
micelles maintained their stealth surfaces during systemic
circulation while they underwent PEG5k deshielding and FA
exposure in the presence of MMP2, resulting in much higher
cellular uptake compared to the nonsensitive control. More-
over, MMP2-responsive charge reversible polymer prodrug

Figure 2. (a) Chemical structure of PEG-b-PAEMA-PAMAM/Pt. (b) Schematic illustration of the formation of pHe-sensitive clustered prodrug
nanoparticles at neutral pH and their dissociation into small particles at acidic tumor extracellular pH. (c) Schematic illustration of clustered
prodrug nanoparticles as a robust platform to overcome in vivo delivery barriers. (I) Large particles favoring prolonged blood circulation and (II)
distribution around blood vessels undergo (III) tumor acidity-triggered rapid dissociation into small particles with a size less than 10 nm for deep
tumor penetration. Reprinted with permission from ref 33. Copyright 2016 American Chemical Society.

Figure 3. MMP2-sensitive PEG-sheddable polymeric micelles for
folate receptor targeted drug delivery. Reprinted with permission from
ref 38. Copyright 2017 American Chemical Society.

ACS Macro Letters pubs.acs.org/macroletters Viewpoint

https://dx.doi.org/10.1021/acsmacrolett.0c00488
ACS Macro Lett. 2020, 9, 1292−1302

1295

https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.0c00488?fig=fig3&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://dx.doi.org/10.1021/acsmacrolett.0c00488?ref=pdf


micelles with simultaneous stealth surfaces and enhanced
cellular uptake were developed by conjugating anti-inflamma-
tory celecoxib (CXB) to the shell via a PLGLAG peptide
linker.40 Upon arriving at the tumor site, up-regulated MMP2-
induced peptide linker cleavage, CXB release, and charge
switch from negative to positive, thus, promoting effective
paclitaxel (PTX) delivery to tumor cells for combined chemo-
anti-inflammatory therapy.
As discussed above, size shrinkage is an appealing strategy to

engineer smart polymer nanoparticles with prolonged circu-
lation, enhanced tumor accumulation and penetration
simultaneously. To obtain MMP-triggered size shrinkable
nanoparticles, hyaluronic acid (HA) was conjugated to the
surface of doxorubicin-loaded PAMAM (PAMAM/DOX) via a
PLGLAG peptide linker.41 The resulting nanomedicines with a
size of around 200 nm dissociated rapidly in the presence of
MMP2 into PAMAM/DOX (∼10 nm) accompanied by
charge reversal, leading to deep tumor penetration and
enhanced cellular uptake. However, small-sized particles
favoring deep tumor penetration, can also be easily pumped
back into the bloodstream, resulting in decreased tumor
retention.42 On the other hand, large particles and fibrous
nanostructures have been shown to lead to an extended
retention in the tumor tissues. Based on this, researchers
proposed MMP-responsive aggregation and morphology
switchable approaches to enhance the tumor accumulation,
penetration, and retention of polymer nanoparticles.43,44 In
addition, a combretastatin A4 nanodrug has been employed to
amplify the expression of MMP9 in the tumor tissues, thus,
activating the MMP9-sensitive DOX prodrug efficiently to
improve antitumor efficacy.45

Intracellular Stimuli-Responsive Polymer Prodrugs
and Nanoparticles for Precisely Controlled Drug
Release. When polymer prodrugs and nanoparticles are
effectively transported into tumor cells upon addressing
multiple extracellular barriers, intracellular drug release remains
essential to exert high antitumor efficacy. In this regard,
polymer prodrugs and nanoparticles should have sufficient
stability to protect drugs from premature release while en route
to tumor cells, but disintegrate rapidly once inside cells to
release the drugs. To solve the resulting “stability dilemma” of
drug retention versus drug release, various smart polymer
prodrugs and nanoparticles that undergo stability transition in
response to intracellular triggers, particularly acidic endo/
lysosomal pH and elevated GSH and ROS levels, have been
developed for efficient intracellular drug delivery.46

Endo/Lysosomal pH-Responsive Polymer Prodrugs
and Nanoparticles. Polymeric nanosystems generally enter
tumor cells via endocytosis and are transported to endo/
lysosomes, which are markedly acidified with a low pH of 4.5−
6.0. Taking advantage of the difference to normal tissues and
blood (ca. 7.4), pH-sensitive polymers and polymer prodrugs
with switchable integrity/stability have been designed to
effectively deliver and release drugs to intracellular compart-
ments. In this context, one of the most exploited approaches is
to use pH-sensitive polymers containing multiple ionizable
groups. The protonation of these groups at acidic endo/
lysosomal pH would alter the hydrophilicity and charge of
polymers, leading to a rapid disassembly of nanoparticles and a
fast drug release. For instance, anionic polymers containing
pendant carboxylic groups with a pKa in the range of 4.5 to 6.0,
like poly(aspartic acid), poly(glutamic acid), poly(acrylic acid),
and poly(methacrylic acid), are ionized and hydrophilic at

physiological pH. In response to endo/lysosomal pH, they
become un-ionized and hydrophobic, causing the destabiliza-
tion of nanoparticles and intracellular drug release.47 Cationic
polymers with repeated tertiary amine and imidazole groups in
the side or main chain (e.g., poly(2-(diisopropylamino) ethyl
methacrylate, PAE, PHis, etc.) undergo protonation at acidic
pH, which is accompanied by a switch from hydrophobic to
hydrophilic and neutral to positive, inducing the dissolution or
disintegration of nanoparticles for rapid drug release.48,49

Another promising strategy is to integrate acid-cleavable
bonds directly within polymers or as the linkage for polymer−
drug conjugates. Typically, pH-sensitive linkages, such as
hydrazone, acetal, ketal, orthoester, and cis-acotinyl bonds,
have been incorporated into the side and main chain of
polymers or into cross-linkers for constructing pH-sensitive
nanoparticles.50 Aside from acting as polymer building blocks,
hydrazone bonds, as the most widely studied linkages, have
often been utilized to prepare acid activatable polymer
prodrugs for endo/lysosomal pH triggered release of various
chemotherapeutic drugs, particularly doxorubicin and epirubi-
cin (EPI).51,52 For instance, NC-6300, EPI conjugated PEG-
polyaspartate micelles with hydrazone linkages showing
accelerated EPI release under acidic conditions, have been
promoted to clinical trials for treating solid tumors.53 In
addition, some other acid-labile bonds, such as cis-acotinyl and
acetals, have also been used to conjugate drugs to polymers,
enabling fast drug release in acidic endo/lysosomes.
A crucial concern when developing endo/lysosomal pH-

responsive polymer prodrugs and nanoparticles is that they
should possess high stability before entering tumor cells to
reduce nonspecific drug release. However, with either ionizable
or acid-labile polymer-based prodrugs and nanosystems, it is
frequently challenging to maintain complete stability at
physiological pH. Therefore, the combination with other
cross-linking strategies is attractive to improve their in vivo
circulation stability for more specific drug delivery. Another
concern is that the endo/lysosome of tumor cells and healthy
cells are all acidic, which obviously may result in the low
selectivity of pH-sensitive polymeric nanomedicines. This is
why engineering of specific tumor targeting and selective
tumor cell uptake by, for instance, integrating tumor
microenvironment-responsive strategies is required to reduce
potential side effects.

GSH-Responsive Polymer Prodrugs and Nanopar-
ticles. GSH, a γ-glutamyl-cysteinyl-glycine tripeptide, is the
most abundant biological reducing agent and present at
concentrations of approximately 2−10 mM in the cytosol and
cell nucleus, inducing a highly reductive intracellular
condition.54 In contrast, GSH concentrations in the blood
and extracellular environment are 2−3 orders lower than the
cytoplasmic GSH level (2−20 μM). More importantly, tumor
tissues possess a high reducing potential with at least a 4-fold
higher GSH concentration compared to normal tissues.55

Taking advantage of such significant differences in reducing
potential between extracellular and intracellular spaces as well
as tumor and normal tissues, various GSH-responsive polymer
prodrugs and nanoparticles have been engineered for tumor-
specific controlled drug release. Compared to endo/lysosomal
pH, GSH endows nanomedicines with several unique
advantages, including high stability under the oxidative
extracellular environment, quick response to high GSH levels
intracellularly, and fast drug release right into the cytosol and
cell nucleus where most anticancer drugs are effective.
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The major design approach for GSH-responsive polymeric
nanosystems is through the incorporation of disulfide bonds,
which are cleavable in reducing environments but stable under
oxidative condition, into amphiphilic copolymers or polymer
prodrugs.56−58 By utilizing the disulfide bond as a linkage
between hydrophobic and hydrophilic regimes, researchers
developed diverse GSH-responsive shell-sheddable polymeric
nanosystems that can shed off the hydrophilic shells under
reductive intracellular milieu, resulting in large aggregates and
fast cytoplasmic drug release.59,60 The incorporation of
multiple disulfide bonds in the backbone or side chains of
the hydrophobic segment of amphiphilic copolymers affords
GSH-responsive core-degradable micellar nanomedicines,
which can disintegrate in the cytosol, accompanied by a
rapid drug release.61,62 The introduction of disulfide bonds as
degradable linkers between polymers and pendant anticancer
drugs, such as camptothecin (CPT) and PTX, allows to
construct GSH-responsive polymer prodrug nanosystems for
robust loading and efficient intracellular release of conjugated
drugs, leading to improved chemotherapeutic efficacy.63−65

Reversible disulfide cross-linking is the most promising
approach to construct GSH-responsive polymer nanoparticles,
which possess particularly high circulation stability and fast
intracellular drug release simultaneously. Popular strategies to
realize disulfide cross-linking include the reaction of disulfide-
containing cross-linkers with polymer building blocks,
oxidation of thiolated polymers, and ring-opening polymer-
ization of dithiolane containing prepolymers. We have
demonstrated that dithiolane containing polymers with either
synthetic dithiolane trimethylene carbonate (DTC) or natural
lipoic acid can form disulfide-cross-linked nanoparticles
spontaneously or under dithiothreitol catalysis.66−68 The
resulting nanosystems were further decorated with various

ligands for tumor-targeted delivery of chemotherapeutics,
protein drugs, and siRNA, leading to high antitumor efficacy
against both solid and hematologic tumors. In one typical
example, DTC-based disulfide-cross-linked polymersomal EPI
was functionalized with an A6 short peptide for CD44-targeted
therapy of orthotopic human multiple myeloma, inducing
relieved bone damage and significantly prolonged survival
compared to clinically used Doxil (Figure 4).69

ROS-Responsive Polymer Prodrugs and Nanopar-
ticles. ROS is a family of highly reactive molecules and free
radicals (e.g., H2O2, O2

•−, 1O2,
•OH) that are generated

mainly in mitochondria and play essential roles in many
biological processes.70 Generally, low levels of ROS are
maintained in normal cells by redox homeostasis for routine
cell growth and survival. It should be noted, however, that the
ROS level is sharply raised by 2−3 orders in tumor cells with a
concentration as high as 100 μM. Such high oxidative
condition differences have promoted the development of
ROS-responsive polymer prodrugs and nanoparticles for
addressing the “stability dilemma” and site-specific delivery
of chemotherapeutics.71,72 Two representative mechanisms for
ROS-sensitive polymers are the ROS-induced hydrophobic-to-
hydrophilic transition and cleavage of chemical structures.73,74

In order to enable a hydrophilicity switch in response to
endogenous ROS, chalcogens such as sulfur, selenium, and
tellurium are incorporated into the backbone of hydrophobic
segments of amphiphilic copolymers.75,76 It is well docu-
mented that chalcogens can be oxidized by ROS to high
valency oxides, for example, from sulfur to sulfoxide or
sulfones, thus prompting the transformation from hydrophobic
to hydrophilic. Thus, in the presence of intracellular ROS,
these constructs will undergo a hydrophobic-to-hydrophilic
switch leading to a complete drug release inside tumor cells.

Figure 4. Construction of A6-functionalized disulfide-cross-linked polymersomal EPI (a) for CD44-targeted treatment of orthotopic LP-1 multiple-
myeloma-bearing mice (b−d). Reprinted with permission from ref 69. Copyright 2019 Wiley-VCH.
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The incorporation of ROS-cleavable chemical moieties, such
as diselenides, thioketals, and arylboronic acids/esters into the
backbone or side chains of polymers or into the linkage of
polymer−drug conjugates, has led to a variety of ROS-
responsive polymer and polyprodrug nanoparticles.77−81 The
resulting nanoparticles with stealth surfaces and good
extracellular stability would prolong the circulation and
improve the tumor accumulation of cytotoxic drugs. After
entering tumor cells, the high level of intracellular ROS would
trigger the degradation of polymers, resulting in nanoparticle
disassembly and rapid drug release. In one typical example,
ROS-responsive polyprodrugs with side chains bearing CPT
bound via thioketal linkers were functionalized with cRGD
peptides and triphenylphosphonium (TPP), affording tumor
cell and mitochondria dual-targeting nanoparticles after
coassembly (Figure 5).82 Once actively targeted to mitochon-
dria, endogenous ROS triggers an initial CPT release, which
may simulate ROS amplification and thus induce the release of
more CPT. The self-circulation strategy of CPT release and
ROS up-regulation endowed highly oxidative stress to initiate
cancer cell apoptosis for enhanced chemodynamic therapy. In
addition, thioketals and diselenides have been employed to
cross-link the core of polymeric micelles, affording ROS-
sensitive core-cross-linked micelles for preventing drug leakage
during blood circulation.83,84

Dual- and Multi-Biological Stimuli-Responsive Poly-
mer Prodrugs and Nanoparticles. As discussed above,
tumor extracellular environment responsive nanosystems can
change their surface properties, size, and morphology, in
response to pHe and MMP, thus, addressing the extracellular

barriers like blood circulation, tumor accumulation, tumor
penetration, and cellular uptake. Intracellular stimuli-sensitive
ones undergo stability transition in response to either endo/
lysosomal pH, GSH, or ROS, inducing rapid drug release
inside cells. It should be noted, however, that polymeric
nanomedicines have to simultaneously overcome extracellular
and intracellular barriers to exert maximal antitumor effect. To
this end, dual- and multi-stimuli-sensitive polymer prodrugs
and nanoparticles,85,86 in particular, that respond to both
tumor extracellular and intracellular signals, have recently
attracted great attention for boosting antitumor efficacy.
In this context, DMMA-based tumor acidity responsive

polymeric nanosystems have been combined with reduction,
endo/lysosomal pH, or ROS cleavable moieties for construct-
ing dual-sensitive polymer prodrugs and nanoparticles, which
can sequentially reverse charge, switch stability, and possibly
reduce size for precisely targeted intracellular drug deliv-
ery.87−90 Recently, Chen and coauthors reported tumor acidity
and GSH dual-sensitive shell-stacked nanoparticles bearing a
DMMA-modified negatively charged thick shell and a
positively charged disulfide-cross-linked core.91 These nano-
particles maintained a negative surface charge and a large size
of ∼145 nm for prolonged circulation, while undergoing
surface charge reversal and size reduction (∼40 nm) for
enhanced tumor penetration and cellular uptake. After entering
cancer cells, the cytoplasmic GSH triggered the de-cross-
linking of the polypeptide core with rapid DOX release, thus,
inducing significant antitumor effect. Similarly, dual-biores-
ponsive polymer prodrugs and nanoparticles responsive to
tumor extracellular enzymes together with intracellular GSH,

Figure 5. Cancer cell and mitochondria dual-targeting ROS-responsive polyprodrug nanoparticles for self-circulation of CPT release and ROS
amplification to induce cell apoptosis. Reprinted with permission from ref 82. Copyright 2019 Nature. Distributed under a Creative Commons
Attribution 4.0 International License https://creativecommons.org/licenses/by/4.0.
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pH, or ROS have also been developed to overcome the
extracellular and intracellular delivery barriers.92−94 For
instance, Shen et al. designed an enzyme (γ-glutamyl
transpeptidase, GGT) and GSH dual-sensitive polymer
prodrug with GGT-induced charge reversal for transcytosis-
mediated deep tumor penetration and GSH-triggered CPT
release.94 Benefiting from the augmented tumor penetration
and rapid intracellular drug release, this dual-sensitive polymer
prodrug eradicated large established solid tumors of ∼500
mm3. Moreover, polymeric nanosystems with triple-stimuli
sensitivity, such as tumor acidity or MMP in combination with
endo/lysosomal pH and GSH, have been engineered to meet
the conflicting requirements in different delivery stages for
potent tumor therapy.95,96

■ CONCLUSIONS AND FUTURE PERSPECTIVES
The biggest challenge for drug delivery systems is to meet the
opposing requirements of multiple delivery stages to reach the
site of action. Polymers of remarkable versatility and smart
design enable nanosystems to simultaneously overcome
different biological barriers, thus boost drug delivery and
improve antitumor effects. In particular, endogenous stimuli-
responsive polymers based prodrugs and nanoparticles can
response in real time to unique signals existing in the tumor
tissues or tumor cells, affording site-specific delivery, good
patient compliance and low treatment expense. On one hand,
tumor extracellular environment (pHe and MMP) responsive
polymer nanoparticles with stealth surfaces during circulation
undergo PEG-detachment, charge reversal, ligand activation,
and size switch in the tumor tissues, showing great potential to
overcome the “PEG and charge dilemma”, as well as the “size
dilemma” for programmed tumor targeting and enhanced
tumor accumulation. On the other hand, intracellular signal
(endo/lysosomal pH, GSH and ROS) sensitive polymer
prodrugs and nanoparticles can address the “stability dilemma”
to enable site-specific drug release and improved therapeutic
effect. Furthermore, the incorporation of tumor extracellular
stimuli sensitivity and intracellular signal responsiveness
simultaneously into one polymeric nanosystem has demon-
strated more efficient drug delivery and enhanced antitumor
efficacy.
Despite these significant advancements, the antitumor effects

of biological stimuli-responsive polymeric nanomedicines were
augmented to varying degrees relative to the nonsensitive
control, and there remain many challenges to promote them
into clinical trials. First, novel polymers based on exotic
materials with inferior biocompatibility and a sophisticated
design are generally used to construct biological stimuli-
sensitive polymer prodrugs and nanocarriers. It is conceptually
important to demonstrate the role of biological stimuli-
sensitivity in overcoming delivery barriers, but at the same
time these materials may cause potential toxicities, and
complicate industrial scale production, as well as quality and
cost control. Second, the response time of biological stimuli-
responsive polymer prodrugs and nanocarriers varies a lot
between different systems, wherein, slow response may lead to
inefficient tumor targeting and incomplete drug release. In
addition, biological signals may alter in different individuals,
causing adverse impact on the application of biological stimuli-
sensitive polymeric nanomedicines from animals to humans. In
this respect, ultrasensitive polymers with precise design,
controllable synthesis, and response rate are desired to achieve
quick transformation for programmed tumor targeting and

rapid disintegration for fast drug release. Third, the specificity
of polymer prodrugs and nanoparticles to tumor tissues and
cancer cells is another critical concern that we should pay close
attention to. It is known that some biological signals like endo/
lysosomal pH and GSH are present in both cancer cells and
healthy cells. Therefore, it is important to develop specific
tumor targeting systems, for instance by introducing high
affinity targeting ligands to tumor microenvironment respon-
sive polymers, to enable programmed active tumor targeting
and reduce off-target effects. Last, but not least, the most
reported biological stimuli-sensitive polymeric nanosystems,
even which can respond to multiple stimuli, have not fully
overcome the biological delivery barriers yet. In this sense, a
promising direction in the near future would be the
development of multifunctional polymers and nanosystems
made thereof, which can simultaneously accomplish the five-
step delivery cascade.
All in all, in order to promote clinical translation, biological

stimuli-sensitive polymers need to be designed with good
biocompatibility and biodegradability, controllable response
rate and multifunctions to engineer safe and multifunctional
nanomedicines for sequentially overcoming delivery barriers of
blood circulation, tumor accumulation, tumor penetration, cell
uptake and intracellular drug release. Meanwhile, the balance
between added multifunctionality and complexity of polymers,
though, is still a big challenge and should be considered
carefully. We anticipate that with rational design and
continuous studies on the basis of deeper understanding of
biological delivery barriers, biological stimuli-responsive
polymeric nanomedicines will become a promising platform
for effective cancer therapy.
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