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Small-molecule prodrugs have become the main toolbox to improve the unfavorable physicochemical
properties of potential therapeutic compounds in contemporary anti-cancer drug development. Many
approved small-molecule prodrugs, however, still face key challenges in their pharmacokinetic (PK) and
pharmacodynamic (PD) properties, thus severely restricting their further clinical applications. Self-
assembled prodrugs thus emerged as they could take advantage of key benefits in both prodrug design
and nanomedicine, so as to maximize drug loading, reduce premature leakage, and improve PK/PD
parameters and targeting ability. Notably, temporally and spatially controlled release of drugs at
cancerous sites could be achieved by encoding various activable linkers that are sensitive to chemical or
biological stimuli in the tumor microenvironment (TME). In this review, we have comprehensively
summarized the recent progress made in the development of single/multiple-stimulus-responsive self-
assembled prodrugs for mono- and combinatorial therapy. A special focus was placed on various
prodrug conjugation strategies (polymer—drug conjugates, drug—drug conjugates, etc.) that facilitated
the engineering of self-assembled prodrugs, and various linker chemistries that enabled selective
controlled release of active drugs at tumor sites. Furthermore, some polymeric nano-prodrugs that
entered clinical trials have also been elaborated here. Finally, we have discussed the bottlenecks in the
field of prodrug nanoassembly and offered potential solutions to overcome them. We believe that this
review will provide a comprehensive reference for the rational design of effective prodrug
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1. Introduction

Cancer is one of the most lethal diseases that continues to affect
hundreds of millions of patients in the world on a daily basis."*
The common cancer treatment paradigm includes chemo-
therapy, surgery, radiation therapy, and biological therapy.’*~
Amongst the various therapeutic options, cytoreductive
chemotherapy that uses highly cytotoxic small-molecule drugs
remains the dominant method for treatment of different
cancers in the clinic, especially those in advanced or metastatic
stages.®® Although much progress has been made in recent
years in the fields of chemotherapy, small-molecule chemo-
therapeutics still have key drawbacks that need to be circum-
vented, including a narrow therapeutic index due to severe off-
target effects and low drug bioavailability due to significant
hurdles in absorption, distribution, metabolism, elimination,
and toxicity (ADMET) properties.>** Therefore, highly efficient
tumor-localized delivery of chemotherapeutic agents with
a temporal/spatial controlled-release ability (thus causing
minimal exposure to non-diseased cells/tissues) has always
been an important strategy in the field of drug delivery that
needs to be transformative.

Various strategies, including the use of prodrugs and phys-
ical encapsulation of drugs within nanostructures, have been
exploited to address the aforementioned challenges associated
with conventional small-molecule drugs (Fig. 1A and B).*>™**
Following its introduction in 1958 by Albert, the concept of
prodrugs remained the dominant approach to ameliorate the
limitations in the ADMET properties of a parent drug without
compromising its pharmacological activities (Fig. 1A).'**®
Between 2008 and 2017, prodrugs accounted for approximately
12% of all approved small-molecule drugs on the market.*
Despite the great progress that has been made in small-
molecule prodrugs, they still suffer from challenges mainly
associated with inherent small-molecule characteristics,
including hepatic metabolism, short blood circulation time,
fast renal clearance, premature activation, etc. Thus, the devel-
opment of more innovative strategies is urgently needed.

Physical encapsulation of small-molecule (pro)-drugs within
various organic nanocarriers (e.g. liposomes, micelles, poly-
mers, nanogels, and dendrimers) or inorganic nanocarriers (e.g.
silica nanocapsules) has recently emerged as a highly viable
strategy to improve the ADMET properties of small-molecule
(pro)-drugs in tumor therapy (Fig. 1B).>*** Such nanocarriers
effectively shield the small-molecule (pro)-drugs, resulting in an
improvement in their stability, solubility, bioavailability and
biodistribution.*® Notably, nanometer-sized vehicles can cause
small-molecule (pro)-drugs to selectively accumulate near
tumor tissues through the well-known effect of enhanced
permeability and retention (EPR), which works by passively
targeting the leaky tumor vascular system.*** These nano-
carriers can additionally achieve active tumor targeting by
surface modifications of the nanoparticle (NP) with suitable
cancer-targeting ligands.”**' Despite the many obvious benefits
of these drug-loaded nanosystems, there still exist significant
obstacles hindering their widespread clinical application,
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including low drug-loading capacity (<10% in most cases),
premature drug release during blood circulation, bursting or
poor drug release at target sites and carrier material-related
biosafety issues.?**

Fortunately with new advances in materials science and
conjugation chemistry, self-assembled nanostructures of (poly)-
prodrug amphiphiles or amphiphilized homo/heterodimers
have emerged as a new paradigm for tumor-specific drug
delivery.**®* In recent years, various versatile stimulus-
responsive prodrug nanoassemblies have been successfully
developed for chemotherapy, phototherapy, immunotherapy,
theranostics, and combinatorial therapy (Table 1). This review
starts by introducing the concept of prodrugs, the design of
prodrug nanoassemblies and commonly used methods in nano-
prodrug preparation. Next, we summarize the rational design of
self-assembled prodrugs on the basis of different conjugation
approaches (i.e. polymer-drug conjugates, drug-drug conju-
gates, etc.) for tumor treatments. We emphasize the various
approaches for controlled release of drugs based on innovative
linker designs that exploit various tumor-associated stimuli
(pH, ROS, GSH, enzyme, hypoxia, etc.; see Table 2). Finally, we
discuss the various emerging challenges and future prospects of
self-assembled prodrugs in relation to cancer therapy. Metal-
catalysed nano-prodrug and prodrug-based hydrogels in
tumor therapy, which have received increasing attention in
recent years, are beyond the scope of this review. We expect that
the inimitable and clear logical framework in this review will
provide a comprehensive reference for readers, especially
novice readers.

2. Concept and design of prodrug
nanoassemblies
2.1 The prodrug concept

The concept of prodrugs was first defined by Adrien Albert in
1958, and has thus far played a transformative role in the
development of contemporary anticancer drugs.*® Since then,
various prodrug strategies have been used to address key
barriers in anti-cancer drug development, such as undesirable
physicochemical, pharmacokinetic (PK), and pharmacody-
namic (PD) properties of potential compounds that have poor
solubility and stability, low cell permeability, and severe adverse
off-target cytotoxicity." As shown in Fig. 1A, prodrugs are bio-
reversible derivatives of parent drugs that have little or no
pharmacological activity, but can be subsequently transformed
into active ones through one to two specific chemical or enzy-
matic steps. The inactive prodrugs are typically prepared by
reversibly introducing a pro-moiety into the parent drug via
a stimulus-responsive linker which could be tailored to directly
respond to physical, chemical or biological stimuli (such as
acidic pH, hypoxia, aberrant enzyme expression, and high
oxidation and reduction states) present in the tumor microen-
vironment (TME).>*** On the basis of this, stimulus-responsive
prodrugs delivered to the TME may maintain their overall
antitumor effects while possessing minimized off-target cyto-
toxicity towards normal tissues.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of (A) the overall concept of small-molecule prodrug design; (B) physical loading of (pro)-drugs onto a nanoparticle
(NP); (C) strategies to improve drug delivery efficiency for tumor (I) monotherapy or (ll) combinatorial therapy by using different self-assembled

NPs.

Significantly, there are several prerequisites for a successful
prodrug design: (1) parent drugs should have functional groups
that are suitable for chemical modifications; (2) favorable pro-
moieties that can improve the deficient ADMET properties of
the parent drug; (3) a reversible linkage between the parent drug
and the pro-moiety that allows stimuli-responsive controlled-
release of drugs without formation of cytotoxic byproducts.*
Various functional groups in a parent drug, including carboxyl,
hydroxyl, amine and carbonyl, can be reversibly transformed
into the corresponding ester, carbonate, carbamate, amide, and
respectively. The pro-moiety generally dictates the
chemical identity and can improve the ADMET properties of the
parent drug.**** For example, lipidation is an effective approach
to enhance the membrane permeability of a hydrophilic drug.*®
Conversely, the aqueous solubility of a hydrophobic drug may
be improved by introducing an ionizable pro-moiety.*’

oxime,

2.2 Design of prodrug nanoassemblies

Amphiphilic prodrugs containing both hydrophilic and hydro-
phobic domains could self-assemble into homogeneous NPs in
an appropriate solution.*®** Notably, according to their

© 2022 The Author(s). Published by the Royal Society of Chemistry

molecular weights, amphiphilic prodrugs could be broadly
divided into two categories, namely polymer-drug conjugates
((poly)-prodrug amphiphiles) and drug-drug conjugates
(amphiphilized homo/heterodimeric prodrugs).*® As illustrated
in Fig. 1C, the amphiphilic polymer-drug conjugates were
synthesized by attaching single or multiple parent drugs onto
carrier materials of synthetic (block polymers) or biological
origin (peptides or oligonucleotides) via covalent stimulus-
labile linkages.* The resultant (poly)-prodrug amphiphiles
exhibit a superior self-assembly ability to form into nano-
prodrugs for or combinatorial tumor therapy
(Fig. 1C).* In contrast, prodrug amphiphiles could be obtained
by reversibly conjugating drugs to the terminus of carrier
materials possessing an opposite solubility to their parent
drugs.

Due to the high content of polymers used, (poly)-prodrug
amphiphile-based nanoassemblies still possess a low drug
loading capacity. Although most of the currently FDA-approved
nanomedicines use inert biomaterials as drug carriers, they still
elicit significant adverse effects. Therefore, the development of
carrier-free nano-prodrugs through the self-assembly of

mono-
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Table 1 List of polymer—drug-based self-assembled prodrugs in cancer therapy
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Drug Linkage Therapy Ref.
DOX Hydrazone Chemotherapy 66, 68,137,138 and 148
Chemotherapy & immunotherapy 67
Imine bond Chemotherapy 70 and 71
Enamine Chemotherapy 72
Dihydrazide Chemotherapy 82
Carbamate Chemotherapy 83
Anhydride Chemotherapy 84
Ketal Chemotherapy & photodynamic therapy 95
Disulfide Chemotherapy 109
Thioether/disulfide/trisulfide Chemotherapy 115
Peptide Chemotherapy, photodynamic therapy & immunotherapy 126
Epacadostat Peptide Photothermo-immunotherapy 125
Epothilone B Ketal Chemotherapy 93
Paclitaxel Ketal Chemotherapy 74
Thioether Chemotherapy & photodynamic therapy 91 and 99
Chemotherapy & oxidation therapy 92 and 100
Disulfide Chemotherapy & photodynamic therapy 113 and 114
Azobenzene Chemotherapy & photodynamic therapy 132
Boronate ester Chemotherapy & photodynamic therapy 97
Aminoacrylate Chemotherapy & photodynamic therapy 99
Peroxalate ester Chemotherapy, photodynamic therapy & photothermal 100
therapy
Peptide Chemotherapy & photodynamic therapy 124
Dithiomaleimide (DTM) Chemotherapy & gene therapy 139
Thioether/Disulfide/Selenoether/ Chemotherapy 113
Diselenide
Selenoether/Te/Thioether Chemotherapy 140
Gemcitabine Ketal Chemotherapy 75
Acetal Chemotherapy 76
Indomethacin Ortho-ester Chemotherapy 85
Capecitabine Boronate esters Theranostics 93
Bortezomib Boronate esters Chemotherapy 79 and 81
Boronic acid-salicylhydroxamate Chemotherapy 80
Camptothecin Thioketal Chemotherapy & photodynamic therapy 90 and 103
Chemotherapy & oxidation therapy 94
Disulfide Chemotherapy 110 and 135
Chemotherapy & photothermal therapy 111
Aspirin p-Boronabenzyl ester Immunotherapy 96
Gefitinib Disulfide Chemotherapy 116
Pt Polyphenol-metal coordination Chemotherapy 136
Cabazitaxel Thioether Chemotherapy & photodynamic therapy 101
Imidazoquinoline Ester bond Immunotherapy 122
IPM-Br 2-Nitroimidazole Chemotherapy & photodynamic therapy 131

prodrugs themselves has become necessary. One example is
shown in Fig. 1C, in which homo- or heterodimeric drug-drug
conjugates were synthesized by conjugating two identical or
different drug molecules via a biodegradable linker, respec-
tively.>® The resultant drug-drug conjugate-based nano-
assemblies possessed a high drug loading capacity capable of
minimizing excipient-triggered adverse toxicity. Therefore, by
taking advantage of the benefits in both prodrug design strat-
egies and nanomedicine, these prodrug nanoassemblies could
possess key properties including improved systemic stability,
prolonged blood circulation, and passive/active targeting
ability, as well as potential for application in theranostics and
combination therapy. More importantly, by properly encoding
suitable linker chemistries, the resulting self-assembled pro-
drugs could be tailored for tumor-specific temporal/spatial

4242 | Chem. Sci., 2022, 13, 4239-4269

controlled-release of drugs in response to chemical or biolog-
ical stimuli present at the tumor sites.>**

2.3 Common methods for preparation of self-assembled
prodrugs

Molecular assembly and kinetic trapping are the commonly
used approaches to fabricate prodrug-based nanoassemblies
(Fig. 2).°**” Molecular self-assembly is a spontaneous organi-
zation of molecules or parts of molecules into stable and
ordered aggregates under equilibrium conditions through non-
covalent bonds, and without any guidance from outside forces
(Fig. 2A).*® Such a self-assembly process is based on the balance
of attractive and repulsive forces including m-m stacking,
hydrogen bonding, van der Waals and Coulomb interactions,
which occur under the premise that mobile molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Stimulus-responsive linkages used for controlled release of drugs
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Stimulus Linkage Chemical structure Ref.
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. I
Imine RN 70 and 71
Enamine R-NH R 72
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Acetal o~ J\ ~ 76
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HN
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R
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GSH Disulfide S 109-111, 113-116, 134 and 135
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Se ™
Selenoether ~s¢ 113 and "*°
Trisulfide Sag-S 115
GSH/ROS Thioether ~s~ 91, 92, 101, 102, 113, 115 and 140
Te _Te. 140
o
Ester bond \)ko/\ 122
Peptide GL2/GFLG/PVGLLG/FRRG 123-126
Enzyme
o o
L-y-glutamylglycine \NWOH 134
H NH,
B
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Table 2 (Contd.)
Stimulus Linkage Chemical structure Ref.
o.,
Pt
PH/ROS Polyphenol-metal coordination 0 136
OH
Prodrug amphiphiles less acidic cytosolic environment (pH = 7.4).** Therefore, the
A Gloschved Inaqueous soksion significant pH difference that exists in extracellular and intra-
/ cellular environments could be exploited as an inherent trigger
o © / Molecular assembly . . L
> o —> sl —_ > for specific drug release at tumor sites, thus minimizing
% [ . . . .
0N /| Aqueous premature drug leakage during blood circulation or in normal
77>  solution e o : : . s : i .
NPe format tissues. In this section, we review several acid-sensitive linkers
'S formation . . . .
N that were commonly used in the design of acid-labile nano-
N Polymer-prodrug conjugates .
in organic solvents assembled prodrug conjugates, such as those based on the
B ¢ linker chemistries of hydrazines, imines and acetals.
® Kinetic trapping

(e.g. nanoprecipitation)
.—>

™\ — s ...
4

NPs formation

7 Na Aqueous
\&/ solution

Fig. 2 Schematic illustration of commonly used self-assembly
methods for nano-prodrug preparation. (A) Nanoparticle (NP) forma-
tion induced by various non-covalent interactions including m—m
stacking, hydrogen bonding, van der Waals and Coulomb interactions.
(B) Nanoprecipitation-mediated NP formation by kinetic trapping with
hydrophobic—hydrophilic interactions.

encounter each other in a solution.** Thus, the structural
features of self-assembled prodrugs can be tailored by adjusting
the assembly conditions such as pH, temperature, and ionic
strength. Kinetic trapping, also termed nanoprecipitation, is
another method to prepare self-assembled nanostructures, in
which the monomer (i.e. an amphiphilic prodrug conjugate)
dissolved in a small amount of organic solvent is mixed with
a large amount of aqueous solution under external forces (e.g.
extensive stirring). Subsequent removal of the organic solvent
leads to spontaneous formation of homogeneous nano-
structures (Fig. 2B).* During this process, the hydrophilic
components form the outer shell and the hydrophobic
components form the inner core of the resulting NPs. In
contrast to NPs obtained from molecular assembly, nano-
structures made by kinetic trapping have a disordered internal
component forced together by hydrophobic-hydrophilic
interactions.®*

3. pH-responsive nanoassemblies

Aberrant metabolism of tumor cells creates an acidic TME with
pH 6.5-6.9, which is more acidic than normal physiological pH
(~7.4) in the blood and normal tissues.®>** Furthermore, most
NP-based drug delivery systems can enter into tumor cells via
endocytosis and pass by the intracellular endosomes (pH = 5-
6.5) and lysosomes (pH = 4.5-5), before being released into the

4244 | Chem. Sci, 2022, 13, 4239-4269

3.1 Polymer-drug conjugate-based nanoassemblies

The hydrazone bond is a commonly used moiety for pH-
sensitive prodrug design.®® With the acidic TME in mind,
Zhang and co-workers reported an acid-sensitive, dextran (DEX)
polysaccharide-based amphiphilic poly-prodrug conjugate
named DOM®@DOX (i.e. DEX-POEGMA-)-PDOX) for improved
chemotherapy (Table 1).°® As shown in Fig. 3A, to synthesize
DOM®@DOX with a bottlebrush-architecture, a dextran (DEX)
polysaccharide was connected with hydrophilic poly(ethylene
glycol)methyl ether methacrylate (POEGMA) through atom
transfer radical polymerization (ATRP). After that, doxorubicin
(DOX) was attached to the backbone of the obtained copolymer
via the acid-labile hydrazone bond (Table 2), thus enabling pH-
triggered drug release in the mildly acidic TME. In this study,
dextrans of different molecular weights (M,, 1000 and M,, 5000)
were used for poly-prodrug synthesis. The prepared amphi-
philic dextran poly-prodrugs (DOM;00@DOX and DOM;0,@-
DOX) were utilized to form prodrug micelles with
hydrodynamic sizes of 37.56 and 49.26 nm in aqueous solution,
respectively. The prepared nano-prodrugs exhibited prominent
tumor inhibition and minimal systemic side effects. This
approach was also explored by Chen and co-workers, who
developed a carrier-free, pH-responsive nano-prodrug
(PEG@D:siRNA) by co-self-assembly of PEGylated DOX (PEG-
hyd-DOX) and a small interfering RNA (siRNA) against PD-L1
via cooperative -1 stacking and electrostatic interactions
(Fig. 3B). In this study, the author demonstrated that
PEG@D:siRNA could simultaneously induce immunogenic cell
death (ICD) and suppress DOX-mediated upregulation of the
immunosuppression pathway in targeted tumor cells, thus
enabling efficient combinatorial chemo-immunotherapy (Table
1).% To facilitate the pH-triggered drug release, the PEG-hyd-
DOX was synthesized by connecting DOX with PEG through
the acid-sensitive hydrazone bond (Table 2). It was shown that
PEG@D:siRNA had a hydrodynamic size ranging from 25 nm to
45 nm and possessed a high cargo loading capacity of DOX
(21.67%) and siRNA (4.13%), respectively. Upon successful

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) Schematic illustration of the chemical structures of DOM@DOX and its self-assemblies. Reproduced from ref. 66 with permission from

Royal Society of Chemistry, Copyright 2020. (B) Illustration of the fabrication of carrier-free, self-assembled prodrug (PEG@D:siRNA) to

synergistically induce ICD and reverse tumor immunosuppression. Repro

duced from ref. 67 with permission from Elsevier Ltd, Copyright 2020.

(C) Synthesis of PEG-Schiff-DOX and the acid-sensitive intracellular drug release. Reproduced from ref. 68 with permission from Frontiers Media
SA, Copyright 2021. (D) Schematic illustration of the preparation of DMMA-P-DOX and SA-P-DOX. Reproduced from ref. 70 with permission
from Elsevier Ltd, Copyright 2020. (E) Synthesis of zwitterionic BCP-TPZ prodrug conjugates. Reproduced from ref. 71 with permission from
American Chemical Society, Copyright 2021. (F) Chemical structure of acid-responsive DOX-ena-PPEG-ena-DOX and its drug activation
mechanism. Reproduced from ref. 72 with permission from American Chemical Society, Copyright 2019.

entry into the targeted tumor cells, the DOX could be rapidly
released due to the hydrolysis of hydrazone bonds inside acidic
endosomes/lysosomes, leading to the eventual induction of ICD
and stimulation of antitumor immune response. In the mean-
time, the released siRNA could inhibit the immunosuppressive
gene PD-L1 to further strengthen the ICD-mediated antitumor
immune response. The prepared PEG@D:siRNA NP that carried
a PD-L1-targeting siRNA (named PEG@D:siPD-L1) could lead to
an approximately 70% decrease of PD-L1 expression in CT26
cells. As expected, this nano-prodrug showed a superior tumor
regression in two different tumor models (CT26 and Panc02). In
a different study, Song et al. described a pH-sensitive micellar
DOX prodrug for chemotherapy (Table 1).°® The nano-prodrug
was constructed by self-assembly of an amphiphilic PEGylated
DOX prodrug (PEG-Schiff-DOX) in aqueous solution (Fig. 3C).
The PEG-Schiff-DOX having a low critical micelle concentration

© 2022 The Author(s). Published by the Royal Society of Chemistry

(CMC) value (0.018 mg mL™") was synthesized by conjugating
PEG with DOX through the acid-sensitive hydrazone bond
(Table 2). These micellar prodrugs with an average z-size of
85 nm and a high drug loading capacity (~38.1%) could
maintain their structural integrity and avoid premature drug
leakage under physiological conditions (pH = 7.4). Notably, the
micelles could be disassembled inside acidic endosomes/
lysosomes due to the cleavage of hydrazone bonds, thus
leading to an efficient drug release (~82.2%). The authors
further showed that the DOX encapsulated in PEG-Schiff-DOX
NPs could be programmed to achieve different drug release
rates to maintain effective treatment over a longer period at
tumor sites.

The imine bond is another promising linker for pH-triggered
release of drugs due to its acid-labile properties.®® Recently, Guo
et al. prepared a dual pH-responsive polymeric nano-prodrug
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(DMMA-P-DOX/LAP) with a charge-switchable ability for syner-
gistic cancer therapy (Table 1).”° To synthesize 2,3-dime-
thylmaleic anhydride (DMMA)-P-DOX, as shown in Fig. 3D, DOX
was first linked to the side chain of PEGylated e-poly-r-lysine
(EPLYS) via an imine bond to ensure a pH-triggered release of
DOX (Table 2). SA-P-DOX was synthesized as a control. The CMC
values of DMMA-P-DOX and SA-P-DOX were calculated to be
0.0069 mg mL~"' and 0.0057 mg mL ", respectively. Such low
CMC values enabled the corresponding nano-prodrugs to
maintain an integral nanostructure during the blood circula-
tion. The DMMA-P-DOX/LAP NPs were subsequently prepared
by physical encapsulation of lapatinib (LAP), a dual tyrosine
kinase inhibitor, within (DMMA-P-DOX)-based nano-
assemblies. The hydrodynamic size of DMMA-P-DOX/LAP was
determined to be 86.92 £ 1.82 nm, which was larger than those
of DMMA-P-DOX (34.41 + 2.97 nm) and SA-P-DOX (30.42 + 4.11
nm). The positive charge of residual amino groups on the NP
surface was shielded by modification of DMMA to further
prolong its blood circulation time. Upon successful accumula-
tion in the mildly acidic TME, the negative surface charge of the
NP was reversed to positive, leading to an improved cell inter-
nalization and deep tumor penetration. The hydrolysis of imine
bonds under low intracellular pH conditions could induce the
disassembly of DMMA-P-DOX/LAP NPs, thus leading to the
concurrent release of DOX and LAP in the cytosol for synergistic
tumor therapy. Zhao et al. developed another zwitterionic block
copolymer (BCP)-based micellar prodrug for pH-sensitive
release of hypoxia-responsive prodrugs (Fig. 3E).”* The zwitter-
ionic BCP-containing prodrug micelles were fabricated by self-
assembly of PMPC-b-P(DEGMA-co-FPMA-g-TPZD) (BCP-TPZ), in
which tirapazamine (TPZ) derivatives (named TPZD) were first
conjugated onto PMPC-b-P(DEGMA-co-FPMA) through acid-
labile imine bonds to facilitate pH-triggered drug release
under acidic conditions (Table 2). By using pyrene as a fluores-
cence probe, the CMC values of BCP and BCP-TPZ were calcu-
lated to be 0.0608 and 0.0277 mg mL™', respectively. The
hydrodynamic size of BCP-TPZ micelles in PBS was determined
to be 51-59 nm by DLS, which was larger than the size of BCP-
only micelles (~25 nm). The resulting micellar prodrugs
maintained a good colloidal stability in PBS and DEME (with
10% FBS). In vitro TPZD release at different pH conditions of
7.4, 6.5 and 5.5 within 50 h was estimated to be 30%, 60% and
90%, respectively. As expected, the micellar BCP-TPZ exhibited
at least 13.7-fold higher hypoxia-selective cytotoxicity against
both HeLa and HepG2 cancer cells. In another study, Li and co-
workers synthesized a pH-responsive polymeric prodrug (DOX-
ena-PPEG-ena-DOX) that could self-assemble into homogeneous
NPs with a good water solubility and biocompatibility
(Fig. 3F).”” To obtain DOX-ena-PPEG-ena-DOX, the acid-sensitive
alkynyl-terminated block polymer (A-P(PEG-alt-HMDA)-A) was
synthesized by alternately connecting polyethylene glycol (PEG)
with hexamethylenediamino (HMDA) via enamine bonds (-ena-
). Subsequently, the corresponding polymer-prodrug conjugate
(DOX-ena-PPEG-ena-DOX) was synthesized by attaching DOX to
A-P(PEG-alt-HMDA)-A via amino-yne click chemistry. The
resulting nano-prodrug had an average hydrodynamic size of
140 nm capable of causing ~16.1% drug release at pH = 7.4
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after 118 h of incubation. In contrast, approximately 85.0% of
drug release was detected at pH = 5 (which mimicked the
intracellular lysosome/endosome conditions), presumably
caused by cleavage of the acid-labile enamine bond (Table 2).
Similarly, acetals or ketals are also promising linkers for the
development of acid-responsive prodrugs.” Mu and co-workers
reported pH-sensitive polymeric paclitaxel (PTX) prodrugs
(named PKPs) for ovarian cancer therapy (Table 1).”* As shown
in Fig. 4A, in order to synthesize PKPs, the intermediate
compound 2 containing acrylate groups was synthesized by
linking PTX with compound 1 via the acid-sensitive acetone-
based acyclic ketal linker (Table 2). After that, compound 2
was subsequently conjugated with different lengths of poly(-
ethylene glycol) (PEG) to obtain PKPs, which formed into
uniform micelles upon nanoprecipitation. The obtained
micellar prodrug remained stable in the normal physiological
environment but achieved accelerated drug release upon
hydrolysis of the acid-labile bonds within the mildly acidic
TME. Notably, the authors found that the molecular weight of
PEG could affect the CMC values and the particle size of PKPs.
The shorter PEGs could endow PKPs with favourable properties
including smaller NP sizes, lower CMC values, prolonged
circulation time, high accumulation at the tumor site and better
antitumor activities. The particle sizes of various NPs (named
PKP;50, PKP1g00, and PKP,o9) determined by DLS were about
13, 22, and 48 nm, respectively. In addition, the author inves-
tigated the hydrolysis kinetics of PKPs at different pH condi-
tions (7.4, 6.8 and 5.0). After 24 h incubation, release of PTX
from PKP;s5y, PKP;g00, and PKP,o0, NPs reached about 5.4%,
10.5%, and 11.4% at pH = 7.4, respectively (Fig. 4B). In contrast,
higher degrees of PTX release were observed for the same PKPs
(25.5%, 37.7% and 45.3%, respectively) at pH = 6.8. Finally,
nearly complete release of PTX was observed for all three types
of PKPs at pH = 5.0 after only 4 h incubation. In another study,
Zhong et al. synthesized acid-activable gemcitabine (Gem)-
polyketal conjugates (PKGems) by means of Michael addition
polymerization of dithiol and diacryl-modified Gem.” As shown
in Fig. 4C, Gem was introduced onto a polyketal backbone via
an acid-labile ketal linkage (Table 2), which facilitated the pH-
triggered drug release under the acidic TME and intracellular
endolysosomal conditions. The resulting hydrophobic PKGems
were co-polymerized with mPEG-PDLLA to form a nano-prodrug
(named GKNPs) that exhibited a good stability with minimal
drug leakage at physiological pH = 7.4, but achieved a rapid
drug release within the acidic TME. Consequently, these GKNPs
showed a better antitumor effect than free gemcitabine in the
ovarian tumor animal model implanted with A2780 cancer cells.
Takemoto et al. reported a GEM-conjugated polymer (PGEM) for
improved drug solubility and pharmacological activity of
GEM.”® As shown in Fig. 4D, PGEM was synthesized by conju-
gating the native drug GEM onto the side chains of a poly(amino
acid) through a cyclic acetal linkage. The obtained PGEM was
able to self-assemble into a nano-prodrug that had a hydrody-
namic size of 9.90 £+ 0.97 nm in PBS. In comparison to Doxil (ca.
80 nm), the PGEM could achieve a deep homogeneous intra-
tumor distribution in tumor tissues due to its smaller size. The
PGEM system also showed a minimal drug leakage due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stability of the 1,3-dioxane linkage under physiological condi-
tions (pH = 7.4), thus causing negligible GEM-derived off-target
effects. Upon entering into tumor cells via endocytosis, the
encapsulated GEM was rapidly released due to hydrolysis of the
1,3-dioxane linkage in response to the acidic luminal pH in the
endosomes/lysosomes. In addition, this PGEM system
possessed a prolonged blood circulation time and exhibited
a higher antitumor effect in two distinct pancreatic tumor
models.

The chelation between boronic acid and other reactive
functional groups (such as hydroxyl or amino groups) could be

© 2022 The Author(s). Published by the Royal Society of Chemistry

used as a self-immolative linker for traceless release of some
boric acid- or amine-containing drugs/proteins.”””® Recently,
Hu et al. designed a pH-activable dendrimeric bortezomib (BTZ)
prodrug to improve the stability of BTZ during blood circulation
and minimize its system toxicity.” To prepare this dendrimeric
BTZ prodrug, an amphiphilic PEGylated dendrimer linked with
dopamine was synthesized by conjugating azide-functionalized
polyethylene glycol with an alkyne-functionalized dendrimer,
followed by attachment of dopamine (Fig. 5A). The resulting
BTZ drug could be subsequently introduced onto the PEGylated
dendrimer by virtue of the high reactivity between boric
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Peptide-BTZ prodrug (BT2-PEP-RGD)

(A) Chemical structure of the dopamine-linked amphiphilic PEGylated dendrimer; (B) reaction between dopamine and boric acid on BTZ.

Reproduced from ref. 79 with permission from Wiley-VCH, Copyright 2020. (C) Synthesis of the polymeric BTZ prodrug (P1-BTZ) and mechanism
of pH-triggered drug release. Reproduced from ref. 80 with permission from Wiley-VCH, Copyright 2020. (D) Illustration of the pH-responsive
dynamic conjugation between the mussel-derived cancer-targeting peptide and BTZ. Reproduced from ref. 81 with permission from American

Chemical Society, Copyright 2019.

anhydride on BTZ and dopamine, leading to formation of
reversible drug conjugates (Fig. 5B and Table 2). At low pH
conditions, the conjugation between dopamine and BTZ was
weakened, thus resulting in selective release of BTZ in the acidic
TME. The obtained amphiphilic PEGylated dendrimer loaded
with BTZ was next formulated into NPs (named ¢(RGDyK)-NPs/
BTZ) with additional filling agents including ¢(RGDyK)-PEG3400-
DSPE and PEG-PLGA. Transmission electron microscopy (TEM)
images of the resulting NPs showed a size distribution of
~100 nm. The encapsulation efficiency of BTZ in the ¢c(RGDyK)-
NPs/BTZ was estimated to be above 95%. The obtained
¢(RGDyK)-NPs/BTZ was shown to possess an improved serum
stability and reduced system toxicity than the free BTZ. Due to
the existence of ¢(RGDyK), this nano-prodrug could signifi-
cantly improve the tumor-targeting ability. When compared to
the PBS or free BTZ-treated group, the tumor growth in both
NPs/BTZ- and c¢(RGDyK)-NPs/BTZ-treated groups was signifi-
cantly suppressed. Notably, cRGDyK modification could further
improve the therapeutic efficacy of the NPs/BTZ. More impor-
tantly, this design can be readily applied for preparation of
similar nano-drugs from well-known chemotherapeutics such
as ixazomib and cisplatin. In a similar study, Liu et al. devel-
oped an efficient method for preparation of pH-sensitive poly-
mer-drug conjugates (P1-BTZ) based on the ultrafast and
reversible boronic acid-salicylhydroxamate click reaction

4248 | Chem. Sci., 2022, 13, 4239-4269

(Fig. 5C).* To prepare P1-BTZ, the salicylhydroxamate-bearing
polymer (P1) composed of salicylhyroxymate and PEG-
methacrylate monomers was first synthesized through an
initial RAFT co-polymerization. Due to the rapid condensation
between boronic acid and salicylhydroxamate, the resultant P1
could be used for pH-responsive delivery of drugs that have an
intrinsic boronic acid group. In this study, the FDA-approved
bortezomib (BTZ) was used as a model drug to test the utility
of such strategies. The condensation between boronic acid and
salicylhydroxamate subsequently induced in situ self-assembly
of the polymer-drug conjugate. The P1-BTZ conjugate, but not
P1 alone, was shown to self-assemble into uniform NPs with
a hydrodynamic size of about 50 nm. As expected, pH-
dependent release of bortezomib from this nanoassembly was
observed due to the reversibility of the boronic acid-salicylhy-
droxamate linkage under mildly acidic conditions (Fig. 5C).
Similarly, P1 could also be applicable for drugs that were pre-
linked with arylboronic acid by using a self-immolative linker.
In another study, Ma and co-workers developed a biomimetic
peptide (BTZ-PEP-RGD)-based nano-prodrug for pH-triggered
release of BTZ selectively at tumor sites (Table 2).** To obtain
BTZ-PEP-RGD, as shown in Fig. 5D, the dye-labeled biomimetic
PEP-RGD (FITC-(DOPA)4-G5-RGDS) was synthesized by insert-
ing a non-bioactive quintuple glycine (G5) spacer between the
cancer-targeting ligand RGDS and fluorescein isothiocyanate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(FITC)-linked tetrapeptide (DOPA), bearing catechol groups.
The catechol groups were used for dynamic conjugation of BTZ
through formation of pH-sensitive boronic acid-catechol esters.
The obtained BTZ-PEP-RGD could self-assemble into homoge-
neous NPs with a small size (173 £+ 34 nm) and high drug-
loading content (37.4 wt%). The resulting nano-prodrug
showed a fast drug release in acidic endosomes/lysosomes
(pH 5.0-6.0) due to the rapid dissociation of the catechol-BA
linkage, and a significantly higher antitumor activity when
compared to free drugs.

3.2 Dimeric prodrug-based nanoassembly

Self-assembly of dimeric prodrugs has attracted much attention
due to its high drug loading capacity and the less use of carrier
materials. Recently, Li et al. reported a doxorubicin dimer-based
nano-prodrug for pH-triggered drug release.®” As shown in
Fig. 6A, doxorubicin dimer-based surfactants, DOX-ADH-DOX-
PEG and ADH-(DOX-PEG),, were synthesized by conjugating
two molecules of DOX via an adipic acid dihydrazide (ADH)
linker, followed by mono-PEGylation and bi-PEGylation,
respectively. The resulting DOX-ADH-DOX-PEG and ADH-
(DOX-PEG), could self-assemble into NPs with hydrodynamic
sizes of 142-163 nm and 157-225 nm, respectively. The author
found that the prodrug surfactant with mono-PEGylation had
higher drug-loading capacity (51%) when compared to that with
bi-PEGylation, which was probably due to the lower PEG
content. The obtained PEGylated nano-prodrug showed
a minimal drug leakage (7%) under normal physiological
conditions (pH 7.4), but could release DOX completely in the
tumor intracellular microenvironment (pH = 5.0). In another
study, Li et al. synthesized a self-assembled homodimeric pro-
drug (D-DOXc,,) for slow intracellular release of doxorubicin
under acid conditions.®® The D-DOX.,, was prepared by insert-
ing an acid-sensitive carbamate linker (NC-NC) between two
molecules of DOX (Fig. 6B). The NC-NC linker was synthesized
by connecting 1,5-pentanediol with 4-nitrophenyl chlor-
oformate (4-NPC). The obtained D-DOX,,, self-assembled into
NPs (D-DOX,,,-NP) by nanoprecipitation. In this study, different
nano-prodrugs (D-DOX.,-bNP and D-DOX.,-sNP) with
different hydrodynamic sizes (180 nm and 95 nm, respectively)
possessed a high drug-loading capacity of 86%. The author
found that the pH-responsive slow drug release was dependent
on the particle size and concentration. Larger-size DOX.,,-NPs
showed a slightly higher cumulative release than smaller-size
NPs at the same concentration. Notably, higher cumulative
drug release for D-DOX,,-sNP could be obtained at a lower
concentration at pH 5.0 in PBS within 60 h. Similarly, Li et al.
prepared another doxorubicin-doxorubicin conjugate (D-DOX)-
based nanoassembly to minimize premature drug release and
improve the antitumor effect (Fig. 6C).** The acid-labile
anhydride-linked D-DOXya Was synthesized by amidation of
DOX with different anhydrides (MAH, suc, and 2,3-dime-
thylmaleic anhydride (DMMAH)). The PEGylated D-DOXpap
was subsequently synthesized through a thiol-ene addition
reaction. The obtained D-DOXyan and amphiphilic PEGylated
D-DOXpay Were shown to co-self-assemble into NPs (~162 nm)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at a feed ratio of 10 : 5. The obtained D-DOXya-S-PEG-based
nanoassemblies with a high drug-loading capacity (51.2%)
exhibited low premature drug leakage (~4.5%) at pH = 7.4 but
achieved 40.6% of cumulative DOX release under acidic intra-
cellular tumor conditions.

Wang et al. reported an acid-responsive indomethacin (IND)
dimeric nano-prodrug (named IND-OE/DOX) with physical
encapsulation of doxorubicin for breast cancer therapy (Table
1).** The dimeric IND prodrug was synthesized by conjugating
two molecules of IND via an acid-labile ortho-ester linkage. The
prepared IND dimers could form into homogeneous NPs by
using an O/W single-emulsion solvent volatilization method
(Fig. 6D). The hydrodynamic diameters of the obtained pH-
sensitive NPs (named IND-OE/DOX) and pH-insensitive NPs
(named IND-C12/DOX) were about 160-170 nm. The DOX drug-
loading capacity of IND-OE/DOX and IND-C12/DOX was 11.39%
and 9.43%, respectively. When compared to the pH-insensitive
IND-C12/DOX, IND-OE/DOX showed a rapid degradation
behaviour and accelerated drug release in mildly acidic envi-
ronments. More than 85% DOX was released from IND-OE/DOX
at pH = 5.0 within 48 h and about 15% of DOX was released at
pH = 7.4. In contrast, about 20% DOX was released from IND-
C12/DOX NPs after incubation at pH 5.0 or 7.4 within 4 days.
Upon internalization by tumor cells, IND-OE/DOX exhibited an
accelerated drug release inside the acidic endo-lysosomal
system due to hydrolysis of the ortho ester. Notably, the released
IND could reduce DOX efflux by P-gp down-regulation to
enhance the chemotherapeutic effects. In vivo experiments
confirmed that IND-OE/DOX showed synergistic antitumor
properties when compared to free DOX.

4. ROS-responsive nanoassemblies

Reactive oxygen species (ROS), including superoxide (O,7),
hydroxyl radicals ("OH), hypochlorite ions (ClO™), hydrogen
peroxide (H,0,) and singlet oxygen species (‘O,), are by-
products of normal cellular metabolism and play an essential
role in maintaining intracellular  biological
processes.**®” It is well known that most tumor tissues/cells are
in an oxidative stress state with higher levels of ROS when
compared to normal tissues/cells due to their accelerated
aerobic metabolism. Therefore, the elevated ROS levels in
tumor tissues/cells could be utilized as endogenous stimuli for
targeted drug release within the TME.*® To date, various ROS-
responsive drug delivery systems have been developed on the
basis of ROS-labile linkers, including thioethers, thioketals,
boronic esters and others.*

various

4.1 Polymer-drug conjugate-based nanoassemblies

Due to the high ROS-producing state in tumor cells, Chu and co-
workers described a ROS-responsive polymeric camptothecin
(CPT) prodrug (MPEG-(TK-CPT)-PPa)-based nanoassembly for
synergistic photodynamic therapy (PDT) and chemotherapy
(Table 1).°° As shown in Fig. 7A, MPEG-(TK-CPT)-PPa was
synthesized by introducing CPT into poly(ethylene glycol)
methyl ether (MPEG) via the ROS-responsive thioketal (TK)
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(A) Chemical structures of pH-responsive DOX-ADH-DOX-PEG and ADH-(DOX-PEG),. Reproduced from ref. 82 with permission from

WILEY-VCH, Copyright 2019. (B) Synthesis of the homodimeric doxorubicin prodrug (D-DOXc,,). Reproduced from ref. 83 with permission from
Elsevier Ltd, Copyright 2020. (C) Synthesis of D-DOXman and D-DOXman-S-PEG. Reproduced from ref. 84 with permission from Elsevier Ltd,
Copyright 2020. (D) Chemical structure and the nano-assembly of the proposed ortho-ester-linked indomethacin (IND) dimer. Reproduced
from ref. 85 with permission from American Chemical Society, Copyright 2019.

linker (Table 2). A photosensitizer, pyropheophorbide-a (PPa),
was attached to the same MPEG through lipid linkage. As an
amphiphilic block copolymer, the resulting MPEG-(TK-CPT)-
PPa self-assembled to form stable and uniform NPs that had
an average hydrodynamic size of 43.6 £ 0.8 nm. During the
formation of NP, the hydrophobic components (CPT and PPa)
formed the inner core and the hydrophilic components (MPEG)

4250 | Chem. Sci, 2022, 13, 4239-4269

formed the outer shell to prolong blood circulation time.
Significantly, a 660 nm laser could be locally irradiated at tumor
sites for 5 min (100 mW cm™*) under guidance of fluorescent
PPa. Subsequently, ROS generated from PPa could elicit
a substantial photodynamic therapeutic effect while also
inducing TK linker cleavage and controlled release of CPT, thus
achieving a combinatorial photodynamic and chemotherapy. In

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Chemical design of MPEG-(TK-CPT)-PPa and its self-assembly for ROS-triggered CPT release and tumor therapy under laser irra-

diation. Reproduced from ref. 90 with permission from WILEY-VCH, Copyright 2020. (B) Schematic illustration of engineered PTX-S-OA/PPa-
PEG,k NPs with photodynamic PEG coating for self-enhanced core—shell combination therapy. Reproduced from ref. 91 with permission from
Elsevier Ltd, Copyright 2019. (C) Schematic representation of exosome-cloaked sequential-bioactivating paclitaxel prodrug nanoassemblies for
cascade-amplified PTX chemotherapy. (D) In vivo fluorescence imaging of DiR NPs and EM@DIR NPs in orthotopic MDA-MB-231 tumor-bearing
mice at 2, 8, 12, and 24 h post i.v. injection of NPs. (E) Ex vivo fluorescence imaging of DiR and EM@DiR NPs in the major organs at 24 h after NP
injection. Reproduced from ref. 92 with permission from Elsevier Ltd, Copyright 2020.

a similar study, Sun et al. developed another ROS-responsive
polymeric prodrug (PTX-S-OA/PPa-PEG,;) with a core-shell
structure for synergistic chemo-photodynamic therapy (Table
1).°* PTX-S-OA/PPa-PEG,, NPs were constructed by co-self-
assembly of PEGylated PPa (PPa-PEG,) and oleic acid (OA)
linked PTX (PTX-S-OA), which formed an inner core and outer
layer, respectively (Fig. 7B). The author found that this design
could avoid the aggregation-caused quenching (ACQ) effect of
the photosensitizer. The obtained nano-prodrug had an average
hydrodynamic size of 75 nm and exhibited a superior colloidal
stability in PBS when compared to non-PEGylated prodrug NPs.
To ensure ROS-triggered drug release, PTX was coupled with OA
via a ROS-responsive thioether linker (Table 2). Approximately
90% of PTX was successfully released after 6 h incubation under
conditions of 10 mM H,O,. In contrast, lower degrees of PTX

© 2022 The Author(s). Published by the Royal Society of Chemistry

release were observed from ROS-insensitive PTX-OA/PPa-PEG,;
NPs under the same conditions. Unlike passive encapsulation
of PPa within the dense inner core of NPs, the outer layer PPa-
PEG, could avoid the aggregation-caused quenching (ACQ)
effect of PPa, thus improving therapeutic PDT efficiency.
Notably, the ROS generated by PPa under IR irradiation could
induce effective PDT therapy while simultaneously inducing
ROS-triggered release of PTX.

In another study, Wang et al. described an exosome mimetic
sequential-bioactivation paclitaxel nano-prodrug (named
EMPCs) that could inhibit breast cancer metastasis by recog-
nizing circulating tumor cells (CTCs) in the bloodstream.®* To
fabricate EMPCs, paclitaxel was attached to linoleic acid by
using a ROS-responsive thioether linker, and the resulting PTX-
S-LA was co-encapsulated with cucurbitacin B (CuB) within

Chem. Sci., 2022, 13, 4239-4269 | 4251
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PEG-PCL polymeric micelles followed by cloaking with exosome
membrane (EM) to achieve a homotypic tumor targeting capa-
bility (Fig. 7C). The prepared EMPCs with a spherical shape had
an average hydrodynamic size of 100 nm capable of simulta-
neously targeting the primary tumor and capturing the CTCs
during blood circulation. Upon successful entry into tumor
cells, the released CuB not only inhibited the tumor metastasis
by blocking the FAK/MMP signaling pathway, but also increased
endogenous ROS levels to facilitate ROS-triggered PTX release.
As shown in Fig. 7D and E, the fluorescence intensity of the
exosome membrane-cloaked NPs (EM@DiR) showed an
obvious increase at tumor sites from 2 h to 12 h post iv.
injection in MDA-MB-231 tumor-bearing mice, when compared
to NPs without EM cloaking. The author demonstrated that the
excellent tumor-targeting ability was caused by CD44-based
homotypic targeting and CD47-mediated prolonged blood
circulation time. When compared to control groups treated with
saline or PCNPs that showed remarkable micro-metastases in
the lungs, negligible metastatic nodules were observed in the
lungs of mice upon treatment with EMPCs. Recently, Xia et al.
reported an amphiphilic peptide-drug conjugate-based nano-
assembly (named RGD-TK-Epo B) for tumor-targeted therapy.*
The RGD-TK-Epo B was synthesized by conjugating hydrophilic
RGD peptide with hydrophobic cytotoxin epothilone B (Epo B)
through the ROS-labile thioketal (TK) linker (Fig. 8A). Due to its
inherent amphiphilic structure, the resulting RGD-TK-Epo B
self-assembled into NPs (RECNs) with a uniform hydrodynamic
size of 85.73 nm in an aqueous solution. The resulting RECNs
had a good colloidal stability in PBS supplemented with 10%
FBS and exhibited a specific targeting ability to tumor cells due
to the high affinity of RGD for o, f; integrin overexpressed in
tumor cells. Upon internalization by targeted tumor cells, Epo B
was rapidly released as a result of cleavage in the thioketal bond
under high intracellular levels of ROS. In vivo biodistribution
studies showed that these RECNs exhibited excellent tumor-
targeting ability after 8 h post iv. injection. As expected, the
RECNs presented an efficient antitumor effect in PC-3 tumor-
bearing mice.

Yin et al. synthesized an amphiphilic block copolymer pro-
drug (PEG-b-PTCPT) by conjugating camptothecin (CPT) to the
backbones of PEG-linked polymerized methacrylate monomers
via ROS-labile thioketal bonds (Table 2).°* The nano-prodrugs
(Lapa@NPs) were prepared by encapsulation of B-lapachone
within PEG-b-PTCPT-based micelles (Fig. 8B). The resulting
Lapa@NPs with a hydrodynamic size of 48 nm exhibited good
colloidal stability in serum-containing media for over 3 days.
High drug-loading capacity (9%) and high encapsulation effi-
ciency (98.5%) of Lapa in Lapa@NPs could be achieved when
the weight ratio of polymer to Lapa was set at 10 : 1 during NP
formation. Upon internalization to targeted tumor cells, B-
lapachone could catalyze NAD(P)H to remarkably increase the
intracellular ROS level, which concurrently amplified tumor
oxidative stress to induce tumor cell apoptosis and ensure ROS-
triggered drug release without additional laser irradiation.

In vitro drug release experiments showed that about 75% of
the encapsulated CPT was released from the obtained nano-
prodrugs under the conditions of 1 mM H,O, in the presence
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of Fe** within 80 h. As expected, in vivo experiments showed
that the Lapa@NP-treated group exhibited better antitumor
effects than other groups, which may be attributed to combi-
natorial oxidation/chemotherapy. In another study, Pei and co-
workers synthesized a polyphosphoester-doxorubicin conju-
gate (PPE-TK-DOX) by linking doxorubicin (DOX) to the side
chains of polyphosphoesters (PPEs) through ROS-sensitive thi-
oketal linkers (Fig. 8C).> Upon co-self-assembly with photo-
sensitizer Ce6, the resulting PPE-TK-DOX could form into NPs
(Ce6@PPE-TK-DOX) in aqueous solution capable of avoiding
premature drug leakage during blood circulation. The prepared
Ce6@PPE-TK-DOX NPs had a hydrodynamic size of 73 nm and
maintained a good colloidal stability with insignificant size
changes in PBS supplemented with 10% FBS for over 7 days.
Notably, DOX was successfully activated and locally released at
tumor sites upon laser irradiation, resulting in minimized
systemic side effects. Approximately 71.3% of the thioketal
bond was cleaved under 660 nm laser irradiation for 40 min.
The in vivo imaging data showed that the Ce6 fluorescence
intensity at tumor sites reached a plateau at 4 h post i.v. injec-
tion of Ce6@PPE-TK-DOX. Ma et al. synthesized a ROS-activable
aspirin—dextran (DEX) conjugate that could self-assemble into
a polymeric prodrug (P3C-Asp) for TME regulation and
enhanced tumor immunotherapy (Table 1).°® As shown in
Fig. 9A, aspirin was attached to DEX via ROS-cleavable p-bor-
onabenzyl ester. The resulting P3C-Asp with an average hydro-
dynamic size of 40 nm had a high drug-loading content
(10 wt%). Upon successful entry into tumor cells, P3C-Asp NPs
could be hydrolysed under elevated intracellular levels of ROS
leading to the rapid release of deacetylated active aspirin (which
could act as a COX-2 inhibitor) to inhibit the PGE2 secretion.
Moreover, P3C-Asp could also enhance the infiltration of CD8" T
cells and M1 macrophages while inhibiting the infiltration of
myeloid-derived suppressor cells (MDSC) in the TME. Conse-
quently, this polymeric prodrug was capable of eradicating
tumor cells in a murine colorectal cancer model upon combi-
nation treatment with anti-PD-1 antibodies.

Dong and co-workers developed an amphiphilic paclitaxel
(PTX) prodrug (PEG-B-PTX) by conjugating PTX to polyethylene
glycol (PEG) via a p-(boronic ester) benzyl-based linker (Table
2).” As shown in Fig. 9B, both ROS-sensitive PEG-B-PTX and
ROS-insensitive PEG-H-PTX could form into micellar nano-
prodrugs (~50 nm) by self-assembly, providing NPs with
a high PTX loading (13.3 wt%). The PEG-B-PTX micelles
exhibited a good stability in physiological environments and
exhibited a prolonged blood circulation time. In vitro experi-
ments showed that negligible PTX (<5%) was released from
PEG-B-PTX under physiological conditions (pH 7.4) even under
acidic conditions (pH 5) without the addition of H,0,. In
contrast, approximately 65% encapsulated PTX was released
within 96 h upon addition of 200 M of H,O, at pH 7.4. Notably,
accelerated drug release was observed in the presence of H,0,
(200 pM) at pH 5.0 which was approximately due to a stronger
oxidation potential of H,O, under acidic conditions. In another
study, Ma et al. synthesized a hierarchical pH and ROS dual-
responsive triblock polymeric prodrug (PMMTA,-Cap) that
could self-assemble into homogeneous prodrug micelles for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Chemical structure of an RGD-tk-Epo B conjugate and its self-assembly for tumor-targeted drug delivery. (a and b) RGD-mediated

tumor targeting and cell internalization of RECNSs; (c) ROS-triggered release of Epo B from RECNs upon cleavage of the thioketal linker; (d) Epo
B-induced cell apoptosis. Reproduced from ref. 93 with permission from American Chemical Society, Copyright 2020. (B) Schematic illustration
of amphiphilic-block-copolymer Lapa@NPs with encapsulation of B-lapachone, which could catalyze the NAD(P)H-dependent increase in
intracellular oxidative stress, thus enabling ROS-responsive drug release in tumor cells. Reproduced from ref. 94 with permission from Elsevier
Ltd, Copyright 2019. (C) Chemical structure of PPE-TK-DOX and its self-assembly with encapsulation of photosensitizer Ce6 to enable ROS-
triggered drug release under laser irradiation. Reproduced from ref. 95 with permission from Elsevier Ltd, Copyright 2019.

efficient cancer theranostics (Fig. 9C).”* The resulting nano-
prodrugs possessed a core-shell structure and the outer block
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) was
conjugated with a two-photon fluorophore (TP)-linked poly(2-
azepane ethyl methacrylate) (PAEMA) through a pH-sensitive
benzoyl imide linker (Table 2), and the Capecitabine (Cap)
was introduced onto PAEMA via an ROS-responsive boron ester
bond. The resulting PMMTA-Cap prodrug micelles with
a hydrodynamic size of 69 nm exhibited an excellent colloidal
stability in PBS supplemented with 10% FBS. Upon accumula-
tion in the mildly acidic TME (pH 6.8), the PMPC could be
detached from the prodrug micelles due to the cleavage of
imide bonds. Meanwhile, the inner PAEMA became electro-
positive and hydrophilic (from the original hydrophobic form),
thus enabling a decrease in the micellar size and subsequently

© 2022 The Author(s). Published by the Royal Society of Chemistry

leading to the eventual enhancement in tissue penetration and
endocytosis of these prodrug micelles. Upon successful inter-
nalization by targeted tumor cells, rapid drug release was
observed under overexpressed intracellular ROS conditions.
Notably, the two-photon fluorophore loading enabled these
prodrug micelles to possess two-photon AIE bioimaging ability
and therefore could be used as a potential theranostic drug
delivery system, in which the co-delivery of photosensitizers and
prodrugs at a precise ratio might have potential utilities to
improve combination therapy.

In another study, Chen et al. reported a supramolecular
nano-prodrug to co-deliver photosensitizers and ROS-
responsive prodrugs at optimized ratios by using a novel
host-guest strategy (Fig. 9D).” To construct this nanosystem,
a block copolymer (PEG-PGA-B-CD) was synthesized by

Chem. Sci., 2022, 13, 4239-4269 | 4253
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(A) Chemical structures of the ROS-responsive P3C-Asp prodrug and its self-assembly for TME regulation and enhanced tumor

immunotherapy. Reproduced from ref. 96 with permission from Chinese Chemical Society, Copyright 2020. (B) Schematic representation of
engineered PTX prodrug-based micelles (PEG-B-PTX) for ROS-triggered drug release in tumor therapy. Reproduced from ref. 97 with permission
from Elsevier Ltd, Copyright 2020. (C) Chemical structure of PMPC-b-P[MPA(Cap)-co-TPMA]-PAEMA (PMMTA,-Cap) and its self-assembly for
ROS-responsive drug release. Reproduced from ref. 98 with permission from American Chemical Society, Copyright 2019. (D) Chemical
structures of PEG-PGA-B-CD, Ada-BODIPY, Ada—PTX and their nanoassemblies at an optimized ratio for combined chemo-dynamic therapy.
Reproduced from ref. 99 with permission from Wiley-VCH, Copyright 2019. (E) Chemical design of PEG-PO-PTX and its drug release mechanism

in the presence of H,O,. Reproduced from ref. 100 with permission from Elsevier Ltd, Copyright 2019.

conjugating B-CD to polyethylene glycol (PEG)-linked poly-1-
glutamic acid (PGA). Aza-BODIPY and paclitaxel were modified
with adamantane to serve as the PS and prodrug guest mole-
cules, respectively. By virtue of the stable host-guest inclusion
complex made by B-CD and the adamantane unit, the prodrug
and PS could be easily grafted to PEG-PGA-fB-CD with an opti-
mized ratio. TEM images showed that Ada-PTX(go)~
BODIPY(490,)~PNs had a wuniform and polymersome-like
morphology with a hydrodynamic size of 100 nm. Upon NIR
light irradiation, the ROS generated by the PS could enhance the

4254 | Chem. Sci,, 2022, 13, 4239-4269

release of active paclitaxel. Notably, a smaller NP size (~68 nm)
was observed after NIR irradiation for 30 min, indicating
successful PTX release. IVIS imaging data showed that the
control groups of Ada-BODIPY and Ada-BODIPY(;go9)-PNs
exhibited a similar tumor accumulation in tumor-bearing mice
at 3 h post i.v. injection. However, the fluorescence intensity at
tumor sites in the group treated with Ada-BODIPY(;099,)~PNs
was 6.5-fold higher in comparison to the Ada-BODIPY treat-
ment group at 24 h post injection. These results indicated that
the Ada-BODIPY(1400,)~PNs with a prolonged blood circulation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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time could accumulate selectively in tumor regions. Notably,
the mice treated with Ada-PTX609,)~BODIPY409,)~PNs exhibited
a higher therapeutic efficiency with a lower dose of chemo-
therapeutic drug than other groups. Li et al. reported ROS-
sensitive prodrug micelles for imaging-guided chemo-
phototherapy (Fig. 9E)."® The prodrug micelles were fabri-
cated by encapsulating free PTX into the co-self-assemblies of
PEG-peroxalate ester-PTX (PEG-PO-PTX) and folate-PEG-Cypate.
To achieve ROS-triggered drug release in tumor cells, PEG-PO-
PTX was synthesized by conjugating PEG with PTX via an
H,0,-labile peroxalate ester bond (Table 1). Folate was utilized
to enable a specific tumor-targeting ability of the nano-
prodrugs, as folate receptors (FR) are overexpressed in many
cancer cells. The prepared nano-prodrugs had a hydrodynamic
size of ~117.6 nm capable of causing 74% PTX release in the
presence of 100 uM H,O, within 24 h. In contrast, less than 20%
PTX was released in the absence of H,0,. Notably, the prodrug
micelles could maintain a good colloidal stability in PBS with no
obvious changes in size for over 1 week. Upon successful
internalization into tumor cells which had high levels of intra-
cellular H,O,, the micelles underwent successful disassembly to
release both free and conjugated PTX as a result of cleavage in
the H,O,-labile peroxalate ester bond. Cypate was used as
a photosensitive/photothermal agent to enable optical imaging-
guided combinatorial phototherapy under laser irradiation.

4.2 Drug-drug conjugate-based nanoassemblies

Recently, Zhang and co-workers reported a ROS-sensitive
photosensitizer-driven nanoassembly (CTX-S-CTX/PPa) for
combinatorial chemo-photodynamic therapy (Table 1)."* A
homodimeric cabazitaxel (CTX) prodrug (CTX-S-CTX) was
synthesized by conjugating two molecules of CTX through an
ROS-labile single thioether bond (Table 2). CTX-S-CTX itself
failed to form NPs due to its highly symmetric structure, while it
was able to co-assemble with PPa into NPs due to multiple
intermolecular forces including hydrogen bonds, hydrophobic
interactions, - stacking, and rt-cation interactions (Fig. 10A).
Moreover, a PEGylated nanoassembly (pCTX-S-CTX/PPa) with
prolonged blood circulation time and a minimized ACQ effect
from PPa was next obtained by inserting 20% (w/w) of DSPE-
PEG,x into this nanostructure. The hydrodynamic size of the
non-PEGylated control NP (CTX-S-CTX/PPa) was about 79 nm
and increased to 88 nm after PEGylation. The pCTX-SCTX/PPa
exhibited a good colloidal stability as the PEGylation could
significantly increase resistance to salting out. Under NIR laser
irradiation, ROS generated by PPa could oxidize the thioester
bond in CTX-S-CTX and subsequently disassembly of NPs
leading to 80% CTX release within 24 h in the presence of 1 mM
H,0, (Fig. 10B). In a similar study, Luo and coworkers reported
a heterotypic dimer-based nanoassembly for combinatorial
chemo-photodynamic therapy (Table 1)."> To achieve ROS-
triggered drug release, the heterotypic dimer was synthesized
by coupling PTX with PPa via ROS-labile thioether bonds
(Fig. 10C). The obtained heterotypic dimer could form into NPs
in deionized water followed by inserting DSPE-PEG,x on the
surface to finish the PEGylation. The resultant nano-prodrug

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(PPa-S-PTX/DSPE-PEG,, NPs) had an average diameter of
90 nm and possessed an ultrahigh drug loading capacity for
both PTX (44.2 wt%) and PPa (27.6 wt%). Upon NIR irradiation,
the ROS generated from PPa could not only enable the PDT
therapy but also facilitated the PTX release within tumor cells
due to the cleavage of thioether bonds. In vitro drug release
experiments showed that over 90% PTX was released from the
nano-prodrug within 8 h under the conditions of 10 mM H,O,.
Significantly, the PTX release could lead to the disassembly of
the NP to effectively alleviate the ACQ effect of PPa, thus

achieving a synergistic chemo-photodynamic antitumor
therapy.

In another study, Jiang et al developed a ROS-activable
nanoprodrug ~ (HRC@F127) for combined  chemo-

photodynamic therapy (Table 1).'®* As shown in Fig. 10D, the
HRC@F127 was prepared by encapsulating the heterodimeric
prodrug (HRC) in the F127-based nanoassemblies. To achieve
ROS triggered drug release, the HRC was synthesized by linking
camptothecin (CPT) with photosensitizer 2-(1-hexyloxyethyl)-2-
devinylpyropheophorbide-a (HPPH) through a thioketal linker
(Table 2). The obtained HRC@F127 (23 &+ 5 nm) with a high
drug loading efficiency (>95%) could keep a good colloidal
stability with minimal premature drug leakage during the blood
circulation. Notably, the fluorescence of HPPH in HRC@F127
could be quenched due to the existence of strong 7w—m stacking
of HPPH. Upon successful entry into tumor cells, the HPPH and
CPT could be rapidly released from HRC@F127 NPs in the
presence of high endogenous ROS levels, thus lighting up the
tumor cells and achieving an efficient combinatorial chemo-
photodynamic therapy. High fluorescence intensity was
observed in HRC@F127 NP-treated HCT116 cells, but the ROS-
unresponsive control group (HCC@F127)-treated tumor cells
showed a negligible fluorescence, indicating the ROS-triggered
thioketal bond cleavage and HPPH release from HRC@F127
NPs. To study the in vivo biodistribution of this nano-prodrug,
the control NPs (HPPH@F127) were prepared by encapsu-
lating HPPH into the F127 NPs. Both HPPH@F127 and
HRC@F127 NPs could specifically accumulate in tumor tissues
via the EPR effect, while negligible PET signals were detected in
free HPPH molecule-treated mice, which was probably due to
the fast clearance of free HPPH during blood circulation. The
HRC@F127 treated group exhibited higher PET signals than the
control group, which could be probably attributed to lower
premature drug leakage during blood circulation due to the
higher hydrophobicity of the HRC prodrug.

5. GSH-responsive nanoassemblies

Glutathione (GSH) is a normal byproduct in living cells, which
has a significant influence on the several cellular processes
including antioxidant, cell differentiation, proliferation, and
apoptosis.’®'** The concentration of cytosolic GSH is found to
be approximately 100-1000 times higher than that in the
extracellular matrixes or human blood circulation.'*® As most
tumor cells are often in a high oxidative stress state, GSH as an
antioxidant is overexpressed in some tumor cells with about 4
times higher (2-10 mM) than normal cells, which could be

Chem. Sci., 2022, 13, 4239-4269 | 4255
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exploited as an internal stimuli for cancer-specific drug
delivery.*”’

5.1 Polymer-drug conjugate-based nanoassemblies

Specifically targeting the sub-organelles in tumor cells such as
mitochondria is playing an increasingly important role in
tumor therapy.'® In a recent study, Xiao et al. reported a new
mitochondrion-targeting peptide (MTP) with cell-penetrating
ability.’” Based on this MTP, a mitochondrion-targeting pro-
drug (Fig. 11A) was synthesized by inserting a disulfide linker
between DOX and biotin (a tumor-targeting ligand)-tagged MTP
to achieve mitochondrion-targeting properties (Table 2). These
prodrug conjugates showed significant specific cytotoxicity to

4256 | Chem. Sci, 2022, 13, 4239-4269

HeLa cells, but no obvious cytotoxicity to normal Chinese
hamster ovary (CHO) cells. The resulting peptide-drug conju-
gates could self-assemble into NPs with a hydrodynamic size of
90 nm upon gentle stirring in aqueous solution. The obtained
prodrug nanoassemblies possessed a high mitochondrion-
targeting ability due to the appropriate balance between lip-
ophilicity and positive charges in the peptide. DOX could be
selectively delivered into mitochondria and activated in the
presence of abundant endogenous GSH, thus leading to cell
apoptosis via mitochondrial depolarization by decreasing
matrix metalloproteinases (MMP). In another study, Li et al
reported a redox-activable polyprodrug nanosystem (named
polyHCPT) for targeted co-delivery of Bel-2 siRNA (siBcl-2) and
combinatorial tumor therapy (Table 1)."*° As shown in Fig. 11B,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(A) Chemical structure of mitochondrion-targeting prodrug—peptide conjugates. Reproduced from ref. 109 with permission from John

Wiley & Sons, Inc., Copyright 2021. (B) Illustration of the engineered redox-sensitive polyHCPT-based NPs and redox-responsive drug release

mechanism. Reproduced from ref. 110 with permission from Elsevier

Ltd, Copyright 2020. (C) Chemical structure of CPT-S-S-PEG-iRGD.

Reproduced from ref. 111 with permission from Elsevier Ltd, Copyright 2020. (D) Schematic illustration of PTX—CIT conjugates linked by different
chemical bonds (sulfur/selenium/carbon). Reproduced from ref. 113 with permission from Springer Nature, Copyright 2019. (E) Chemical
structure of the polymeric PMPT prodrug and its self-assembly with encapsulation of two AIE photosensitizers (PyTPE and TB) for imaging-
guided PDT and drug release. Reproduced from ref. 114 with permission from American Chemical Society, Copyright 2021.

this nano-prodrug was fabricated by co-self-assembly of the
hydrophobic 10-hydroxycamptothecin (HCPT)-based polyHCPT
and cationic lipid (G0-C14)/siRNA complexes followed by
cloaking with amphiphilic lipid-poly(ethylene glycol) (lipid-
PEG) on the surface of the resulting NP. During NP formation,
polyHCPT formed the inner core and the amphiphilic lipid-
poly(ethylene glycol) (lipid-PEG) formed the outer shell. In
addition, lactobionic acid (LA) was modified at the surface of
the NP to improve the hepatoma-targeting ability. The obtained
nano-prodrug had an average hydrodynamic size of 85 nm
capable of causing 80% release of siRNA and 90% release of
HCPT within 24 h in the presence of 10 mM GSH. Notably, the
nano-prodrug changed from spherical to amorphous aggregates
after incubation in PBS solution containing 10 mM GSH. Upon
successful entry into tumor cells, both HCPT and siBcl-2 could
be rapidly released due to the cleavage of disulfide bonds in
polyHCPT at high intracellular concentrations of GSH. The
released CPT and siBcl-2 could induce cell apoptosis and
concurrently inhibit Bcl-2-mediated anti-apoptotic pathways,
eventually leading to a highly efficient combinatorial therapy. In
another study, Lu et al. developed a GSH-responsive blood-
brain-barrier (BBB)-penetrating prodrug micelle (CPT-S-S-PEG-
iRGD@IR780) for combinatorial chemo-photodynamic therapy
against glioma (Table 1)."** The CPT-S-S-PEG-iRGD@IR780 was
constructed by encapsulating IR780 in CPT-S-S-PEG-iRGD-
based nanoassemblies. As shown in Fig. 11C, CPT-S-S-PEG-
iRGD was synthesized by introducing CPT into polyethylene

© 2022 The Author(s). Published by the Royal Society of Chemistry

glycol (PEG) via a disulfide bond, followed by surface modifi-
cation with iRGD peptide at the terminus of PEG. The hydro-
dynamic size of the resulting CPD@IR780 was determined to be
140.68 * 8.53 nm. In vitro drug release experiments showed that
around 22% and 60% of CPT was released from the prodrug
micelles in the presence of 2 mM and 10 mM GSH, respectively.
In contrast, negligible CPT leakage (<5%) was observed in the
absence of GSH. Notably, the amount of ROS generated by
CPD®@IR780 micelles in tumor cells was higher than that of free
IR780 under NIR laser irradiation, indicating that IR780 could
be efficiently delivered into tumor cells by these micelles. In
vitro BBB-crossing experiments revealed that these iRGD-
modified prodrug micelles exhibited a stronger BBB-
penetrating ability. Similarly, in vivo biodistribution experi-
ments indicated that CPD®@IR780 exhibited an excellent
glioma-targeting ability when compared to CPC@IR780, which
was attributed to the «,f integrin and neuropilin-1-mediated
ligand transportation. As expected, CPD@IR780 micelles
could significantly prolong the median survival of the ortho-
topic glioma model.

The diselenide bond (Se-Se), a ROS-responsive linker, was
also used in the redox-responsive drug delivery system. The
bond dissociation energy (172 k] mol ™) of Se-Se is lower than
the disulfide bond (240 k] mol~").**> Thus, the diselenide linker
has a greater potential than the disulfide linker for redox-
responsive drug release in tumor cells. In a recent study, Sun
et al. synthesized six paclitaxel-citronellol (PTX-CIT) conjugates

Chem. Sci., 2022, 13, 4239-4269 | 4257
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to investigate the effects of various chemical bonds (sulfur/
selenium/carbon) and bond angles/dihedral angles on self-
assembly performance, drug release, cytotoxicity, stability, and
pharmacokinetics (Fig. 11D).*** The hydrophobic PTX-CIT
conjugates could form into uniform nano-prodrugs through
one-step nanoprecipitation followed by PEGylation with DSPE-
PEG,k to obtain better colloidal stability and pharmacokinetic
behavior. The obtained PEGylated nano-prodrugs had an
average hydrodynamic size of ~90 nm and high drug loading
content (>50 wt%). In this study, the authors found that the
thioether bonds and selenoether bonds showed much higher
oxidation sensitivity than reduction sensitivity. As expected, the
diselenide bond-based nano-prodrugs exhibited the most
promising antitumor activity compared to other responsive
linkers. The superior antitumor effect was probably attributed
to several advantages of these nano-prodrugs including the
good colloidal stability, prolonged blood circulation time,
preferential tumor distribution, and efficient drug release. The
selenoether/diselenide bonds enabled reactive oxygen species
production, which could boost the cytotoxicity of these pro-
drugs. This study provides a strategy for rational design of
redox-responsive prodrug delivery systems. In another study, Yi
et al. reported a self-guiding prodrug micelle (TB@PMPT) for
improved chemo-photodynamic therapy (Table 1)."** As shown
in Fig. 11E, TB@PMPT was prepared by co-self-assembly of
a polymeric prodrug (PEG-b-PMPMC-g-PTX-g-PyTPE, PMPT)
with physical encapsulation of another AIE photosensitizer
TPA-BDTP (TB). The PMPT was synthesized by simultaneously
conjugating the AIE photosensitizer PyTPE and reduction-
sensitive PTX prodrug (PTXSS-N;) onto the backbone of an
amphiphilic polycarbonate. The obtained TB@PMPT micelles
could emit yellow and red fluorescence from PyTPE and TB,
respectively. Upon accumulation in tumor tissues, the PyTPE
and TB generated ROS on the first light irradiation and subse-
quently induced lipid peroxidation and increased the perme-
ability of the cell membrane, leading to enhanced cell
internalization of TB@PMPT micelles. The cleavage of the
disulfide bond under the conditions of high intracellular GSH
leads to the rapid release of PTX. Notably, PTX release could
improve the hydrophilicity of the residual amphiphilic polymer
and increase the dispersion of PyTPE in an aqueous solution
capable of causing fluorescence ratio transformation as TPA-
BDTP (TB) remained aggregated after PTX release. The fluo-
rescence ratio transformation could be employed as a ratio-
metric fluorescence probe to guide the occasion for second
irradiation to achieve PDT, as well as for drug release
monitoring.

5.2 Drug-drug conjugate-based nanoassemblies

In a recent study, Yang et al. synthesized various homodimeric
doxorubicin prodrugs based on different GSH-responsive
linkers including thioether/disulfide/trisulfide bonds, which
were termed as DOX-S-DOX (DSD), DOX-SS-DOX (DSSD), and
DOX-SSS-DOX (DSSSD), respectively (Fig. 12A)."** DSD or DSSD
alone failed to form stable NPs in aqueous solution as they
gradually precipitated from the initial transparent red solution.
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115 with permission from American Association for the Advancement
of Science, Copyright 2020. (D) Chemical structure of a gefitinib linked
near-infrared dye and its self-assembly with encapsulation of celastrol
for tumor therapy. Reproduced from ref. 116 with permission from
Wiley-VCH, Copyright 2019.

In contrast, DSSSD could form spherical NPs that had an
average hydrodynamic size of 150 nm and a good colloidal
stability without precipitation within 48 h. By co-assembly with
DSPE-PEG,k, DSSD and DSSSD could form into stable NPs that
did not precipitate within 24 h, while DSD still failed to self-
assemble into stable NPs even with the help of DSPE-PEG,.
The resulting trisulfide bond-based nano-prodrugs were more
sensitive to GSH, thereby enabling ultrahigh tumor selectivity in
cancer cells as compared to normal cells. Notably, trisulfide
bond-based dimeric nano-prodrugs (DSSSD) had a higher drug
loading capacity (67.24%, w/w) capable of causing 25% DOX-SH
release from DSSSD within 30 min under the conditions of
0.5 mM GSH, and 68% DOX-SH release within 1 h in the pres-
ence of 1 mM GSH (Fig. 12B and C). In contrast, slower DOX-SH
release from DSSD was observed under the same conditions. In
addition, DSSSD exhibited higher tumor targeting ability over
disulfide and thioether bond-based NPs. As expected, DSSSD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NPs exhibited a superior antitumor effect with almost no
growth in tumor volume to the conventional disulfide bond-
based nano-prodrugs. In another study, Xie et al. developed
a GSH responsive nano-prodrug (CEL@G-SS-NIR) for tumor
theranostics (Table 1).*** The CEL@G-SS-NIR was prepared by
physical encapsulation of celastrol (a serine threonine protein
kinase inhibitor) in the gefitinib (a tyrosine kinase inhibitor)
prodrug (G-SS-NIR)-based nanoassemblies (Fig. 12D). The G-SS-
NIR was synthesized by linking gefitinib and a near-infrared
(NIR) dye with disulfide bonds (Table 2). The hydrodynamic
size of CEL@G-SS-NIR with a high drug loading content of
celastrol (42 &+ 2 wt%) was determined to be 119 + 6 nm. Nearly
90% of gefitinib and celastrol was released from CEL@G-SS-NIR
NPs in the presence of varied quantities of GSH. Upon
successful entry into tumor cells, the nano-prodrug was dis-
assembled in the presence of abundant endogenous GSH
causing the rapid release of two drugs that could simulta-
neously inhibit the phosphorylation of upstream EGFR and
downstream Akt in the EGFR signaling pathway. Importantly,
the released dyes could be used for fluorescence and opto-
acoustic imaging to monitor the drug release in vivo. Obvious
fluorescence was observed in the lung region in the orthotopic
A549-luc tumor-bearing mice at 1 h post injection of CEL@G-SS-
NIR, and the fluorescence showed a progressive enhancement
in the lung region within 12 h. In contrast, negligible fluores-
cence was observed in the NIR-OH treated group. As expected,
CEL@G-SS-NIR exhibited a superior antitumor efficiency in
both PC-9 and A549 tumor-bearing mice.

6. Enzyme-responsive
nanoassemblies

Enzymes are involved in various key biological and metabolic
processes in living cells and the aberrant enzyme expression is
often found in several pathological situations, especially in
cancer."” For example, cathepsin B and matrix metal-
loproteinases (MMP) are overexpressed in several tumors,
which play an important role in tumor progression, invasion,
and metastasis.""®"® Such tumor associated enzyme dysregu-
lation could be exploited as endogenous triggers for construc-
tion of the enzyme-responsive drug delivery system to achieve
specific drug activation and release in tumor tissues."”*'*!
Various enzyme-labile bonds (specific esters or peptide bonds)
have been exploited so far for tumor theranostics, especially in
the development of prodrug-based nanomedicines.

6.1 Polymer-drug conjugate-based nanoassemblies

In a recent study, Wang et al. reported an enzyme-responsive,
amphiphilic polymeric imidazoquinoline TLR7/8 agonist pro-
drug (PEG5k-GL2-IMDQ) for immune-stimulatory drug delivery
(Table 1).** As shown in Fig. 13A, the PEG5k-GL2-IMDQ was
synthesized by inserting the hydrophobic enzyme-responsive
and self-immolative linker between the imidazoquinoline
TLR7/8 agonist and the hydrophilic PEG. The enzyme respon-
sive linker was composed of B-glucuronidase (B-GUS)-sensitive
glucuronide capped benzyl carbamate residues and ester

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bonds (Table 2). The obtained amphiphilic polymeric prodrug
could self-assemble into vesicular polymer vesicles (PEG5k-GL2-
IMDQ) in aqueous solution by means of nanoprecipitation. The
resultant PEG5k-GL2-IMDQ with a hydrodynamic size of
200 nm could disintegrate specifically and achieve a rapid drug
release, which was approximately attributed to the cleavage of
the ester bond and glucuronide under conditions of the over-
expressed esterases and B-GUS in tumor cells, respectively. The
residual linker was prone to being self-immolative, thus
enabling the release of IMDQ in native form. In vitro cumulative
drug release experiments showed that minimal IMDQ release
was observed in the absence of enzymes. In contrast, the PEG5k-
GL2-IMDQ could achieve a sustained drug release and reached
a plateau in the presence of enzymes after 4 days. Thus, this
design could avoid the severe systemic side effects caused by
drug leakage during blood circulation. Significantly, this nano-
prodrug could provoke a strong and long-lasting immune
stimulation in draining lymphoid tissues avoiding systemic
inflammation. In addition, PEG5k-GL2-IMDQ could also
promote the recruitment and maturation of dendritic cells
(DCs) in lymph nodes. In another study, Mou and co-workers
reported “chemogene”-based nanoassemblies for combinato-
rial chemo and gene therapy to reverse drug resistance (Table
2).'>* As shown in Fig. 13B, the chemogene was synthesized by
incorporating a nucleoside analog antitumor drug (floxuridine
(F)) in the antisense sequence which took the place of thymine
(T). The block copolymer poly(ethylene glycol)-b-poly(e-capro-
lactone) (PEG-b-PCL) conjugated chemogene had a very low
CMC value (~8.37 pg mL™') and could self-assemble into
spherical nucleic acid (SNA)-like NPs for co-delivering the che-
modrugs and B-cell lymphoma 2 (Bcl-2) protein-targeted anti-
sense oligonucleotides. The obtained two-in-one NPs termed
SNA(F-Bcl-2ASO) with PCL polymerization of ~28, 68, and 120
have a hydrodynamic size of approximately 17.5, 24.0, and
40.7 nm, respectively. The SNA (F-Bcl-2 ASO) exhibited an
excellent cellular uptake efficiency compared to the naked F-Bcl-
2 ASO. Upon successful entry into tumor cells, the released F-
Bcl-2 ASO could hybridize with Bel-2 mRNA and subsequently
recruited the RNase H to digest the target mRNA, thus enabling
the relative gene downregulation, and the chemogenes could
release toxic floxuridine upon cleavage by DNase II in tumor
cells. Notably, about 54% knockdown of Bcl-2 mRNA was
observed in drug-resistant BEL-7402 cells. In contrast, the
naked F-Bcl-2 ASO failed to downregulate the Bcl-2 mRNA due
to its low cell internalization efficiency. As expected, SNA (F-Bcl-
2 ASO) exhibited an excellent antitumor efficacy against
subcutaneous and orthotopic drug-resistant BEL-7402 tumors
compared to the free floxuridine combined with naked F-Bcl-2
ASO. This reported chemogene strategy could be applied to
other therapeutic nucleic acids such as microRNA, siRNA, and
small hairpin RNA.

Luo et al. synthesized another enzyme-responsive dendritic
polymer-paclitaxel prodrug conjugate (POEGMA-GFLG-PTX), in
which PTX was conjugated onto poly[oligo(ethylene glycol)
methyl ether methacrylate] (polyOEGMA) via a cathepsin B-
responsive tetra-peptide GFLG linkage (Table 2)."** The result-
ing POEGMA-GFLG-PTX had a low CMC value of 0.2 pg mL ™",
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which could self-assemble into NPs with a hydrophobic core for
encapsulation of T1 (an imidazole derivative) and pyropheo-
phorbide a. The average hydrodynamic size of the obtained
nano-prodrug was about 163.1 + 13.0 nm. Both cargoes (T1 and
PPa) in this nanoassembly had a high encapsulation efficiency
of over 60%. In this study, the T1 with two-photon (TP)
absorption and high energy-transfer efficiency was exploited to
enhance the two-photon photodynamic therapy. Upon
successful internalization by tumor cells, PTX was rapidly
released due to the cleavage of GFLG peptide in the presence of
intracellular cathepsin B. The resulting nano-prodrug could
achieve enhanced antitumor efficiency in 4T1 xenograft mice
through combinatorial chemotherapy and two-photon photo-
dynamic therapy. In another study, Liu and co-workers reported
a tumor microenvironment-responsive nano-prodrug for
improved photo-immunotherapy (Table 1).*** As shown in
Fig. 13C, the MMP-2 responsive peptide sequence PVGLIG was
introduced as a linker to conjugate the indoleamine 2,3-dioxy-
genase (IDO) inhibitor (IDOi, Epacadostat) with PEG (Table 2).
The PEGylated IDOi and photosensitizer (ICG) could co-self-

4260 | Chem. Sci,, 2022, 13, 4239-4269

assemble into uniform NPs (mPEG-Pep-IDOi/ICG NPs) via
intermolecular interactions. As a result of the peptide cleavage
by MMP-2 in the TME, the resulting nano-prodrug with a large
initial size (~140 nm) could transform to smaller-sized (<40 nm)
drug-drug complexes that could enhance the drug penetration
in tumor tissues. The mPEG-Pep-IDOi/ICG NPs exhibited an
enhanced release of both IDOi and ICG under conditions of
MMP-2 when compared to the mPEG-IDOi/ICG NPs under the
same conditions. Upon NIR laser irradiation, the ICG mediated
phototherapy could kill tumor cells and evoke an in situ anti-
tumor immune response to facilitate IDO-mediated immuno-
suppression. The author found that the phototherapy mediated
by mPEG-Pep-IDOi/ICG NPs could improve the expression of
the co-stimulatory molecules (CD80 and CD86) on dendritic
cells (DCs). Moreover, the mPEG-Pep-IDOi/ICG NPs could
promote DC maturation in the tumor site probably due to their
improved tumor specific accumulation and tumor cell inter-
nalization ability. Notably, this MMP-2-responsive nano-
prodrug could synergistically enhance the tumor immuno-
therapy in combination with the PD-L1 checkpoint blockade,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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leading to a substantial antitumor effect on both primary and
abscopal tumors.

6.2 Drug-drug conjugate-based nanoassemblies

Recently, Choi et al. reported light-triggered hetero-drug-drug
conjugate-based nanoassemblies (LT-NPs) for synergistic
chemo-photodynamic therapy to enhance the checkpoint
blockade immunotherapy (Table 1).*® The amphiphilic heter-
odimeric prodrug (VPF-FRRG-DOX) was synthesized by linking
the photosensitizer (verteporfin; VPF) with the doxorubicin
(DOX) via cathepsin B-specific cleavable peptide (FRRG). The
obtained VPF-FRRG-DOX could self-assemble into LT-NPs
without additional helper materials through intermolecular
m-1 stacking and hydrophobic interactions (Fig. 13D). The
obtained LT-NPs had an average size of 87.12 = 3.95 nm and
high drug loading efficiency (>70%). The LT-NPs showed
minimized side effects due to the accelerated drug release of
DOX and VPF in cathepsin B-overexpressed tumor cells rather
than the normal cells that have a lower cathepsin B expression.
Upon laser irradiation, the DOX and VPF could be released for
combined chemo-photodynamic therapy (Table 1) that elicited
immunogenic cell death (ICD) by activating the damage-
associated molecular pattern (DAMP) signals, thereby leading
to dendritic cell (DC) maturation and cytotoxic T lymphocyte
activation. Strong antitumor immune responses were observed
by combinatorial treatment with anti-PD-L1 antibodies that not
only led to complete primary tumor regression with local light
irradiation treatment, but also prevented the progression of
distant pulmonary metastatic tumors and rechallenged tumors.

7. Hypoxia-responsive
nanoassemblies

Hypoxia is a common pathological feature in most solid
tumors." The highly abnormal and defective tumor microvas-
culature results in the impaired microcirculation and subse-
quently limited the transport and diffusion of oxygen in the
solid TME.**®*'*° Thus, the cancer cells within the interior tumor
tissues are deprived of adequate oxygen supply. Therefore,
hypoxia could be exploited as an endogenous stimulus for
tumor-specific controlled drug release by using different
hypoxia-responsive linkers.'® Various hypoxia-responsive drug
delivery systems have been explored for tumor targeted drug
delivery.

7.1 Polymer-drug conjugate-based nanoassemblies

In a recent study, Cui et al. developed a semiconducting
polymer-based nano-prodrug (SPNpd) for synergistic chemo-
photodynamic therapy (Table 1).*** As shown in Fig. 14A,
SPNpd was prepared by self-assembly of the amphiphilic
PEGylated semiconducting polymer brush, in which the bro-
moisophosphoramide mustard intermediate (IPM-Br) was
conjugated onto the light-responsive photodynamic backbone
through hypoxia-cleavable linkers (Table 2). TEM images
showed that the resulting SPNpd and drug-free control NPs
(SPNc) had a uniform spherical morphology with an average
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Fig. 14 (A) Schematic illustration of a hypoxia-activable semi-
conducting polymeric nano-prodrug for synergistic chemo-photo-
dynamic therapy. Reproduced from ref. 131 with permission from
Wiley-VCH, Copyright 2018. (B) Chemical structures of a hypoxia-
responsive nano-prodrug (Ce6/PTX,-Azo) and its self-assembly for
synergistic photodynamic-chemotherapy. Reproduced from ref. 132
with permission from Wiley-VCH., Copyright 2020.

size of ~30 nm and could maintain a good colloidal stability in
PBS for over 20 days. Upon NIR irradiation, the SPNpd could
generate singlet oxygen ('O,) for photodynamic therapy.
Meanwhile, the photoirradiation-depleted oxygen exacerbated
hypoxia in the TME, which facilitated the rapid release of IPM-
Br under catalysis of nitroreductase, thereby enabling the
synergistic chemo-photodynamic therapy. Notably, there was
no difference in the cell viability of SPNc (45.7%) and SPNpd
(43.7%) treated cells upon light irradiation, which indicated
that the prodrug was not activated in normoxia. However, the
cell viability of SPNpd-treated cells decreased to 34.1% under
hypoxic conditions without light irradiation, which was 2.5-fold
lower than that of the SPNpd-treated cells under normoxic
conditions (84.8%), indicating the activation of the prodrug
under hypoxic conditions. This study describes the first
hypoxia-activable phototherapeutic polymeric prodrug system
that had a high potential for efficient tumor therapy.

7.2 Drug-drug conjugate-based nanoassemblies

Recently, Zhou et al. reported a hypoxia-activable nano-prodrug
(Ce6/PTX,-Azo) for synergistic photodynamic-chemotherapy
(Table 1)."*> As shown in Fig. 14B, the Ce6/PTX,-Azo was
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prepared by co-self-assembly of the hypoxia-responsive dimeric
prodrug (PTX,-Azo) and photosensitizer chlorin e6 (Ce6) deco-
rated peptide copolymer. The PTX,-Azo was synthesized by
inserting the azobenzene (Azo) linker between two molecules of
PTX. The hydrodynamic sizes of the prepared Ce6/PTX,-Azo NPs,
Ce6 NPs, and PTX,-Azo NPs were determined to be 35 + 5 nm, 45
4 10 nm and 75 £ 12 nm, respectively. The sodium dithionite
(Na,S,0,) solution was used to mimic hypoxic conditions to
study the in vitro drug release of the nano-prodrugs. Interestingly,
an increased concentration of Na,S,0, led to an increased PTX
release and the yellow NP solution became transparent during
the drug release process. Upon successful internalization by
tumor cells, Ce6 could generate ROS to induce cell apoptosis.
Notably, the ROS generation could consume O, to aggravate
hypoxia to promote PTX release, thus enabling a synergistic
chemo-photodynamic antitumor effect. As expected, enhanced
tumor inhibition was observed in the Ce6/PTX,-Azo NP + L-
treated group, which was found to be better than the single
PDT or chemotherapeutic effect (Fig. 14B).

8. Multiple stimulus-responsive
nanoassemblies

Self-assembled prodrugs could be designed for hierarchical
drug delivery in response to dual or multiple stimuli that could
significantly improve the selectivity and efficiency of drug
release in the tumor site.”*® In previous sections, most of the
above-mentioned prodrug nanoassemblies were constructed
based on the degradable linkers in response to single stimuli
including the acidic TME/lysosome conditions and intracellular
oxidative/reductive environment. However, some normal cells
possess similar acidic and oxidative/reductive environments
that could lead to potential off-target drug activation. Therefore,
single stimulus-responsive drug release may be inadequate.

8.1 Polymer-drug conjugate-based nanoassemblies

Limited tumor penetration and diffusion of nanomedicine
creates obstacles for effective anticancer drug delivery. To
overcome this barrier, Zhou et al. reported a y-glutamyl trans-
peptidase (GGT) and GSH dual-responsive zwitterionic poly-
mer-camptothecin conjugate for enhanced drug penetration
and cancer therapy (Table 1)."** It should be noted that the
hydrolysis of y-glutamylamides is structure-dependent. For
example, the y-glutamylamides of glutathione (GSH) and its
ophthalmic acid analogue could be easily cleaved by GGT, while
GGT is much less active towards r-y-glutamylglycine. In this
study, two different polymer drug conjugates PBEAGA-CPT and
PEAGA-CPT were synthesized by introducing camptothecin
(CPT) to the 2-(L-y-glutamyl-t-a-aminobutyrylamino)ethyl acryl-
amide (BEAGA) and 2-(1-y-glutamylamino)ethyl acrylamide
(EAGA) via disulfide bonds, respectively (Fig. 15A). The resulting
PBEAGA3-CPT; could self-assemble into homogeneous NPs
that had a hydrodynamic size of 9 nm. The zeta potential ({) of
PBEAGA5-CPT; became positive within 15 h under conditions
of 10 U ml~' GGT, while PEAGA,4-CPTs; still remained negatively
charged even after 48 h under the same conditions. The zeta
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potential ({) of both PBEAGA;3-CPT; and PEAGA;4-CPTs
remained negative even after 48 h incubation in the presence of
the normal blood level of GGT (0.05 U ml "), thereby mini-
mizing the side effects. Upon arriving at the tumor blood vessels
or extravasating into the tumor interstitium, the y-glutamyl
moieties were cleaved by overexpressed y-glutamyl trans-
peptidase on endothelial cell membranes or tumor cell
membranes, leading to the exposure of the positively charged
primary amines. Significantly, the positively charged amine
could enhance the ¢trans-endothelial and transcellular transport
of the nanomedicines to enable homogeneous drug distribu-
tion in tumor tissues. CPT was released in tumor cells under
highly abundant endogenous GSH, thus realizing an improved
antitumor efficiency. In another study, Dong et al. reported
a polymeric prodrug, named CPT-ss-poly(BYP.pyq-pox-co-EEP),
for pH/redox dual responsive delivery of camptothecin (CPT)
and doxorubicin (DOX).**> As shown in Fig. 15B, the CPT-ss-
poly(BYP._yq.pox-c0-EEP) was synthesized by a CPT derivative
(CPT-ss-OH)-mediated random ring-opening polymerization
(ROP) of two cyclic phosphate monomers (BYP and EEP) fol-
lowed by introducing the DOX onto the resultant PBYP via the
acid-labile hydrazone linker (-hyd-, Table 2). The resulting
amphiphilic polymeric prodrug could form NPs with core-shell
structures, in which the hydrophobic PBYP segment containing
DOX and CPT formed the core and the hydrophilic PEEP parts
formed the outer shell. The hydrodynamic size of the obtained
nano-prodrug was determined to be 90 nm. Notably, the CPT-ss-
poly(BYP_yq.pox-c0-EEP) NPs could disassemble due to the
degradation of the polyphosphate chain under the conditions of
phosphodiesterase I. At the same time, the cleavage of the
redox-sensitive disulfide carbonate linker and acid-sensitive
hydrazone bond under reductive and acidic conditions could
cause the rapid release of CPT and DOX, respectively.

In another study, Xiang et al. developed a novel polyphenol-
cisplatin complexation-based core-shell structured nano-
prodrug (PEG-GAx/Pt) to achieve pH and ROS-responsive drug
delivery (Table 1).**® To prepare the PEG-GAx/Pt, methoxyl-PEG
terminated with one (PEG-GA) or two (PEG-GA2) gallic acid
moieties was complexed with cisplatin (CDDP) by using the
polyphenol-metal coordination method (Fig. 15C). When the
molar ratio of CDDP to GA (MPt: MGA) was set to 1:1 and
10:1, the resulting PEG-GA/Pt and PEG-GA2/Pt could self-
assemble into homogeneous NPs that have a volume size of
80-100 nm and 110-130 nm, respectively. The obtained NPs
had a good colloidal stability with no obvious size changes in
PBS supplemented with 5%, 10%, or 50% FBS for 72 h at 37 °C.
The loading content of CDDP in PEG-GA and PEG-GA2 was
determined to be about 17.7% to 29.8%, respectively. In vitro
drug release experiments showed that about 47% and 59% of Pt
was released from PEG-GA/Pt and PEG-GA2/Pt NPs at pH 5.0
within 48 h, respectively. However, <20% Pt drug was released
from both PEG-GA/Pt and PEG-GA2/Pt at pH 7.4. The pH-
triggered Pt release was attributed to the weakened coordina-
tion between polyphenols and Pt(II) under acidic conditions.

Notably, the addition of H,O, could promote drug release
due to the oxidation of galloyl groups. The PEG-GAx/Pt NPs
exhibited prolonged blood circulation time and enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Molecular structures of MPEG-Phe-TK-Phe-hyd-DOX and its self-assemblies for tumor therapy. Reproduced from ref. 137 with permission from
Elsevier Ltd, Copyright 2021. (E) Chemical structure of diblock pDHPMA-DOX. Reproduced from ref. 138 with permission from Elsevier Ltd,

Copyright 2019.

tumor accumulation, thus increasing antitumor efficiency, and
minimizing toxicity. In another study, Xu et al. synthesized
a ROS/pH dual-responsive polymer-DOX conjugate (mPEG-Phe-
TK-Phe-hyd-DOX) for efficient drug release and improved anti-
tumor efficiency (Fig. 15D).**” In this study, the acylhydrazine
linker (ahy-Phe-TK-Phe-ahy) containing ROS-sensitive thioketal
(TK) bonds was inserted between the mPEG and DOX, in which
DOX was conjugated onto the ahy-Phe-TK-Phe-ahy via acid-
sensitive hydrazone bonds (Table 2). The CMC value of mPEG-
Phe-TK-Phe-hyd-DOX was calculated to be 3.79 ug mL™". The
hydrophobic phenylalanine moieties (Phe-TK-Phe) could facili-
tate the self-assembly of the mPEG-Phe-TK-Phe-hyd-DOX to
uniform nanostructures with a hydrodynamic size of 41.32 nm.
The resulting prodrug micelles had a high drug loading content
(11.2%) and good colloidal stability due to the 7t interactions

© 2022 The Author(s). Published by the Royal Society of Chemistry

of prodrug molecules, which could minimize the drug leakages
during blood circulation. In vitro cytotoxicity experiments
showed that the IC5, of mPEG-Phe-TK-Phe-hyd-DOX was about
5.50 ug mL~ " against HeLa cells, which was lower than those of
mPEG-hyd-DOX (19.2 pg mL™") and DOX/mPEG-ahy-Phe-TK-
Phe-ahy (35.4 pg mL™'). As expected, the ROS/pH-responsive
nano-prodrugs exhibited a better antitumor efficacy than the
ROS-inert control nano-prodrug. In a similar study, Chen et al.
reported an enzyme/pH dual sensitive polymer-doxorubicin
conjugate (diblock pDHPMA-DOX) for improved antitumor
efficiency of the chemotherapeutic drugs and minimized
systemic side effects (Table 1)."*®* To obtain the diblock
pDHPMA-DOX, the DOX was attached onto the GFLG peptide-
functionalized diblock copolymer through acid-labile hydra-
zone bonds (Table 2), in which the N-(1,3-dihydroxypropan-2-yl)
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methacrylamide (DHPMA) copolymer was synthesized by RAFT
polymerization (Fig. 15E). The diblock pDHPMA-DOX could
self-aggregate into nanoassemblies that had an average hydro-
dynamic size of 21 £ 2.2 nm capable of causing ~82% and
~80% DOX release at pH 5.0 within 10 h in the presence of
cathepsin B or no cathepsin B, respectively. In contrast,
a negligible amount of DOX (~5%) was released from the nano-
prodrug at pH 7.4 with or without addition of cathepsin B. The
diblock pDHPMA-DOX NPs could maintain a good colloidal
stability with no significant aggregation/degradation within
24 h in PBS supplemented with 50% FBS. Upon successful
internalization by tumor cells, the diblock copolymer-based NPs
(90 kDa) were degraded into small fragments that had smaller
molecular weight (45 kDa) as a result of the cleavage of GFLG
peptide under conditions of lysosomal cathepsin B. In vivo
pharmacokinetics experiments revealed that the diblock
pPDHPMA-DOX NPs had a prolonged blood circulation time of
9.8 h, which was longer than that of free DOX (3.7 h). As ex-
pected, the diblock pDHPMA-DOX NPs displayed an enhanced
antitumor efficiency for 4T1 xenograft tumors.

8.2 Drug-drug conjugate-based nanoassemblies

In a recent study, Zhu et al. described precise PTX-chemogene
conjugate-based and carrier-free nanoassemblies for combina-
torial therapy to overcome drug resistance (Table 1).*** To
obtain the drug-chemogene conjugates, the PTX dimer was
synthesized first by connecting two molecules of PTX through
a fluorescent and azide-containing dithiomaleimide (DTM)
linker (Table 2). After that, the floxuridine (FdU)-integrated
antisense oligonucleotides (i.e. chemogene) were subsequently
conjugated with PTX dimers via click chemistry (Fig. 16A). The
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resulting PTX-chemogene conjugates having a low CMC value
(7.5 uM) could self-assemble into spherical nucleic acid (SNA)-
like prodrug micelles with an average size of 81 nm. Notably,
the PTX-chemogene-based prodrug micelles could simulta-
neously co-deliver three different kinds of drugs to avoid
dramatic pharmacokinetic differences, thus maximizing the
combination therapy efficiencies. Upon successful entry into
tumor cells, the antisense oligonucleotides could downregulate
the P-glycoprotein (P-gp) expression followed by simultaneously
releasing fluoride monophosphate (FAUMP) and PTX under
DNase II degradation and intracellular GSH. In vitro qRT-PCR
analysis experiments showed that about 67% of P-gp mRNA
was downregulated in HeLa/PTX cells after treatment with PTX-
chemogene-based nanoassemblies, which was higher than that
of the naked ASO (20%). Notably, the PTX-chemogene has
a lower ICs, value (0.06 uM) against HeLa cells than the control
group (PTX-ASO). As expected, PTX-chemogene exhibited
a higher inhibition rate (~80%) against drug-resistant tumors.
In another study, Xia et al. synthesized different linker (sulfur,
selenide, or telluride)-bridged paclitaxel dimers that could form
into homogeneous NPs (PTX,-R NPs, R = S, Se and Te) for
programmed drug release (Fig. 16A).**° The obtained NPs (PTX,-
R NPs, R = S, Se and Te) had a hydrodynamic size of 179.9 nm,
187.5 nm, and 204.9 nm, respectively. The obtained PTX,-R NPs
with homogeneous spherical structures had a high drug loading
capacity (>84 wt%) and could maintain a good stability in water
for one week with minor size changes. The in vitro drug release
rates of PTX,-S, PTX,-Se, and PTX,-Te dimers were evaluated
under the same conditions of H,0, and DTT, and the results
showed that the PTX,-Te dimer could be almost completely
oxidized when incubated in 1 mM H,O, for 1 h. In contrast, only
10% of PTX,-S and 50% of PTX,-Se dimer was oxidized under
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(A) Chemical design and synthetic routes of the PTX-chemogene conjugate and its self-assembly for combination therapy to overcome

drug resistance. Reproduced from ref. 139 with permission from Wiley-VCH, Copyright 2020. (B) Schematic representation of sulfur/selenium/
tellurium-bridged homodimeric prodrugs and their intracellular ROS/GSH dual-responsive drug release. (C) HPLC analysis of PTX,-S, PTX,-Se
and PTX,-Te dimers in the presence of 1 mM H,O, or 10 mM DTT for 24 h at 37 °C. Reproduced from ref. 140 with permission from Elsevier Ltd,

Copyright 2020.
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the same conditions. Similarly, 95% of PTX,-Te was degraded in
the presence of 10 mM DTT in 24 h, which was faster than the
degradation rate of PTX,-S and PTX,-Se (<20%). These results
showed that the tellurium-bridged paclitaxel dimer presents
a preferable GSH and ROS dual-responsive capability when
compared with the sulfur and selenium-bridged paclitaxel
dimeric prodrugs. The in vitro cytotoxicity experiments showed
that PTX,-Te NPs exhibited a highly selective cytotoxicity against
tumor cells.

9. Polymer-drug conjugate-based
nano-prodrugs in clinical translation

Polymer-drug conjugates have long been used for drug delivery
due to their advantages, including enhanced drug solubility,
improved pharmacokinetics, controlled drug release ability,
etc.'* Since the first polymer-enzyme conjugate drug (Adagen)
obtained its market approval, a remarkable growth of polymer—
drug conjugates in the field of drug delivery was observed, and
many polymer-drug conjugates that could be easily prepared
have already entered the market or are in different stages of
clinical trials."*>*** This section will summarize some repre-
sentative polymer-drug conjugate-based nanomedicines that
are in clinical development.

NC-6004, a polymeric cisplatin nanoparticle (~30 nm), was
constructed by encapsulating cisplatin into the micelles
through the formation of a polymer-metal complex between
polyethylene glycol-poly(glutamic acid) block copolymers (PEG-
P(Glu)) and cisplatin (Table 2)."**'** Compared to free cisplatin
that could be excreted rapidly from the human body, NC-6004
could significantly extend the blood circulation time of
cisplatin as the outer PEG shell on the surface of the micelles
could minimize its clearance by the reticuloendothelial
systems.**® Furthermore, NC-6004 with a sustained drug release
ability has lower toxicity than the native cisplatin.’*” In a phase
Ib/II trial study, NC-6004 plus gemcitabine exhibited a greater
anti-tumor activity and no clinically significant neuro-, oto-, or
nephrotoxicity. NC-6300, another clinical candidate, was
prepared by conjugating epirubicin to PEG-b-poly(aspartic acid)
through hydrazone linkages.”*® The resulting polymer-epi-
rubicin conjugates could form into micelles that could keep
stable during blood circulation but achieve fast release of drug
in acidic environments (e.g. endosomal and lysosomal).'*’
Notably, NC-6300 could significantly minimize the system side-
effects so that higher doses of drug could be used through
micellar therapy.™® Similarly, NK911 is a doxorubicin-loaded
PEG-b-poly(aspartic acid) copolymer-based prodrug micelle
(~40 nm), in which the doxorubicin is both physically encap-
sulated in the micelle and conjugated to the PEG-b-poly(aspartic
acid) copolymer via amide bonds.**® NK911 exhibited a pro-
longed blood circulation time and a larger area under the
plasma drug concentration-time curve (AUC) than native
doxorubicin in a phase I clinical trial.*** CriPec® Docetaxel
(CPC634) consists of core-cross linked micellar nanoparticles
with covalently entrapped docetaxel. CPC634 entered the first-
in-human study and finished its phase I testing in 2018. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CPC634 exhibited an improved pharmacokinetics and thera-
peutic index in patients with advanced solid tumors."** The
polymeric nanoassemblies CRLX101 and CRLX301 are con-
structed by self-assembly of cyclodextrin-drug conjugates,
which were synthesized by covalently conjugating cyclodextrin-
PEG copolymer with camptothecin and docetaxel, respec-
tively."*>*** CRLX301 exhibited a controlled drug release ability
and slower clearance than free docetaxel in a phase I/Ila
study.”® In a randomized phase II trial, CRLX101 plus bev-
acizumab had no discernible increase in progression-free
survival (PFS) when compared to the standard of care (SOC) in
metastatic renal cell carcinoma.'®

10. Summary and perspectives

Self-assembled prodrugs, by integration of prodrug design and
biomedical nanotechnology, offer a great deal of versatility in
various drug delivery systems for controlled release of anti-
cancer drugs. In this review, we have comprehensively
summarized recent advances of single/dual-stimulus-
responsive self-assembled prodrugs for tumor chemotherapy,
phototherapy, immunotherapy, theranostics and combinatorial
therapy, by covering different conjugation strategies (polymer-
drug conjugates, drug-drug conjugates, etc.) in the preparation
of nano-prodrugs. Significantly, we provided details of various
linker chemistries that allowed self-assembly of amphiphilic
prodrugs to achieve temporal/spatial controlled-release of
drugs. Notably, the specific pathophysiological characteristics
in tumor sites including hypoxia, aberrant enzymes, low pH,
high redox and oxidative stress state have inspired the devel-
opment of various prodrug chemistries for controlled drug
release at tumor sites. Self-assembled prodrugs have many
advantages over their small-molecule drug/prodrug counter-
parts, including improved ADMET properties, prolonged blood
circulation time, active/passive tumor targeting ability, spatial/
temporal controlled-release of drugs, combinatorial therapy,
and others.

Despite obvious benefits afforded by self-assembled prodrug
strategies, there are still several challenges that need to be cir-
cumvented before their successful clinical translation. First, the
CMC value of amphiphilic prodrugs should be as low as
possible, as it is an important factor that affects the systemic
stability of prodrug micelles during blood circulation. Second,
the non-homogeneous nano-prodrug activation and distribu-
tion still exists due to the heterogeneous nature of tumor
tissues, thereby leading to the suboptimal therapeutic efficacy.
Therefore, exogenous physical stimuli (light, temperature,
ultrasound, X-ray, etc.) plus endogenous stimuli (pH, GSH, ROS,
enzyme, and hypoxia) could thus be exploited for development
of multi-responsive drug delivery systems. Third, the potential
systemic cytotoxicity of the carrier materials still poses chal-
lenges that restrict the clinical translation of the polymeric
nanoparticles. Thus, materials with high biodegradability
should be well explored, or carrier-free drug delivery systems
could be developed. Fourth, it is difficult to avoid the batch-to-
batch variations of polymer-drug conjugation limiting its clin-
ical translation. That is why the design of prodrug
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nanoassemblies should be as simple as possible to facilitate
easy preparation. Finally, there is an urgent need to develop
novel prodrug chemistry that allows more efficient and specific
drug release at tumor sites. For example, we can try to develop
self-immolative linker-based combinatorial chemistry with
a cascade reaction ability to improve the stimulus-responsive
drug release ability. Nevertheless, self-assembled prodrug
designs have great potential in tumor-targeted drug delivery
systems, and we look forward to seeing more clinical translation
in the coming years.
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