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Drug delivery systems (DDSs) are of paramount importance to deliver drugs at the intended targets, e.g.,
tumor cells or tissue by prolonging blood circulation and optimizing the pharmaceutical profiles.
However, the therapeutic efficacy of DDSs is severely impaired by insufficient or non-specific drug
release. Dynamic chemical bonds having stimuli-liable properties are therefore introduced into DDSs for
regulating the drug release kinetics. This review summarizes the recent advances of dynamic covalent
chemistry in the DDSs for improving cancer therapy. The review discusses the constitutions of the major
classes of dynamic covalent bonds, and the respective applications in the tumor-targeted DDSs which are
based on the different responsive mechanisms, including acid-activatable and reduction-activatable.
Furthermore, the review also discusses combination strategies of dual dynamic covalent bonds which can
response to the complex tumor microenvironment much more accurately, and then summarizes and
analyzes the prospects for the application of dynamic covalent chemistry in DDSs.

© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Keywords:

Cancer therapy

Drug delivery systems
Dynamic covalent chemistry
Acid-responsive
Reduction-responsive

Published by Elsevier B.V. All rights reserved.

1. Introduction

Drug delivery systems (DDSs) [1] are used to precisely deliver
the drugs at the intended targets to improve the selectivity and
efficiency. Except that, DDSs also play a crucial role in prolonging
the blood circulation by optimizing the pharmaceutical profile [2].
Due to the development of the pharmaceutical industry, drugs can
be classified into different categories, including small molecular
drugs, biomacromolecules (such as proteins, peptides, nucleic
acids) [3,4]. Up to date, various DDSs for cancer therapy have been
designed to efficiently deliver and release the drugs to the targeted
tissues or cells. These targeting systems mostly exploit the
enhanced permeability and retention (EPR) effect of the tumors
[5]. Except that, the overexpressing receptors on the surface of
cancer cell membrane can also be targeted by designing ligand-
functionalized DDSs [6,7]. However, the precise and timely drug
release in the cancer cells or tissues is one of the major barriers for
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DDSs [8]. Premature drug release usually results in severe adverse
effects while insufficient drug release at the targeted sites. The
premature drug release can be reduced by increasing the stability
of DDSs but over-stable DDSs induced deficient drug accumulation
also affects the therapeutic efficiency. The development of the
smart DDSs capable of efficiently and precisely releasing the drug
at the targeted regions is, therefore, a great challenge. Based on
their structures, various DDSs have been designed by conjugating
drugs with antibodies (antibody-drug conjugates, ADCs) [9,10],
small organic ligands (small molecule-drug conjugates, SMDCs)
[11], polymers [12], or non-covalently encapsulating by nano-
particles (NPs) [13], and hybrid nanogels [14]. In ADCs, SMDCs,
polymer-drug conjugates and prodrug-based DDSs, which are
formed by covalent bonds, cleavable linkers play a crucial role for
facilitating drug release at the targeted sites [15,16].

Dynamic covalent chemistry based on the dynamic features of
reversible covalent bonds [17], has been extensively applied in a
variety of areas, such as medicine [18], material science [19], and
chemical biology [20,21]. Dynamic covalent bonds formed under
thermodynamic equilibrium are reversible, tunable, and control-
lable [17]. Generally, the equilibrium can be disturbed by physical/
chemical stimuli (such as temperature, irradiation, and pH), which
indicate the stimuli-responsive properties of dynamic covalent
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bonds. These features can be exploited for designing stimuli-
activatable DDSs [22]. Dynamic covalent bond-based materials
with stimuli-responsive linkers or functional groups (i.e., boronic
acid) can be used as the carriers [23,24] or specific targeting
ligands [25]. Therefore, dynamic covalent chemistry ensures the
development of adaptive, flexible, and stimuli-responsive DDSs,
which remain stable under physiological conditions. By improving
the drug release kinetics, the dynamic covalent chemistry-based
DDSs also can show improved efficiency for cancer therapy.

The dynamic covalent bonds can be generally divided into five
main categories based on the composition of dynamic covalent
bonds, including C—N, C—O0, B-0, S—S, and Se-Se bonds (Fig. 1).
Other frequently used bonds in the establishment of DDSs include
C-Se bonds [26], C-S bonds [27], as well as C—C bonds [28], which
are photoirradiation- or thermo-responsive as they are formed by
the Diels-Alder reaction under irradiation or heat [29,30]. Dynamic
covalent bonds can also be classified based on their responses to
the particular stimuli, such as pH-responsive, reduction-respon-
sive, and irradiation-responsive bonds [31,32]. In this review
article, we will summarize the emerging applications of five
categories of stimuli-responsive dynamic covalent bonds in the
development of DDSs for cancer therapy.

2. Drug delivery systems based on acid-activatable dynamic
covalent bonds

Dynamic covalent bonds can be cleaved under various stimuli,
including acidic conditions. The well-established acidic-responsive
dynamic covalent bonds are imines (C—N), acetals (C—O0), and
boronic ester (B-0). As the comparatively higher lactic acid
concentration and hypoxic conditions in the tumor induce the
acidic microenvironment [33], the acid-activatable dynamic
covalent bond-based DDSs exploit the inherited tumor acidic
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Fig. 1. Main classes of dynamic covalent bonds used in the design of DDSs. (a)
Illustration of stimuli-responsive drug delivery systems; (b) Schematic representa-
tion of hetero-complementary acid-activatable bonds; (c¢) Schematic representa-
tion of self-complementary reduction-activatable bonds; (d) Representative types
of hetero-complementary acid-activatable dynamic covalent bonds; (e) Represen-
tative types of self-complementary reduction-activatable dynamic covalent bonds.

microenvironment for accurate drug release, which might improve
the efficiency of cancer treatment.

2.1. C—N bonds

C-N bonds are the most common type in the dynamic covalent
bonds and can be classified as imines, hydrazones, amides, and
oximes, etc., based on their functional groups. All these linkages are
formed by condensing the respective aldehydes with amines,
including hydroxylamine, hydrazine, etc., and hydrolyzed under
acidic environment. Therefore, the C—N dynamic covalent bonds
are extensively applied in the formulation of acid-activatable DDSs
[34].

2.1.1. Imines (Schiff bases)

Imines, also known as Schiff bases [35-38], are widely used in
chemical synthesis. Imines are one of the most classical and acid-
responsive dynamic covalent bonds, which have been applied as
linkers in acid-responsive DDSs. For example, Nie et al. designed
magnetic nanoclusters (NCs), which were modified with the
antibody against programming death-1 (anti-PD-1 antibody)
through the benzoxic-imine bonds [39]. As the anti-PD-1 antibody
could bind to the effector T cells specifically, therefore the T cells
could be delivered to the tumor site with the antibody-modified
NCs under the guidance of magnetic resonance imaging (MRI). In
the weak acidic tumor microenvironment, the imine bonds were
hydrolyzed and released the ant-PD-1 antibody, which worked
synergistically with the effector T cells for improving the
performance of adoptive T-cell therapy by enhancing the intra-
tumoral accumulation of the effector T cells.

Generally, the imine-containing materials are formed through
the condensation reactions between amino-functional polymer
and aldehyde, and these acid-responsive materials can be used to
encapsulate the payloads in the core of the self-assembled NPs. For
instance, Guan et al. designed an ultrasensitive pH-responsive gene
delivery system, namely P[(GP)D], which was composed of poly-L-
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Fig. 2. Schematic illustration of the imine-based P[(GP)D] NPs. (a) The acid-
responsive mechanism of the Schiff base in P[(GP)D] NPs; (b) The mechanism of the
imine-based P[(GP)D] gene delivery system. Copied with permission [40].
Copyright 2016, American Chemical Society.
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glutamate (PLG) and polyethylenimine (PEI) and then crosslinked
with aldehyde-modified PEG through the imines (Fig. 2) [40]. And
the DNA was loaded in the core of the P[(GP)D] polyplexes through
electrostatic interactions, while the polymer cross-linking shielded
the polyplexes. The cross-linked polyethylene glycol (PEG) not only
improved the stability by shielding the positive charge, but also
extended the circulation time of the NPs. When NPs arrived in the
tumors (acidic tumor microenvironment), the PEG corona was
peeled off rapidly via hydrolysis of the imine bonds, which
enhanced the tumor uptake efficiency by expanding size/charge of
NPs. The prepared polyplexes displayed ultra-sensitivity to the
acidic environment as the particle size and cellular uptake
dramatically changed at pH 6.8. Then the VEGF-targeted plasmid
DNA can be accumulated in the tumor cells to inhibit angiogenesis
in tumor. Therefore, this gene delivery system improved the
antitumor efficiency in vivo.

Similarly, Han et al. constructed a PEGylated polyethylenei-
mine-coated gold NP-based tumor microenvironment-responsive
nanosystem to co-deliver all-trans retinoic acid (ATRA) and heat
shock protein 47 (HSP 47)-targeting siRNA [41]. With the re-
education of pancreatic stellate cells (PSCs) and inhibition of
extracellular matrix hyperplasia by the tumor-targeted NPs, the
microenvironment of pancreatic can be rebuild, which help to
improve the efficiency of chemotherapeutics in pancreatic cancer.
Hu et al. also designed imine-containing aminoglycoside hydrogels
by exploiting the interaction between the aminoglycoside and
aldehyde-functionalized dextran [42,43].

2.1.2. Hydrazones

Hydrazone linkages are relatively more complex than the
imines in structure as they are formed by the condensation of
aldehyde and hydrazine. Hydrazone is also one of the classical
C—N dynamic covalent bonds which are widely applied in the
fabrication of DDSs [44]. Generally, hydrazones are introduced into
the drug conjugates as linkers to provide the acid-activatable
property [45]. Among the ADCs on the market, both Mylotarg
(gemtuzumab ozogamicin) [46] and Besponsa (inotuzumab
ozogamicin) [47] have introduced the hydrazone into the molecule
to conjugate the antibody with ozogamicin. When the ADCs are
uptaked by the tumor cells, the conjugated ozogamicin can be
released in the intracellular acidic microenvironment for tumor
regression.

Except introducing the hydrazone linkage through other
molecules, the hydrazone bonds also can be formed by the
aldehyde/ketone or hydrazine groups that belong to the drug, for
instance, doxorubicin (DOX), which has ketone groups in the
molecular structure, can be used in this way. For instance,
Sedlacek et al. demonstrated a drug delivery system, where the
DOX was conjugated to the polymer backbone via hydrazone
linkage [48], which triggered drug release in the acidic tumor
microenvironment and thus enhanced cellular uptake and
antitumor efficiency. Similarly, Pearce et al. designed a prostate-
specific membrane antigen (PSMA)-targeted hyperbranched
polymer-DOX conjugates through hydrazone linkage [49]. Fur-
thermore, Roncato et al. designed an anti-EGFR antibody
(cetuximab)-functionalized NPs, which used the avidin-nucleic-
acid-nano-assemblies (ANANAS) as the core that can be decorated
by the biotinylated antibody and worked as the carriers of
hydrazone-containing DOX-biotin conjugates (Fig. 3) [50]. As the
ANANAS Nps were decorated by the anti-EFGR antibody, the
cellular uptake of NPs was promoted in the MD-MBA-231 (Triple
Negative Breast Cancer, TNBC) by the EGFR-mediated internaliza-
tion. DOX can be released from the NPs efficiently since the
hydrazone linkage between DOX and pegylated biotin can be
cleaved in the acid environment of lysosomes, which improved the
anti-tumor efficiency of DOX.
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Fig. 3. Schematic illustration of the imine-based anti-EFGR antibody-guided
avidin-nucleic-acid-nano-assemblies (ANANAS). (a) The acid-responsive mecha-
nism of the Biotin-PEG-DOX conjugates; (b) The drug release mechanism of the
hydrazone-based antibody-modified ANANAS. Reproduced with permission [50].
Copyright 2018, Springer Nature.

2.1.3. Amides

Amides are of paramount importance in the C—N covalent
bonds. These bonds are mostly stable and can only be hydrolyzed
in harsh conditions. However, some amide linkers (such as cis-
aconitamide, citraconamide, and maleamide) comprised of deriv-
atives of maleic acid can be acid-responsive, which made them
promising dynamic covalent bonds that can be applied in the acid-
activatable DDSs. For example, Li et al. reported pH-responsive
clustered NPs comprised of acid-labile amide linkage [51]. As the
clustered NPs were formed by polycaprolactone-modified cisplatin
prodrug-conjugated poly(amidoamine) dendrimers through the
connection of 2-propionic-3-methylmaleic anhydride (CDM), the
cisplatin prodrug-dendrimers were therefore released in the acidic
tumor microenvironment and penetrated into the deep tumor
tissue efficiently. With the enhanced uptake by the tumor cells, the
cisplatin can be restored from the prodrug by glutathione (GSH)
reduction to perform antineoplastic activity.

Zhou et al. designed a delivery system (MPV-HOAD) to co-
deliver anticancer drug oxaliplatin (OXA) and a photosensitizer
pheophorbide a (PPa) by combining the maleic acid-derived OXA
prodrug and an enzyme-responsive derivative of PPa. Thus, MPV-
HOAD can be activated by the enzymatic and acidic tumor
microenvironment (Fig. 4) [52]. 2,3-Dimethylmaleic anhydride
(DMMA) was triggered to release OXA prodrug in the acidic
microenvironment. Meanwhile, the PEG shielding layer can be
peeled off with endogenous metalloproteinase-2 (MMP-2), which
can enhance the tumor penetration and cellular uptake with the
reversal of the surface charge of NPs synergistically. OXA can be
released by the reduction with GSH and work together with PPa-
based photodynamic therapy to induce the immunogenic cell
death (ICD) and reprogram the immunosuppressive tumor
microenvironment. Combined with the anti-CD47 antibody
(aCD47), MPV-HOAD can inhibit the primary tumor growth and
suppress distant metastasis of tumor cells efficiently [53,54].

2.1.4. Oximes

Similar to the imines and hydrazones, oximes can also be used
to construct acid-activatable DDSs [55]. For example, O’Brien et al.
designed a method to deliver the nucleic acids into cells efficiently
through the cell surface engineering with nucleic acid/lipid
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Fig. 4. Schematic illustration of the acid-activatable MPV-HOAD NPs. (a) The acid-
responsive mechanism of the maleic amide-containing amide bond-based MPV-
HOAD NPs; (b) The immunoregulation mechanism of MPV-HOAD NPs. Copied with
permission [52]. Copyright 2019, Wiley Publishing Group.
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Fig. 5. Schematic illustration of the cell surface engineering strategy for the gene
delivery. (a) The acid-responsive mechanism of the oxime linkage in the cell
engineering strategy; (b) The mechanism of the cell surface engineering strategy.
Copied with permission [56]. Copyright 2017, American Chemical Society.

nanocomplex by oxime bonds, which might be used for gene
therapy of cancer (Fig. 5) [56]. With the liposome fusion strategy,
the tailoring cell surfaces were engineered by ketone, which can be
interacted with the nucleic acid complex bio-orthogonal lipo-
somes rapidly. Then the lipoplex can be endocytosed and released
the nucleic acids efficiently in the intracellular acid microenviron-
ment of the primed cells. Thus, the nucleic acids can be efficiently
delivered into the primed cells, which provided the new options for
improved cancer treatment.

2.2. C—O0 bonds

Compared to C—N bonds, C—O bonding linkages are
relatively less utilized in the dynamic covalent chemistry due

to their stabilities. C—O bond-based dynamic covalent bonds
can be classified as hemiacetals, acetals, orthoesters, and esters,
etc. Among all, acetals, and orthoesters are acid-responsive
dynamic covalent bonds that can be formed by reversible
nucleophilic reaction with C=0 bonds under acidic conditions,
while esters are so stable that only can be hydrolyzed under strong
acidic/basic condition, and hemiacetals are the intermediates of
acetals as they can convert to acetals under thermodynamic
equilibrium spontaneously. Thus, the acetals and orthoesters are
generally used in the designing of C—O dynamic covalent bond-
based DDSs.

Acetals/ketals are formed by the nucleophilic reactions of
alcohols with aldehydes or ketones, and hydrolyzed in mild acid
conditions, thus can be used as pH-responsive linkers for the
fabrication of stimuli-responsive DDSs [57,58]. For example,
Zhong et al. demonstrated acetals as linkers for the synthesis of
paclitaxel (PTX) prodrug micellar NPs [59,60], in which the
hydroxyl group of PTX was connected with dendritic oligo
glycerol-functionalized hyaluronic acid or PEG-block-poly(acrylic
acid) through the acetal bonds. PTX was released from the prodrug
micellar NPs through the cleavage of acetals under the endosomal
acidic conditions and exhibited the antitumor efficiency. In a
similar study, Guo et al. designed the estradiol-polyketal
conjugates to deliver estradiol [61].

Dextran contains natural acetal groups and multiple
hydroxyl groups which can be used to formulate the acetals,
therefore, can be used as pH-responsive carriers in acid-
activatable DDSs. For example, Bachelder et al. presented
acetal-modified dextran as pH-responsive DDSs [62]. The
modifications of acetals enabled the amphiphilic acetal-dextran
to self-assemble into NPs and then hydrolyzed into the water-
soluble dextran in the acidic microenvironment. Due to its pH-
responsive properties, the acetal-dextran has been applied for
the delivery of nucleic acids [63,64] and proteins [65]. The
cellular uptake also can be enhanced by acetal-dextran-modified
NPs for highly efficiently delivery of payloads. Zou et al
developed a nanomedicine DDSs, so called Ang-RBCm@NM-
(Dox/Lex), by combing pH-sensitive property of acetal-dextran
with red blood cell membranes, which was further functional-
ized with the angiopep-2 for co-delivery of DOX and lexiscan
(Lex) [66]. NPs based on acetal-dextran prolonged the blood
circulation, enhanced blood-brain-barrier penetration, improved
accumulation in tumor, and achieved pH-sensitive drug (Dox and
Lex) release thus improved the antitumor efficiency.

In addition to the synthetic acetal-modified dextran, the
oxidation or reduction products of dextran, i.e., poly(1-
hydroxy-methylethylene hydroxymethyl-formal) (PHF) [67],
can also be used for the preparation of pH-responsive DDSs
owing to the presence of intrinsic acetal groups in the dextran
derivatives. Based on the intrinsic acid-responsive property of
PHF, Mersana et al. designed a series of pH-responsive PHF-
based DDSs of ADCs [68]. Kumazawa et al. also reported an acid-
liable polymeric prodrug by conjugating exatecan with carbox-
ymethyl dextran polyalcohol (CM-Dex-PA, modified dextran)
[69]. Owing to the presence of pH-responsive dextran or dextran
derivatives, the DDSs can acquire long-term retention and
stimuli-responsive drug release in tumor microenvironment
and ultimately enhance the antitumor efficiency. Except dextran,
other polysaccharides, like p-cyclodextrin [70] can also be
modified in a similar manner.

In addition to acid-liable acetal bonds, orthoester bonds have
been exploited for engineering stimuli-activatable DDSs [71,72].
For instance, Yan et al. designed a series of poly(orthoester)-based
acid-responsive drug carriers to deliver chemotherapeutics and
showed satisfying antitumor efficiency in xenograft tumor-bearing
mouse model [73].
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2.3. B-0 bonds

Boronic acid and boronic ester play key roles in the chemical
synthesis as they are the reactants of Suzuki coupling, which are
used to form new C—C bond linkages. Moreover, boronic acids are
extensively used in the molecular recognition and DDSs [74,75]
owing to their ability to undergo reversible reactions with the
Lewis base (like diols). Generally, five or six-membered ring
structure containing boronic ester are formulated through the
interaction between boronic acid and 1,2-diols or 1,3-diols
respectively. As the boronic esters can be hydrolyzed or reformed
under diols and mild acid environment, they are dual-responsive
(acid and diol) dynamic covalent bonds. Therefore, these linkages
are exploited to design acid-activatable and diols-responsive DDSs
[76-81].

The boronic esters are generally formed between the boronic
acids with the 1,2-diols or 1,3-diols structure in saccharides. Based
on this strategy, a wide range of DDSs have been reported [82],
such as the gel-based insulin delivery system which can regulate
the concentration of blood glucose through the reformulation of
boronic ester [83]. Sialic acid as a natural carbohydrate which is
overexpressed on the surface of cancer cells and can interact with
boronic acid-containing compounds or polymers, can be the target
for the tumor-targeting drug delivery systems to improve the
cellular uptake of the therapeutics. A variety of boronic acid-
containing polymers are therefore designed as drug carriers for the
tumor targeting therapy.

In addition to saccharides, boronic acid can also interact with
phenols like catechol [84,85]. Boronic acid-containing molecules,
diols are used to fabricate boronic ester-based DDSs. For example,
Liu et al. designed a kind of polydopamine NPs which was
PEGylated and borate-coordination polymer-coated [86]. PEG was
sheddable in the mild acid tumor microenvironment due to the
presence of boronic ester conjugation in dopamine-modified PEG
containing NPs. Moreover, the interaction between free boronic
acid groups and overexpressed sialic acid further enhanced the
cellular uptake and antitumor efficiency.
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supramolecular nanomedicine. (a) The acid-responsive mechanism of the boronic
ester bond of the polyphenol-BTZ-iron (II) supramolecular nanomedicine; (b) The
composition and drug release mechanism of the polyphenol-BTZ-iron(III)
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Wang et al. designed a new class of supramolecular nano-
medicine by using Bortezomib (BTZ, a boronate proteasome
inhibitor) as the loading drug (Fig. 6) [87]. In this delivery system,
BTZ was conjugated with the catechol-containing natural poly-
phenols via the boronate ester bond. The ferric ions were
incorporated with polyphenol to further stabilize the NPs as well
as to introduce the bioimaging functionality. NPs were degraded
and released the BTZ in the acidic microenvironment of tumor cells
after being endocytosed. The proposed delivery system thus
exhibited the antitumor profile without inducing systematic side-
effects.

3. Drug delivery systems based on reduction-activatable
dynamic covalent bonds

Except the mild acid microenvironment, abundant GSH in the
tumor cell also creates a reduction environment [88] which can be
exploited as stimuli to cleave disulfide and diselenide bonds in
tumor. Therefore, reduction-responsive DDSs based on the
disulfides and diselenide linkages have been established.

3.1. S—S bonds

Disulfides, the well-studied dynamic covalent bonds, which can
stabilize protein structure during protein folding, are ubiquitous in
living bodies. In contrast to imines and acetals, disulfides bonds are
reduction-responsive. Due to their GSH-responsive properties,
disulfides linkages are frequently used for the design of tumor-
targeted DDSs [89-93].

Similar to the other dynamic covalent bonds, disulfides can be
used as cleavable linkers in the drug conjugates or to formulate
stimuli-responsive carriers. Various disulfides linker-based ADCs
are in clinical trials [94]. Due to GSH reduction, the payloads can be
released in the tumor cells. Qi et al. reported a polymer-drug
conjugate of monomethyl auristatin E (MMAE), which used
disulfide as the linker of polymer and MMAE [95]. The mPEG-b-
PGA-coated self-assembled NPs of polymer-drug conjugates were
stable in the normal physiological environment. Upon cellular
uptake, mPEG-b-PGA was dissociated from the core of NPs in the
acid microenvironment of endosomes/lysosomes, and thus re-
leased MMAE. The conjugates displayed improved the antitumor
efficiency in a patient-derived xenograft (PDX) tumor model of
advanced ovarian cancer.

Feng et al. reported a light-inducible nanocargo (LINC) which
was formulated by OXA prodrug and a disulfide-containing
heterodimer that composed of PPa and NLG919 (a potent IDO-1
inhibitor) for combination immunotherapy (Fig. 7) [96]. As the NPs
can accumulate in the tumor via the EPR effect, the first irradiation
in the tumor site would induce the reactive oxygen species (ROS)
generation to trigger the cleavage of the PEG corona, which can
promote the penetration of LINC in tumor. With the interaction of
GSH in the tumor cells, OXA, PPa and NLG919 were restored and
worked together to reverse the immunosuppressive tumor
microenvironment and improve the antitumor efficiency.

The desired cargo also can be conjugated with the biodegrad-
able material by disulfide linkages. Yuan et al. designed a delivery
system by conjugating native antibodies with biodegradable
silica nanoquencher, and further coated with a cell-penetrating
poly(disulfides) [97]. Therefore, the cellular uptake was enhanced
via thiol-mediated pathways and ultimately triggered the release
of the antibody in the tumor microenvironment while escaping the
endolysosomal barriers. Ling et al. also designed a Pt(IV) delivery
system comprising of poly(disulfide amide) polymer and lipid-
modified PEG [98]. In this system, the poly(disulfide amide)
polymer scavenged the GSH in the tumor cells and overcame the
cisplatin resistance.
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3.2. Se—Se bonds

Selenium shares some characteristics with sulfur since both
belong to the same group of the periodic table. However, selenium
is relatively less electronegative due to the larger atomic radius,
which makes diselenide a promising dynamic covalent bond with
lower Se—Se bond energy.

Selenium is an amphoteric element. In a reversible process,
diselenides can be reduced to selenols by GSH while oxidized to
selenic acid by the H,0, or ROS in an irreversible reaction [99].
Owing to stimuli-responsive, such as GSH and ROS-responsive
features in the tumor microenvironment, diselenides have a great
potential in DDSs either as reduction-responsive or the oxidation-
responsive systems. For example, Sun et al. designed a drug
delivery system formulated by the diselenide bond-containing
paclitaxel-citronellol (PTX-CIT) conjugates and DSPE-PEG (Fig. 8)
[100]. When the NPs were uptaken by the tumor cells, the
diselenides can be broken by the highly concentrated GSH or ROS
microenvironment in the tumor cells, which can promote the
release of PTX in the cells, and eventually improve the antitumor
efficiency of the drugs. Compared to other sulfur/selenium/carbon
linkage-based prodrugs, diselenide-containing DDSs showed the
most potent antitumor efficiency as the diselenide bonds can be
cleaved by the oxidation or reduction environment in the tumor
sites. Li et al. reported a co-delivery system of let-7b antisense
oligonucleotide, superparamagnetic iron oxide nanocubes
(SPIONSs), and Simvastatin, in which the diselenide bond was used
as a linker to design a poly-prodrug by conjugating polymers with
Simvastatin [101].

Shao et al. also fabricated a biodegradable mesoporous silica
NPs (MSNs) by introducing a diselenide-containing organosilica
moiety [102]. Cytotoxic RNase A was encapsulated in diselenide-
bridged MSNs to precisely deliver the payload (RNase A) under
redox or oxidative conditions while MSNs exhibited homologous

a Aco, © OH

PTX-R-CIT/
DSPE-PEGz NPs

Difference in
redox responsivity
and antitumor activity

difference in bond
angle/dihedral angle

Fig. 8. Schematic illustration of the formulation of diselenide-bridged PTX-CIT
conjugate nanoassemblies. (a) The dual responsive mechanisms of the diselenide-
bridged conjugate nanoassemblies; (b) The PTX release mechanism of the
nanoassemblies. Copied with permission [100]. Copyright 2019, Springer Nature.

targeting and immune-invasion features due to cancer-cell-
derived membrane coating.

4. Drug delivery systems based on dual dynamic covalent bonds

To achieve accurate drug release at the tumor sites and
improved cancer therapy, dual dynamic covalent bonds-based
DDSs were also explored in last decades. Dual dynamic covalent
bond linkages are capable of undergoing cleavages under various
inherent stimuli of the tumor microenvironment and therefore can
enhance the specificity of DDSs and avoid adverse side-effects.

Feng et al. demonstrated a dual-responsive binary cooperative
prodrug NP (BCPN) drug delivery system, which is comprised of
PEG-modified OXA prodrug and NLG919 dimer (Fig. 9) [103],
where PEG was conjugated with OXA by acid-activatable amide
while core NPs were formed by the NLG919 dimer with the
disulfide linker. In the tumor microenvironment, the IDO inhibitor
NLG919 was released via reduction of the disulfide bonds, where
OXA and NLG919 synergistically function to improve antitumor
efficiency by regulating the immunosuppressive tumor microen-
vironment.

Xue et al. also designed a dual transformability nanotheranos-
tics through the application of hydrazone and imine linkages
(Fig.10) [104]. As both amine and ketone group are present in DOX,
PPa-Hyd-DOX (PhD) dimer can be primely formed by hydrazide-
modified PPa and DOX, and then the PhD dimer can further
crosslink with aldehyde functionalized PEG by imine bonds to
stabilize the NPs. When the NPs were injected into the mice, they
can accumulate in the tumor through the EPR effect, then the NPs
can be depegylated in the mild acid tumor microenvironment for
the acid-activatable imine linkage, the PhD monomer also can
permeate in the deep tumor tissue, not only enhanced the cell
uptake, but can also be applied for the tumor imaging. After the
endocytosis of tumor cells, the drugs can be released and exhibit
the antitumor efficiency. Except that, DDSs can also be designed by
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Table 1

The summary of dynamic covalent bonds-based DDSs.
DDSs Active pharmaceutical ingredient (API) Dynamic covalent bonds Refs.
Acid-responsive DDSs
P[(GP)D] VEGF-targeted plasmid DNA Imine [40]
ANANAS Cetuximab, DOX Hydrazone [50]
MPV-HOAD OXA, PPa Amides [52]
Engineering Cells Nucleic acid complex Oximes [55]
Ang-RBCm@NM-(Dox/Lex) Dox, Lex Acetals [85]
Supramolecule nanomedicine BTZ Boronic ester [87]
Reduction-responsive DDSs
LINC OXA, NLG919, PPa Disulfides [96]
Dual-prodrugs PTX, citronellol Diselenide [100]
Dual-responsive DDSs
Prodrug assemblies OXA, NLG919 Amides, disulfides [103]
Polymer-drug conjugates DOX, PPa Hydrazone, imines [104]

the combination of disulfide and diselenide linkages based on their
different sensitivity to the tumor microenvironment (such as
oxidative and reductive-oxidative microenvironment) [105].

5. Conclusions and perspectives

The development of dynamic covalent chemistry has resulted in
the development of various dynamic covalent linkages with the
remarkable features like adaptability, specificity, flexibility, and
stimuli-responsive capabilities. Up to date, lots of dynamic covalent
bond-based systems have been extensively exploited for controlled
drug delivery, in particular for cancer treatment (Table 1). Compared
with the convenient DDSs with stable chemical structures, dynamic
covalent bond-based DDSs display several distinct advantages. First,
the dynamic covalent bonds can be prepared in a reversible manner
under specific condition, which allows stable drug encapsulation
while controllable drug release of the DDSs. Second, the formulation
of the DDSs can be self-stabilized via the formation of thermody-
namic equilibrium of dynamic covalent bonds. Furthermore, as
most dynamic covalent bonds can be formed in mild conditions, the
dynamic covalent bond-based DDS can be readily engineered for
controlled delivery of biomacromolecules or even living cells. Given
these unique properties of the dynamic covalent bonds, DDSs
formulated with the dynamic covalent bonds can be rationally
designed for improved cancer therapy by promoting tumor
penetration, increasing the cellular uptake and facilitating the
payload release inside the tumor cells.

Despite promising, there are still some challenges for the
clinical translation of the dynamic covalent bond-based DDSs. As
the physiological environment is complicated, low tumor speci-
ficity and insufficient serum stability are two of the major obstacles
for the development of dynamic covalent bond-based DDSs. Up to
date, most of the stimuli-activatable DDSs are designed to be acid
or GSH-responsive, which display unsatisfying tumor specificity
since the acidic and reduction microenvironment are also shared
by the normal tissues/cells. Meanwhile, the dynamic feature of
some dynamic covalent bonds also impairs the serum stability of
the DDSs. For example, the boronic ester-based DDSs can be
exchanged with blood glucose. Therefore, it is of pivotal priority to
develop novel kinds of dynamic covalent bonds with improved
tumor specificity and serum stability for clinical translation of the
dynamic covalent bond-based DDSs.
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