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Polyprodrugs for tumor chemotherapy: from
molecular structure to drug release performance

Polyprodrugs have been recognized as promising carrier-free drug delivery systems (DDSs) for tumor

chemotherapy in recent years, showing distinct superiority in comparison with the conventional polymer
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prodrugs. In the present work, the structure—property relationship of polyprodrugs was explored from
the perspective of molecular structure, by discussing the effects of the conjugations and linkers on their
drug content and drug releasing performance, including drug releasing rate and drug releasing selectiv-

ity, as well as the anti-tumor performance of the released drugs. Moreover, the future challenges in the

rsc.li/materials-b

1. Introduction

Polymer prodrugs have been widely investigated for tumor
chemotherapy over the last few decades.'® The hydrophilic or
hydrophobic drugs (cisplatin, doxorubicin (DOX), camptothe-
cin (CPT), paclitaxel (PTX), etc.) were conjugated on the end-
groups or side-groups of the polymers with different topological
structures: linear, branched or hyperbranched (dendritic) ones,
as shown in Scheme 1. The conjugation could be cleaved by
intracellular stimuli, higher acidity, higher glutathione (GSH)
level, higher reactive oxygen species (ROS) level, or specific
enzymes.” ® Furthermore, the polymer chains endow the facile
self-assembly of the polymer prodrugs into micelles with a
certain diameter to achieve passive targeting via the enhanced
permeability and retention (EPR) effect.

The premature drug leakage in blood circulation from the
polymer prodrugs could be minimized to a certain degree in
comparison with the drug delivery systems (DDSs) via non-
covalent drug-loading, showing better selective drug releasing
performance. However, the drug molecule was conjugated onto
the polymer with one labile conjugation, which could only be
triggered by the corresponding stimulus, thus showing a single
stimulus responsiveness. Due to the characteristics of the
dynamic covalent bonds,® the labile conjugation is usually
not stable, and the conjugated drug would be released once
the labile conjugation was broken. Therefore, the premature
drug leakage could hardly be ignored.

As a powerful candidate, polyprodrugs could solve the
above problem perfectly,'”'" by comprising the drug molecules
as structural units. For this purpose, there should be two
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design of polyprodrug-based DDSs with high anti-tumor efficacy were also highlighted.

functional groups in the parent drugs at least. By coupling with
different functional groups in the linkers (small molecules or
polymers), linear or branched polyprodrugs could be obtained
via conjugation such as imine, amide or ester groups
(Scheme 2). As a structural unit in the polyprodrug, the drug
molecule could be released only when all of the two or three
conjugations were cleaved simultaneously. As a result, the
premature drug leakage could be minimized efficiently. An
external stimulus such as UV'>" and intracellular signals
could be used to trigger the degradation of the polyprodrugs
to release the drug. Comparatively speaking, more intelligent
drug release could be obtained via the latter one, owing to its
excellent control via smart targeting.
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Scheme 1 Conventional polymer prodrugs.
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Scheme 2 Linear or branched polyprodrugs conjugated with two or
three functional groups on the parent drugs.

Commonly, polyprodrugs are synthesized by coupling the
functional groups on the parent drugs with various dynamic
covalent bonds by step polymerization via condensation or
addition, therefore endowing stimuli-triggered degradation
and drug release performance for on-demand tumor che-
motherapy. Owing to the excellent drug release performance
because of the unique molecular structure, polyprodrugs have
been intensely developed in recent years. In this work, the
structure-property relationship of polyprodrugs was discussed,
focusing on the effect of the molecular structure of polypro-
drugs on their drug content and drug releasing performance. It
is expected to open new ideas for the design of polyprodrug-
based DDSs with high anti-tumor efficacy.

2. Structural analysis

In the polyprodrugs, the drug molecules have been comprised
into the polymer chains as structural units by conjugating with
dynamic covalent bonds. As shown in Scheme 2, linear or
branched polyprodrugs could be obtained by conjugating two
or three functional groups on the parent drugs. In the branched
polyprodrugs, it is hard to avoid the crosslinking reaction. The
3-dimensional structure of the branched or crosslinked ones
makes it difficult to control the diameter of the final DDSs.
Therefore, the reaction conditions should be strictly controlled
to avoid the formation of bulky products, mainly controlling
the feeding ratio of the monomers and reaction degree."*™"”

The chain length of the linear polyprodrugs could be easily
controlled by adjusting the feeding ratio of the monomers. It
could be split into three main units: drug unit, conjugation and
linker, as shown in Scheme 3. The cleavable conjugation could
be located between the drug unit and the linker (Scheme 3A) or
in the linker (Scheme 3B). To endow self-assembly and improve
the dispersibility, polyprodrugs are usually PEGylated by intro-
ducing a non-toxic and non-immunogenic polyethylene glycol
(PEG) block."®* This could also decrease immunogenicity,
reduce proteolysis and renal excretion, and prolong the blood
circulation life.*® The controlled drug release performance was
mainly dependent on the stimuli-triggered degradation of the
polyprodrugs, which was determined by their molecular struc-
tures, specifically, the conjugations and linkers. Such effects
will be discussed comprehensively below.
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Scheme 3 Structural analysis of the linear polyprodrugs.

3. Effect of linkers

The effect of the linkers is relatively simple. Firstly, a certain
length is usually required to avoid the steric hindrance of the
parent drugs during the polymerization. However, it also can’t
be too long. A long linker decreases the drug content in the
polyprodrugs, meaning that high doses or repetitive adminis-
tration should be conducted.

Another key factor is the hydrophilic-hydrophobic property
of the linkers. Most of the chemotherapeutic drugs are hydro-
phobic. When they are linked with a hydrophobic linker, a
completely hydrophobic polyprodrug is synthesized. After for-
mulation as nanomedicine, the highly hydrophobic core pre-
vents the diffusion and access of the stimuli, such as H" ions,
GSH or ROS, which are water-soluble. Therefore, a slow drug
release would be resulted, because the degradation of the
polyprodrug nanoparticles could only occur on their surface.

PEG with a certain length has been used as the hydrophilic
linker in the design of polyprodrugs.®® The hydrophilic block could
endow the self-assembly of the amphiphilic polyprodrugs to
achieve the desired nanomedicine with proper diameter. The
amphiphilic polyprodrugs with longer PEG blocks could self-
assemble into core-shell nanoparticles with aggregates of drug
units as hydrophobic cores, while the longer PEG blocks act as the
hydrophilic brushes on their surfaces. This structure is expected to
improve the systemic circulation time and decrease the immuno-
genicity of the nanomedicines.”” On the other hand, the shorter
PEG blocks might be imbedded into the inner of the nanomedi-
cines, facilitating the diffusion and access of the stimuli and
subsequently accelerating the drug release.

4. Effect of conjugations

The conjugation is the most important key part in the poly-
prodrugs, which determines the degradability of the polypro-
drugs and the degraded products (namely the released drug).
To be specific, the stimuli-responsiveness and the responsive
sensitivity of the polyprodrugs are controlled by the kinds of
conjugations used. While the structure and site determine the
structure and anti-tumor efficacy of the released drug.

4.1. Triggered signal for the conjugations

The same conjugation could be used to conjugate the parent
drugs into a polymer chain, which exhibited a single stimulus

This journal is © The Royal Society of Chemistry 2023
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responsiveness, ie. acidity (Table 1), reduction (Table 2), or
oxidation (Table 3). Furthermore, two kinds of conjugations
triggered by the same stimulus but with different responsive
sensitivity could be used to tune the drug release rate.

4.1.1. Acid-triggered degradable polyprodrugs. For the
intracellular acid-triggered degradation and drug release,
the acid-triggered hydrolysable conjugations, such as
polyphosphazene,'*'® hydrazone bonds,>***?° and Schiff base
bonds,*® were used in the polyprodrugs (Table 1). Moreover, the
stimuli-responsive sensitivity could be used to tune the acid-
triggered degradation of the polyprodrug and drug release. For
example, a low-sensitivity acid-labile maleic amide bond and
high-sensitivity acid-labile hydrazone bond were used together
to design the polyprodrug block in the diblock polyprodrug
poly(doxorubicin)-polyethylene glycol.>® The drug release is
controlled by both the degradation rate of the polyprodrug
and the solubility of the degraded products. Here, a DOX-based
dimer via a maleic amide bond was easily produced due to the
acid-triggered cleavage of the hydrazone bond. However, it was
adsorbed onto the surface of the polyprodrug nanoparticles,
due to its low water solubility. This limited the degradation of
the inner polyprodrug, until the DOX-based dimer via the
maleic amide bond was cleaved into DOX. This combination
was revealed to efficiently adjust the acid-triggered drug release
behavior.

Because of the similar acidity in the intracellular microen-
vironment in the normal cells and the tumor cells (pH ~ 5),
such acid-triggered polyprodrugs could only minimize the

Table 1 Intracellular acid-triggered degradable polyprodrugs
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premature drug leakage in the blood (pH 7.4), but not differ-
entiate the normal cells and the tumor cells. Therefore, tumor-
specific chemotherapy could not be achieved with the acid-
triggered polyprodrugs, similar to the acid-triggered polymer
prodrugs.

4.1.2. Redox-triggered degradable polyprodrugs. Most
recently, the difference between the GSH or ROS level in normal
cells and tumor cells has been used for tumor-specific che-
motherapy, by designing the reduction-triggered or oxidation-
triggered degradable polyprodrugs. The reduction-triggered
polyprodrugs could be designed by using reduction cleavable
disulfide bonds'®?****3%32 or the redox characteristic of
the cisplatin prodrug units'® (Table 2), while the oxidation-
triggered polyprodrugs could be designed by using an oxidation
cleavable thioketal bond>'** (Table 3).

However, the premature drug leakage and the drug release
were still assessed in the simulated normal physiological media
(without GSH and H,0, or with a very low level) and the
simulated tumor intracellular microenvironment (10 mM
GSH or 100 pM H,0,), respectively. Nevertheless, the drug
release in the normal cells (2 mM GSH) was not considered.
It is a promising strategy to achieve real tumor-specific che-
motherapy without toxic side effects on normal cells by con-
trolling the reduction/oxidation-responsive sensitivity of such
redox-triggered degradable polyprodrugs.

4.1.3. Acid/reduction dual-triggered degradable polypro-
drugs. The multi-responsive DDSs have been well-recognized
with better controlled drug release properties in comparison

Polyprodrugs Drug content Drug leakage Drug release Ref.
““?'\ 89.5% 7% (pH 7.4, 96 h) 23% (pH 5.5, 96 h) 14
‘*.PF
Y
T
é ‘ 58.14% 32.3% (pH 7.4, 56 h) 84.5% (pH 5.0, 56 h) 15
oy
N
4("_‘}4.:\?:% o ;N,NYV\)Lu =
o 8 o 75.42% 4.39% (pH 7.4, 60 h) 39.83% (pH 5.0, 60 h) 20
o Y=o
Y,
A
92.45% 12.9% (pH 7.4, 10 h) 100% (pH 5.0, 10 h) 28
st
1.67 mmol g~* 6% (pH 7.4, 60 h) 47% (pH 5.0, 60 h) 29
P
1.60 mmol g~* 1.02% (pH 7.4, 108 h) 30.9% (pH 5.0, 108 h) 30
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Table 2 Intracellular reduction-triggered degradable polyprodrugs
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Table 3 Intracellular oxidation-triggered degradable polyprodrugs
Polyprodrugs Drug content Drug leakage Drug release Ref.
Nﬁk% SN W P 33.3% 0 (without H,0,, 60 h) 35% (100 uM H,0,, 60 h) 21
MwN%N i xo/vs S 40% 0 (without K,0,, 48 h) 40% (100 pM K,0,, 60 h) 33

with the mono-responsive ones.>® For this purpose, the acid/
reduction dual-triggered polyprodrugs were also proposed to
improve the drug release performance (Table 4). With the acid-
labile conjugation and reducible cleavable conjugation adja-
cent to the same drug unit, it could be released only when both
conjugations were broken. Therefore, a desired drug release
performance could be achieved in the tumor intracellular
microenvironment with minimized premature drug leakage in
the normal physiological media such as blood circulation and

the extracellular environment. However, due to the same rea-
son as abovementioned in the reduction- or oxidation-triggered
ones, the tumor-specific drug delivery is still a challenge to
avoid degradation and drug release in the normal cells.

4.2. Conjugating sites

Another controlling factor is the site of the conjugations in the
polyprodrugs. They could be contained in the linkers as shown
in Scheme 3A or placed between the drug unit and the linker as

Table 4 Intracellular acid/reduction dual-triggered degradable polyprodrugs

Polyprodrugs Drug content Drug leakage Drug release Ref.
YR
NTSN N:P“N
o b0 O R
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,()(01\/5 5\/\01L _Cf o:{ H b_ﬂmol\*o\
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wo 9 Son® i ®e 8! % on 78% 0.6% (pH 7.4, 10 uM GSH, 60 h) 44% (pH 5.0, 10 mM GSH, 60 h) 35
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shown in Scheme 3B. Different drug release behaviors were
caused by the different sites of the conjugations. In the works
with the molecular structure as shown in Scheme 3A, the
cleavable conjugations were located between the drug unit
and the linker. The parent drug could be released after
stimuli-triggered cleavage of the conjugations.

As for the polyprodrugs with the molecular structure as
shown in Scheme 3B, the cleavable conjugations were in
the linker. Only the derivatives of the parent drug were
released after the acid-triggered cleavage of the acid-labile
conjugations,”*?° reduction-triggered cleavage of the disulfide
conjugations®>*>?*%* or oxidation-triggered cleavage of the
thioketal conjugations.®® The derivatives could be easily
revealed by the high performance liquid chromatography
(HPLC) analysis. That is to say, part of the linker remained
on the released drug, which could not transform into the parent
drug because of the stable covalent bonds between them. Due
to the derivation, the solubility of the released drug decreased.
The drug release behavior could be categorized as a dissolution-
controlled mode, which could be revealed by the drug release
profiles in the presence of a surfactant, such as Tween, showing
a much faster drug release in comparison with the case without
surfactant. This phenomenon indicated that the stimuli-
triggered degradation of the polyprodrugs was faster than the
dissolution of the released drugs with lower solubility. Lower
anti-tumor efficacy was usually obtained in comparison with
the parent drugs, due to its molecular structure and subse-
quently lower solubility and pharmacological activity.*®

On the other hand, this characteristic might be a powerful
approach to achieve a higher anti-tumor efficacy by delivering a
high-performance chemotherapeutic drug with a well-designed
polyprodrug. For example, doxazolidine (Doxaz) has been reported
as a proposed active DOX metabolite to cross-link DNA. It could
inhibit the growth of cancer cells at 1-4 orders of magnitude lower
concentration than DOX and be taken up by multidrug-resistant
tumor cells 3- to 4-fold better than DOX.*” However, its hydrolysis
half-life was about 16 min at pH 7.5 and 3 min in human serum at
37 °C, restricting its practical application. To solve this problem, the
Liu group designed acid-labile poly(doxazolidine) (P(Doxaz)) with
Doxaz as structural units by a facile condensation polymerization of
amino-hydrazone modified DOX (DOX-hyz) and formaldehyde.?®
The P(Doxaz) was quite stable in pH 7.4 PBS, while completely
degraded within 9.5 h and released high anti-tumor chemother-
apeutic agent (Doxaz) in the simulated tumor intracellular micro-
environment (Scheme 4).

Most recently, the reaction of cyclizing into the proximate
carbonyl group has been reported to transform thiolated deri-
vatives into the parent drugs (Scheme 5),***° which could be
used to release the parent after cleaving the reducible-sensitive
disulfide'®>*%313> or oxidation-sensitive thioketal conjuga-
tion.?! With such a trace-less linker, the parent drug (10-
hydroxycamptothecin, HCPT) could be released from the
reduction- or oxidation-triggered degradable polyprodrugs
(Scheme 6).

Based on the trace-less linker, the Liu group reported an acid/
reduction co-triggered degradable amphiphilic copolyprodrug with

This journal is © The Royal Society of Chemistry 2023
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both acid-labile conjugation and reduction-cleavable conjugation
adjacent to the same drug unit for the first time. The parent drug,
DOX, could be released after the tumor intracellular degradation of
the proposed amphiphilic copolyprodrug (PDOXss.apH-PEG)
(Scheme 7), and an improved tumor-specific anti-tumor efficacy
was achieved.”*

5. Future challenges

As discussed above, the premature drug leakage and drug
release were only assessed in simulated normal physiological
media and a simulated tumor intracellular microenvironment,
respectively, in the reported works. To avoid the toxic side
effects on normal cells, the drug release should also be assessed
in normal cells. By tuning the responsive sensitivity of the
conjugation, an exceptional anti-tumor efficacy is expected with
a high drug release in the tumor cells but a very low drug
release in the normal cells, exhibiting an excellent tumor-
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selective drug release. Otherwise, tumor-targeted groups should
be introduced to promote the internalization of the DDSs in the
tumor cells.

Besides the molecular structure of the polyprodrugs, their
aggregation structure should be considered. Especially for the
ones containing DOX or CPT, except for the usually considered
hydrophobic interaction, the n-n stacking between the drug
units might influence the self-assembly structure of the poly-
prodrug nanoparticles, and therefore, affect the drug release
performance. Besides, because the polyprodrugs could degrade
step-by-step to release the chemotherapeutic drugs, their
degree of polymerization might affect the degradation and
drug release rates. Moreover, the degree of polymerization of
the rigid polyprodrug blocks would also influence their aggre-
gation structure, as a result, influencing its degradation and
drug release rates.

Finally, combination chemotherapy by co-administrating
chemotherapeutic drugs has attracted more and more interest
owing to its synergistic/additive action in comparison with the
conventional mono-chemotherapy.*® It can also sensitize the
cancer response to drugs, modulate different signaling path-
ways in tumor cells, and lower each drug dose to reduce
side effects. The design of polyprodrugs containing two kinds
of chemotherapeutic drugs for combination chemotherapy
should be the next promising topic in the field.

6. Conclusions and prospects

Polyprodrugs have been recognized as having promising
potential for carrier-free DDSs in tumor chemotherapy, owing
to their lower premature drug leakage in comparison with the
conventional polymer prodrugs. Their drug release perfor-
mance could be tuned via molecular design, by selecting the
conjugation and linker. Furthermore, the stability of the high
anti-tumor chemotherapeutic agents could be improved in the
form of polyprodrugs. Thus, better anti-tumor chemotherapeu-
tic efficacy could be achieved with all aspects of the molecular
design of polyprodrugs. However, they have a long way to go
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before clinical application, with genuine tumor selectivity.
Besides, their aggregation structure should also be considered
in formulation as nanomedicines. And better anti-tumor effi-
cacy is expected by designing polyprodrugs containing two
kinds of chemotherapeutic drugs for combination chemother-
apy. Such discussions are expected to open new ideas in the
design of novel polyprodrugs for smarter tumor chemotherapy.
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