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“Smart” biomaterials that are responsive to pathological abnormalities are an appealing class of thera-
peutic platforms for the development of personalized medications. The development of such therapeutic
platforms requires novel techniques that could precisely deliver therapeutic agents to the diseased
tissues, resulting in enhanced therapeutic effects without harming normal tissues. Among various thera-
peutic platforms, injectable pH-responsive biomaterials are promising biomaterials that respond to the
change in environmental pH. Aqueous solutions of injectable pH-responsive biomaterials exhibit a phase
transition from sol-to-gel in response to environmental pH changes. The injectable pH-responsive hydro-
gel depot can provide spatially and temporally controlled release of various bioactive agents including
chemotherapeutic drugs, peptides, and proteins. Therapeutic agents are imbibed into hydrogels by
simple mixing without the use of toxic solvents and used for long-term storage or in situ injection using a
syringe or catheter that could form a stable gel and acts as a controlled release depot in a minimally inva-
sive manner. Tunable physicochemical properties of the hydrogels, such as biodegradability, ability to
interact with drugs and mechanical properties, can control the release of the therapeutic agent. This
review highlights the advances in the design and development of biodegradable and in situ forming
Received 21st September 2022, injectable pH-responsive biomaterials that respond to the physiological conditions. Special attention has
Accepted 15th December 2022 been paid to the development of amphoteric pH-responsive biomaterials and their utilization in bio-
DOI: 10.1039/d2bm01519f medical applications. We also highlight key challenges and future directions of pH-responsive biomaterials
rsc.li/biomaterials-science in clinical translation.

Introduction

The term “pH-responsive biomaterials” is used to describe
polymeric materials that swell or collapse in response to pH
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onmental pH.'” Such pH-responsive biomaterials possess
acidic or basic functional groups, which can exhibit structural
changes at different pH values. Based on the revolutionary
idea of poly(2-hydroxyethyl methacrylate) gels in contact lens
application, the first pH-responsive biomaterial was syn-
thesized by Professor Kopecek in 1971.*® The success of pH-
responsive biomaterials in therapeutic applications mainly
depends on the surface charge, bioactive ligands, and mechan-
ical cues to the tissue of interest.” Furthermore, biomaterials
should be non-toxic, biocompatible, and slowly bioresorbable
or excreted from the body after performing their roles.®™°
More importantly, these foreign materials should not induce
local inflammation, and their hydrolysis products should not
alter the local pH.""

One of the early examples of biodegradable biomaterials
was developed by our group in collaboration with Professor
Sung Wan Kim in the 1990s.'* This biomaterial is based on
urethane-linked PEO-PLLA-PEO copolymers. The free-flowing
copolymer sols mixed with therapeutic agents at room temp-
erature form a gel depot at the subcutaneous tissue of animal
models. Proteins can be sustainably released from the gel for
several days without inducing inflammation at the injection
point. However, practical application of this biomaterial as an
implantable depot is severely restricted by needle clogging
issues.”® On the other hand, surgical implantation of pre-
formed hydrogel depots often results in tissue fibrosis."* We
elegantly resolved this issue by introducing pH-responsive
functional polymers in the biomaterials."® The formed pH-
and temperature-responsive copolymers not only solved the
clogging issues when implanted into the animals at high con-
centrations, but also formed nanoparticles at low concen-
trations and circulated in the bloodstream and site-specifically
reached disease sites such as tumors or artery occlusion."” The
introduction of pH-responsive characteristics in the copoly-
mers allows the formation of particulate structures only subcu-
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taneously or in deep tissues due to the change in local pH.'*"”
Such pH-responsive copolymers exhibit physicochemical trans-
formation such as swelling, deswelling, degradation and mem-
brane disruption in response to the change in environmental
pH.'®?° The conformational changes in the copolymers are
attributed to the ionizable acidic or basic pendant residues
present in the copolymers.>’** In addition, the presence of
cleavable or labile covalent bonds such as imine, cis-acotinyl,
hydrazone, ketal, acetal and orthoesters in the copolymers con-
tributes to the degradation or physicochemical changes.>*°
Upon exposure of copolymers to the appropriate pH and ionic
strength, the ionization of functional groups in the copolymers
builds up a fixed charge within the copolymers.>”>° This leads
to the generation of electrostatic repulsive forces in the copoly-
mer networks that induce pH-dependent swelling and deswel-
ling in the porous hydrogel network as the water is either
absorbed or expelled."®?°* Owing to these unique character-
istic features, hydrogels have been used in various fields of
medicine, including oncology, immunology, cardiology and
wound healing. The presence of a large volume of water in the
hydrogel network provides structural similarity to biological
tissues as the network is typically soft with a Young’s modulus
of 1 kPa to 1 MPa.***° This gives excellent biocompatibility to
the hydrogels and allows the imbibing of hydrophilic thera-
peutic agents.>®*”

In this review, we describe general strategies used to
develop injectable pH-responsive biomaterials for controlled
delivery applications. We focus on the fabrication of different
pH-responsive biomaterials prepared using either cationic
copolymers or anionic polymers. Special attention has been
given to the state-of-the-art amphoteric pH-responsive copoly-
mers with the intention of designing strategies that hinder
clinical translation and utilization in various biomedical
fields. In the last section, we attempt to provide future direc-
tions and challenges in the clinical development of injectable
pH-responsive biomaterials, including safety considerations,
bulk production and cost control, and how these are
addressed.

Classification of pH-responsive
functional polymers

Among various stimuli-responsive polymers, pH-responsive
polymers are an important class of functional polymers that
exhibit physicochemical changes such as solubility, chain con-
formation and surface properties in response to changes in
environmental pH.**?° The term pH-responsive polymers indi-
cates polymers having ionizable basic or acidic residues that
can accept protons or release protons in response to changes
in pH.*> These polymers usually possess acidic functional
groups like carboxylic acids, sulfonic acids, and phosphates in
the side chains or basic tertiary groups in the pendant or side
chains.*** The solubility and chain conformation of pH-
responsive polymers can also be modulated using solvents and
electrolytes.”* In addition, changes in colloidal properties such
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as chain extension or collapse of polymer chains, flocculation
and the precipitation of copolymers occur in response to
environmental pH changes.”* The pH-responsive properties
can also contribute to the self-assembly of the copolymers,
which leads to the formation of micelles, vesicles, and nano-
gels.*” In addition, the pH-sensitive properties of the copoly-
mers allow hydrophilic and hydrophobic phase separation and
the polyelectrolyte nature of copolymers to be tuned.*®
Therefore, pH-responsive copolymers with varying pK, values
ranging from pH 1 to 14 have been prepared. Based on the
applications, pH-responsive copolymers with suitable ioniz-
able functional groups have been prepared. In addition to syn-
thetic pH-responsive polymers, natural polymers such as chito-
san, alginate and hyaluronic acid have been studied because of
their pH-responsive characteristics.*’

pH-Responsive acidic polymers

A pH-responsive acidic polymer consists of weak acids in the
side chain of polymers (Fig. 1). At high pH, pH-responsive
acidic polymers lose acidic protons and form anionic polyelec-
trolytes.*® On the other hand, carboxylic acid groups accept
protons at low pH and form an uncharged polymer as the acid
groups remain unchanged.*® Thus, pH-responsive polymers
gain polyelectrolyte nature based on their pK, values. The
change in the ionic and non-ionic transition of pH-responsive
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Fig. 1 Chemical structure of pH-responsive anionic polymers.
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polymers allows their hydrophobic and hydrophilic nature in
aqueous solutions to be tuned. Thus far, numerous pH-respon-
sive acidic polymers have been developed. Among them, poly
(acrylic acid) has been extensively used. In addition to the poly
(acrylic acid) polymers, pH-responsive polymers with sulfonic
acid groups exhibit sharp pH sensitivity and swelling.>®

pH-Responsive basic polymers

pH-Responsive basic polymers usually possess amine func-
tional groups in the main backbone or side chain of the
polymers.”* > These weak polybases accept protons at low pH
and donate protons at high pH to yield polyelectrolytes. The
chemical structures of representative pH-responsive weak poly-
bases, including poly(acrylate)- and poly(vinyl)-based polymers
containing primary, secondary, and tertiary amine groups, are
shown in Fig. 2. In particular, the poly(dimethylamino)ethyl
methacrylate (PDMA) polymer has extensively been used in
biomedical applications because of its dual-sensitive nature to
both pH and temperature.>**® In addition, the ionizable ter-
tiary amines in the PDMA polymer can effectively bind with
negatively charged therapeutic drugs, peptides, growth factors,
and proteins and release them under basic conditions.

Although these polymers exhibit sharp pH-responsive struc-
tural changes, the non-degradable nature of poly(acrylate)-
derived weak bases limits their applications. Therefore,
researchers have focused on the development of biodegradable
pH-responsive copolymers. The classic example of a bio-
degradable cationic polymer is poly(p-aminoester) (PAE). PAE
is often synthesized by the Michael-addition reaction between
primary or secondary amines and diacrylate derivatives.® PAE
exhibits a sharp amphiphilic to hydrophilic phase transition at
~pH 6.5. More importantly, PAE polymers are non-toxic to
various cell lines and biodegrade without inducing inflam-
mation at the implantation site.
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Fig. 2 Chemical structure of pH-responsive cationic polymers.
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pH-Responsive amphoteric polymers

Both pH-responsive acidic and basic polymers exhibit a pH-
responsive phase transition at high pH and low pH, respect-
ively. However, these polymers are capable of imbibing either
cationic or anionic therapeutic agents depending on their
surface properties. Interestingly, amphoteric pH-responsive
polymers fused with both acidic and basic polymers, which
resulted in good swelling in both acidic and basic media.””
Attempts have been made to develop hybrid amphoteric poly-
mers, composed of both synthetic and natural polymers. For
instance, chitosan-, alginate-, hyaluronic acid- and starch-based
semi-interpenetrating network hybrids have been developed by
combining synthetic and natural polymers and the improve-
ment in physical and chemical properties was verified.’®
However, some of the semi-interpenetrating network hybrids
consist of non-degradable polymers like polyacrylamides and
polyacrylates and this limits their application in clinics.

In our research group, we developed innovative bio-
degradable amphoteric copolymers like poly(urethane amino
sulfamethazine) copolymers and hyaluronic acid-g-poly(amino
urethane) copolymers, which could form cationic and anionic
hydrogels in response to the change in pH (Fig. 3).>° The
amphoteric copolymers have the ability to load both cationic
and anionic therapeutic agents and show good biodegradation
in vivo.

One specific class of polymers that could be considered
amphoteric polymers is proteins. Thanks to their intrinsic fea-
tures, proteins possess both positively and negatively charged
groups which allow proteins to respond to pH variation in
both acidic and basic media.®® In particular, amine and car-
boxyl groups in the protein backbones will sequentially trans-
form from the ionized to the neutralized state or vice versa.
This switch between the two states involves an isoelectric point
(pI) of protein which makes up the electrical charge value of
proteins in total. Based on the pI value of a certain protein,
proteins will have different responses at different pH levels,
resulting in multiple applications that can be applied to bio-
medical applications.
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Fig. 3 Chemical structure of pH-responsive amphoteric polymers.
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Biomedical application of pH-
responsive injectable hydrogels

A pH-responsive injectable hydrogel is a form of in situ-
forming hydrogel depot upon injection into different microen-
vironments (e.g., tumors or other normal tissues).®* It is well
known that tumor tissues exhibit low pH characteristics due to
the high rate of anaerobic glycolysis.®®> As a result, the extra-
cellular pH of tumor tissues is often more acidic than that of
normal tissues. Therefore, pH-responsive injectable hydrogel
precursors with suitable functional groups can induce a sol-to-
gel phase transition due to the association of these functional
groups. The stability of the implanted hydrogel is controlled
by the internal pH and ionic strength changes. Furthermore,
the internal pH can influence the microporous structure and
the degree of swelling of the implanted hydrogel. These factors
can influence the rate of diffusion and release of the encapsu-
lated therapeutic agents.

pH-Responsive injectable hydrogels
for protein delivery

Injectable pH-responsive hydrogels are an important class of
biomaterials in which a free-flowing sol transforms into
immovable semisolids upon administration into warm-
blooded animals.®® The classic example of biodegradable pH-
responsive injectable hydrogels is PAE. In general, PAE-based
copolymers are prepared by the Michael addition reaction
between diacrylates and diamines. In our group, we developed
a PAE-PEG-PAE triblock copolymer using 4,4'-trimethylene
dipiperidine (TMDP) and PEG-diacrylate.® The PAE-PEG-PAE
copolymer without hydrophobic segments effectively dissolved
at low pH and transformed to a stable viscoelastic gel upon
raising the pH and temperature. The PAE-PEG-PAE copolymer
showed good mucoadhesion with mucin derived from pig
stomach. The mucoadhesive property was verified by mixing
the copolymer and mucin and the viscosity of copolymer-
mucin mixtures was examined. The viscosity of the mixture
increased as the copolymer concentration increased (from
2.5 wt% to 5.0 wt%) to a fixed mucin concentration (10 wt%).
This is due to the increased interactions between the copoly-
mer and mucin. The PAE-PEG-PAE copolymer developed in
this study was shown to be rapidly biodegradable (~7 days)
and hence this limits its application in sustained delivery.

To improve the stability of PAE-based copolymers, poly
(ester)-based copolymers are introduced into PAE copoly-
mers.®® The modified PAE copolymer was prepared by the
Michael-type reaction of acrylate-PCL-PEG-PCL-acrylate,
piperazine and hexane diacrylate (Fig. 4). The obtained copoly-
mers exhibited a good sol to gel phase transition. This is
mainly due to the ionization of the PAE segment in the copoly-
mer at low pH. The hydrophobic and hydrophilic balance in
the copolymer can be easily tuned to control the sol to gel
phase transition that can cover physiological regions. The

Biomater. Sci, 2023, 1,1948-1961 | 1951
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Fig. 4 (a) Synthesis route to prepare pH-responsive cationic pentablock copolymers. (b) lonization of a cationic polymer at low pH and its inter-
action with anionic residues of insulin. (c and d) Schematic illustration of an insulin-loaded pH-responsive hydrogel and its sustained release charac-
teristics.®® Reproduced from ref. 65 with permission from Elsevier Limited, Copyright 2008.

obtained pentablock PAE-PCL-PEG-PCL-PAE copolymer exhibi-
ted a pH- and temperature-responsive sol-to-gel phase transition
and was effectively loaded with insulin due to the possible ionic
interaction with cationic PAE segments. An insulin-loaded
hydrogel depot can effectively sustain its release due to the con-
trolled degradation of PAE. Precisely, the hydrogel depot
released insulin in a sustained manner for 30 days.
Nevertheless, the high hydrophobicity of copolymers, due to the
presence of PCL, requires a long time for them to be completely
eliminated from the body or surgical removal of implanted
depots is needed at frequent intervals. This limits the appli-
cation of pentablock copolymers in the clinic. Therefore, the
development of injectable hydrogels that can deliver therapeutic
agents in a sustained manner and are biodegraded after per-
forming their role as controlled delivery depots is needed.

In an attempt to develop a suitable delivery platform, we
synthesized a poly(urethane) and poly(amidoamine) series
with different molecular weights ranging from 4 kDa to 20 kDa
for the sustained delivery of bioactive agents.®®"®® These copo-
lymers show a sharp pH- and temperature-responsive sol-to-gel
transition and can effectively imbibe therapeutic proteins by

1952 | Biomater. Sci, 2023, 11,1948-1961

simple mixing. However, the slow biodegradable properties of
poly(urethane) and poly(amidoamine) require surgical removal
of the hydrogel depot after a certain time. Therefore, we com-
bined the slow degradability of poly(urethane) and rapid
degradability of PAE to obtain a novel pH-responsive polymer,
poly(B-aminoester urethane) (PAEU) copolymer.®® The PAEU
copolymers, composed of degradable urethane and a pH-sensi-
tive tertiary amine, are synthesized by Michael addition
polymerization. The presence of cationic amine groups
strongly interacts with anionic proteins via strong electrostatic
interactions. Furthermore, the strong interactions are further
strengthened by the hydrogen bonding interaction between
proteins and urethane bonds. A series of PAEU copolymers
with a varying molecular weight have been developed by con-
trolling the feed ratio of PEG and PAE and HDI units.
Regardless of the molecular weight, the PAEU copolymers exist
as free-flowing sols at low pH (pH 6.0) owing to the ionization
of PAE, which leads to electrostatic repulsion between PAEU
copolymers and allows the copolymers to flow. Interestingly,
when the pH was raised to the physiological condition, deioni-
zation of PAE units transforms hydrophilic units to hydro-

This journal is © The Royal Society of Chemistry 2023
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phobic units and develops strong inter- and intramolecular
interactions resulting in strong gelation. The free-flowing
PAEU copolymers at low pH could form strong ionic inter-
actions with hGH. Upon subcutaneous administration, the
hGH-loaded PAEU copolymers form a hydrogel depot. The
implanted hydrogel depot releases the hGH protein in a sus-
tained manner for 3 days with good control in the initial burst.
Furthermore, Singh et al. prolonged the release of hGH for 5
days by developing PAEU hybrids.”® In this study, hGH was
first incorporated into the interlayers of cationic layered
double hydroxides (LDH) and then loaded into the PAEU copo-
lymer sols at low pH. The pH- and temperature-responsive pro-
perties of PAEU copolymers were not affected by LDH incor-
poration. As a result, the PAEU hybrids formed stable hydrogel
depots in the subcutaneous layers of warm-blooded animals
and released hGH for 5 days.

The pH-responsive poly(urethane), poly(amidoamine), PAE
and PAEU can rapidly alter the pH of surrounding sites as they
degrade at acidic or basic pH. In an attempt to neutralize the
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local pH of the implantation site, we fabricated a pH-respon-
sive poly(amino carbonate urethane) (PACU)-based injectable
hydrogel to control the release of hGH and avoid degradation-
related local pH change (Fig. 5).”' The PACU copolymers
exhibited a sol-to-gel phase transition that covered the physio-
logical window. In vivo biodegradation studies demonstrated
the good biodegradation property of the PACU hydrogels
without developing inflammation at the injection site. hGH-
loaded PACU copolymer sols become stable right after sub-
cutaneous administration and release effective therapeutic
level hGH for 4 days.

In addition to PAE-based cationic polymers that could effec-
tively control the release of cationic polymers, polypeptides
have also been used to develop cationic copolymers by appro-
priate functionalization of amino acid functional groups. We
demonstrated the development of pH-responsive polypeptide-
based copolymers for the controlled release of hGH (Fig. 6).”>
Firstly, a PBLG-PEG-PBLG triblock copolymer was developed
and substituted with diamines to obtain pH-responsive copoly-
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Fig. 5 (a) Synthesis route to prepare pH-responsive PACU copolymers. (b) Schematic illustration of the formation of pH-responsive hydrogels in the
subcutaneous layers of rats and the sustained release of hGH to blood circulation. (c) Sol-to-gel phase transition of pH-responsive PACU copolymers
as a function of pH and temperature. (d) Pharmacokinetic profile of hGH measured after subcutaneous implantation of hGH-loaded PACU hydro-
gels.”* Reproduced from ref. 71 with permission from Springer Nature Limited, Copyright 2016.
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Fig. 6 (a) Synthesis route to prepare pH-responsive PNLG copolymers. (b) Schematic illustration of the formation of pH-responsive hydrogels in the
subcutaneous layers of rats and the sustained release of hGH to blood circulation. (c) Sol-to-gel phase transition of pH-responsive PNLG copolymers
as a function of pH and temperature. (d) Pharmacokinetic profile of hGH measured after subcutaneous implantation of hGH-loaded PNLG hydro-
gels.”? Reproduced from ref. 72 with permission from The Royal Society of Chemistry, Copyright 2017.

mers. The PNLG-based copolymers showed good solubility at
low pH and the ionized PNLG copolymers could interact with
hGH via electrostatic interactions. The polypeptide copolymer
could form a gel in vivo and release hGH for one week. In
another study, amine containing sulfamethazine was substi-
tuted into the triblock copolymer to obtain an anionic poly-
peptide.”® The peptide copolymers exhibited solubility at high
pH and formed a hydrogel at the physiological pH. Such
characteristics allowed cationic protein to be loaded into the
hydrogels. Cationic lysozyme was mixed into the anionic copo-
lymers and the gel depot formed in the subcutaneous tissue
released the protein over 7 days. In another work, an anionic
copolymer hydrogel based on poly(sulfamethazine carbonate
urethane) (PSMCU) was developed for the controlled release of
cationic proteins. The PSMCU copolymer was found to be non-
toxic and completely biodegradable in 5 weeks. Lysozyme-
incorporated PSMCU copolymers formed a depot in vivo and
controlled the release of lysozyme.

Beside synthetic polymers, natural polysaccharides have
been widely engineered and applied for pH-sensitive hydrogels

1954 | Biomater. Sci, 2023, 11, 1948-1961

as well.”* In this manner, polysaccharides are often modified
or decorated by pH-responsive linkages and/or side groups
along the biopolymer chains. For instance, Qi et al. exploited
the tunable behavior of the sulfonic acid group with variation
of the environmental pH.”> Salecan as a microbial polysacchar-
ide platform was grafted with poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) that contained sulfonic acid
moieties. The pK, value of Salecan-g-PAMPS hydrogel was
approximately 1.5 and the associating ionization and protona-
tion were clearly revealed at pH 1.2. To be more specific, the
protonation of sulfonic anions to form -SO;H groups at lower
pK, point augmented H-bonding between protonated sulfonic
acid groups and hydroxyl moieties along salecan chains,
resulting in a highly restricted polymer matrix and low water
capture. On the other hand, higher pH conditions demon-
strated an increment in swelling ratio and capture capability,
which can be explained by the deionization into -SO;™ facili-
tating hydration and the electrostatic repulsions among highly
negatively charged groups. For protein delivery, insulin release
was greatly increased in a neutral environment (pH 7.4), simu-

This journal is © The Royal Society of Chemistry 2023
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lating normal tissue, as opposed to being markedly decreased
under acidic conditions (pH 1.2), such as those found in the
human stomach. In parallel, hyaluronic acid was also tailored
by oxidizing the polysaccharide chains to introduce aldehyde
groups and further modified using 3,3’-dithiobis (propanoic
dihydrazide).”® Analogous results showed that hydrogels had a
lower size at low pH compared to high pH medium. This
phenomenon is associated with the ionization of the HA
matrix, especially the dynamic recombination of acylhydrazone
bonds. Thanks to its dual stimuli-responsiveness (redox and
pH), the hydrogel system offered shape recovery and self-
healing properties that have potential applications for various
biomedical purposes.

pH-Responsive injectable hydrogels
for cancer therapy

In situ forming injectable hydrogels with pH-sensitive pro-
perties have promising potential in cancer therapy. The exist-
ence of a pH gradient in tumor tissues is a hallmark of cancer;
the extracellular pH of tumor tissues ranges from 5.7 to 7.8,
whereas the extracellular pH of normal tissue is 7.4.”””® More
importantly, the pH value of cancer cells is found to be
5.4-6.0. Therefore, the pH gradient allows various pH-respon-
sive biomaterials to be developed for chemotherapeutic drug
release applications. In general, drug-loaded pH-responsive
biomaterials can show slow or no drug release to normal
tissues, and the drug release is triggered under acidic pH
conditions.

Pioneering work on biodegradable, pH-responsive sulfa-
methazine-based copolymers has been proposed in our labora-
tory for the controlled release of anticancer agents. The pH-
responsive biomaterials were developed by simply conjugating
oligo sulfamethazine (OSM) derivatives to the chain-ends of
PCLA copolymers.”® The pentablock copolymers obtained in
this way exhibited a phase transition upon altering the pH and
temperature. The major reason for the change in the sol-to-gel
transition is the ionization of the sulfonamide functional
group at high pH, and subsequent deionization upon injection
under physiological conditions. Subcutaneously implanted
pH-responsive copolymers formed drug-eluting hydrogel
depots. Paclitaxel (PTX), an antineoplastic drug that induces
an anticancer effect by binding to the tubulin inhibitor was
loaded into the pH-responsive copolymers and the anticancer
properties were examined by subcutaneous injection into the
mice implanted with tumors. The PTX-loaded pH-responsive
hydrogel eradicated the tumor effectively by single sub-
cutaneous injection.

In another work, sulfamethazine-based pH-sensitive
anionic hydrogels have been used to treat hepatocellular carci-
noma. In this study, poly(urethane sulfide sulfamethazine)
(PUSSM) was used as an anionic block that was copolymerized
with PCLA copolymers.®® The anionic PCLA-PUSSM copoly-
mers were found to be soluble at high pH (pH 8.5) and solidi-
fied at the physiological pH (pH 7.4). The anthracycline-based

This journal is © The Royal Society of Chemistry 2023
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chemotherapeutic drug, doxorubicin (DOX), was loaded into
the hydrogels via the combination of both hydrophobic and
n-7 interactions between DOX and sulfamethazine. The strong
interaction of DOX with sulfamethazine effectively inhibited
the burst release and sustained the drug release. The DOX-
loaded copolymers were intra-arterially infused into the hepa-
tocellular carcinoma rabbit model using a microcatheter. The
tumor acidic pH conditions allow a hydrogel to form for che-
moembolization and effectively inhibit the tumor growth. In
other work, anionic pH-responsive PEG-PUSSM copolymers

After injection

(b)

(c) After 1 day After 9 days After 32 days
) (8) g ©

Fig. 7 (a) Schematic illustration of renal vessel embolization using pH-
responsive PEG-PUSSM copolymers. (b) Digital subtraction angiography
images before and after embolization at different time points. (c)
Appearance of embolized kidney after injection using pH-responsive
copolymers.®? Reproduced from ref. 82 with permission from The Royal
Society of Chemistry, Copyright 2016.
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were fabricated as a suitable embolic agent for vascular embo-
lization (Fig. 7).*"® The PEG-PUSSM copolymer with the
radiopaque contrast agent iohexol showed a sol-gel transition
when decreasing the pH of the copolymer solution from 8.5 to
7.4. Embolization of the PEG-PUSSM copolymer in rabbit
kidney showed the occlusion of arteries, which led to ischemic
changes in renal tissues. Among various types of pH-sensitive
copolymers, anionic poly(sulfamethazine)-based hydrogels
exhibited good adhesive properties (Fig. 8).* This allowed
healing of the cutaneous wounds.

Physically entrapped chemotherapeutic drugs often diffuse
out from the hydrogel network based on its degradation. The
degradation pattern of the hydrogel network determines the
release profile of encapsulated drugs. Nevertheless, chemical
cross-linking of the chemotherapeutics within the hydrogel
network can effectively inhibit the premature drug release and
therefore the release rate can be determined based on the
chemical linkage between the drug and the hydrogel network.
Chemotherapeutic drugs linked by non-degradable bonds
require the degradation of hydrogel networks to release drugs.
Interestingly, drugs linked by labile linkages such as disulfide,
ketal, enzyme and azo linkers can trigger the release of drugs
upon exposure to appropriate stimuli. Recently, we developed
low-pH triggered delivery of tumor-targetable DOX for the
treatment of hepatocellular carcinoma.** To develop the
pH-responsive hydrogel network, DOX was conjugated with
glucuronic acid and cross-linked with boronic acid cross-
linked PCLA copolymers. The boronate ester formed between
PCLA and DOX shows pH-dependent assembly and disassem-

Q Pi-Pi interaction

% Hydrophobic interaction
(Hydrogen bonding)

&

Tissue adhesive
@
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bly behavior. Under physiological conditions, DOX was effec-
tively coordinated with the network and triggered release at
low pH. To examine the antitumor effect, pH-responsive copo-
lymers were subcutaneously administered into the HepG2 liver
tumor xenograft, which effectively suppressed the tumor
growth.

In addition to synthetic polymers, polypeptide-based hydro-
gels are also often employed as local drug delivery depots
because of their structural tunability and biocompatibility. A
study was conducted by Raza et al. to investigate the capability
of chemotherapeutics by exploiting pH-responsive peptide
hydrogels as a platform.®®> Here, a pH-sensitive octapeptide
FEFEFRFK was used as a polymer matrix to encapsulate pacli-
taxel. At neutral pH, the phenylalanine-based peptide formed
a three-dimensional architecture via self-assembly. On the
other hand, the hydrogel tended to disassemble in the acidic
pH environment of tumors, which governed the burst release
of PTX within the treated site. In vivo studies still demon-
strated sustained retention up to 96 h and an increment in
accumulation of the drug at tumor sites, which eliminated
tumor growth and reduced side effects.

Biomedical usage of pH-responsive
amphoteric polymers
Unlike traditional pH-responsive polymeric biomaterials that

respond to either acidic or basic conditions, we prepared dual-
ionic or amphoteric copolymers (e.g., poly(urethane amino sul-

Sustained DNA delivery

Wound healing

RNLY L

hall |

Fig. 8 Chemical structure of the PUSMA copolymer and its application in bioadhesive, sustained release and wound healing.®* Reproduced from

ref. 83 with permission from The American Chemical Society, Copyright 201
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Fig. 9 (a) Chemical structure of dual-ionic pH-responsive copolymers under acidic and alkaline pH conditions. (b) Charge switching of dual-ionic
pH-responsive copolymers under low- and high-pH conditions. (c) Closed-loop reversible sol—gel-sol phase transition behavior of dual-ionic pH-
responsive copolymers in which biological drugs can be mixed under either acidic or basic pH conditions and injected into the body. (d) The charge
switching of the copolymer under acidic and basic pH conditions and its ability to interact with appropriate proteins. Under physiological conditions,
the pH-responsive copolymers form a hydrogel network and release the biologics in a sustained manner.>® Reproduced from ref. 59 with permission

from The Royal Society of Chemistry, Copyright 2012.

famethazine)) through fusion of cationic and anionic copoly-
mers (Fig. 9).>° Owing to the amphoteric characteristics of the
copolymers, the resulting particulate network allows encapsu-
lation of both anionic and cationic therapeutics. At high copo-
lymer concentrations (~20 wt%), the amphoteric copolymers
showed closed-loop sol-gel-sol phase transitions, although
reversible, in response to changes in pH and temperature with
controllable gel regions under physiological conditions. The
free-flowing copolymer solutions, under either acidic or basic
conditions, mixed with human growth hormone (hGH) were
easily administered into the animal models using small
needles. The hGH-loaded viscoelastic gel formed in the sub-
cutaneous tissue controllably released hGH without deterio-
ration of the native structure, which implied the biocompat-
ibility of the formed network. The dual-ionic copolymers have
also been successfully used to regulate the microenvironment
of ischemic regions.®® At high pH (~pH 8.0), the copolymer

This journal is © The Royal Society of Chemistry 2023

exhibited negative charge and formed ionic complex micelles
with a positively charged chemoattractant molecule, stromal
cell-derived factor-la (SDF-1a). Systemic administration of
ionic complex micelles in a stroke-induced rat model effec-
tively prolonged circulation in the bloodstream. The hydro-
philic PEG present in the copolymers provided stealth charac-
teristics to the ionic complex micelles, which allowed long-
term circulation. On the other hand, in the infarct region
(~pH 5.5), the copolymer attained positive charge and site-
specifically delivered SDF-1a due to the electrostatic repulsion.
The controlled delivery, low cytotoxicity, degradability in vivo
and easy injectability through subcutaneous or intravenous
mode suggest that the dual-ionic or amphoteric pH-responsive
copolymers could be promising biomaterials to not only
deliver therapeutic agents, but also regenerate tissues. The
charge switchable dual-ionic characteristics of the copolymers
were also exploited in polyelectrolyte multilayer assembly

Biomater. Sci, 2023, 11, 1948-1961 | 1957
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through iterative adsorption of complementary materials. For The positively charged copolymer at low pH was coated on
instance, the dual-ionic copolymer was used as a triggering microneedles, and the complementary pair used in this
layer in polyelectrolyte multilayer assembly on microneedles.’”  coating was heparin. After the formation of several layers, DNA

HA shell
» Non-immunogenic

» Colloidal stability

» Highly water soluble
» Improve adhesion at the skin

PAEU

» Biodegradable

» pH and temperature

» Facilitate rapid gelation at the
body condition (pH 7.4, 37 °C)

- v
HA DOX HA-PAEU

Fig. 10 Working principle of IBGs and the sustained release of DOX to effectively infiltrate into the adjacent tumor tissues.®® Reproduced from ref.
88 with permission from The Royal Society of Chemistry, Copyright 2019.

HSA
i. Induces fatty acid binding
ii. Non-immunogenic

.,-‘iJox-PA
< i. Degrades uric acid crystals
ii. Effectively cures hyperuricemia

PAEU S

i. pH-and temperature-sensitive

ii. Enables Uox-loading

iii. Induces ionic interaction

iv. Form mesh network at physiologica
conditions (pH 7.4, 37 °C)

@~ Uox-PA

N PAEU ofllric acidﬁdi - s
< egradation
Human serum albumin

Fig. 11 Schematic illustration of formation of a Uox-loaded HSA—PAEU hydrogel depot in hyperuricemia mice. Sustained release of Uox from the
hydrogels completely hydrolyzes the uric acid crystals.®® Reproduced from ref. 89 with permission from Elsevier Limited, Copyright 2017.
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vaccine-bearing polyplexes were loaded through ionic inter-
actions. The cutaneous implantation of DNA vaccine-loaded
microneedle arrays in mice generated antigen-specific robust
immune responses. These findings suggest that the dual-ionic
characteristics of pH-responsive copolymers can be exploited
in versatile biomedical applications.

The development of pH-responsive amphoteric copolymers
by the combination of natural and synthetic polymers could be
an interesting approach as the combination minimizes
various issues like toxicity and non-biodegradability. An in situ
forming injectable biogel (IBG) based on hyaluronic acid-
PAEU was used for the controlled delivery of chemotherapeutic
agents (Fig. 10).%® The hydrophilic hyaluronic acid
effectively covers the PAEU and forms a soft hydrogel network.
The soft texture facilitates the adhesiveness and effectively
integrates with the subcutaneous tissues, which are biore-
sorbed after 4 weeks. DOX-loaded IBGs controlled the drug
release and prolonged the release for 4 weeks. DOX-loaded
IBGs were subcutaneously implanted adjacent to the B16/OVA
melanoma xenograft and showed effective inhibition of tumor
growth. Similarly, we conjugated PAEU copolymers site-specifi-
cally to the sulfhydryl group containing human serum
albumin (HSA) (Fig. 11).%° The HSA-PAEU conjugates can
effectively improve the circulation half-life of uricase enzyme,
a recombinant biological drug. Subcutaneous administration
of uricase-loaded HSA-PAEU hydrogels improved the circula-
tion half-life of enzymes. HSA-PAEU hydrogels implanted in
the subcutaneous layers of hyperuricemia mice prolonged the
release of uricase and normalized the uric acid level in the
serum.

By their inherent pH-responsiveness, proteins have been
recognized as potential candidates for smart hydrogels. A
facile design for pH-sensitive hydrogels was reported by Koga
et al., in which 4-arm PEG was grafted with peptide segments
via a thiol-maleimide click reaction.®® The oligopeptides were
synthesized by alternating hydrophobic leucin and ionic gluta-
mic acid and terminated using cysteine. In the minimum
0.5 wt% aqueous solutions, the hybrid star-shaped polymers
showed excellent cytocompatibility and a reversible $-sheet to
random coil transition. The self-assembly of this star-shaped
polymer is of interest as it demonstrates outstanding shear-
thinning and self-healing behaviors for injectability.
Furthermore, the ionizable blocks of glutamic acid can rapidly
adapt to pH change and serve as a desirable polymeric scaffold
in response to a pH-oscillation system, which promises great
potential for diverse applications.

Conclusion and future perspectives

The last two decades have witnessed enormous exploration of
stimuli-responsive biomaterials and their utilization in
materials science, nanobiotechnology and pharmaceutics.
Despite the efforts and booming number of publications, very
few technologies have been commercialized and several
others are in the early stages of clinical trials. By using

This journal is © The Royal Society of Chemistry 2023
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stimuli-responsive biomaterials, on-demand drug release with
a high level of control is possible. An ideal stimuli-responsive
system can precisely control the drug release in response to
stimuli.

Among various stimuli-responsive copolymers, pH-respon-
sive polymers have been proved to exhibit outstanding pro-
perties as biomaterials. The unique characteristics of dual-
ionic pH-responsive biomaterials and their subsequent proces-
sing as hydrogels or nanoparticulate structures could be uti-
lized to load biological drugs. Such bioengineered structures
are applicable to a variety of biological drugs that require con-
trolled delivery. Simple mixing of biological drugs with copoly-
mers allows the formation of particulate networks and the sub-
sequent release of the drugs, which may unlock the possibility
of adapting biological drugs to therapeutic applications.
Owing to their elegance and simple operation techniques,
dual-ionic pH-responsive biomaterials may be applied to
deliver highly immunogenic biological drugs that have failed
in clinics. Therefore, we anticipate that pH-responsive bioma-
terials with superior properties may mitigate the shortcomings
of biological drugs and contribute to the development of novel
biological drugs. Current research mainly focuses on the deliv-
ery of single drug with high-level control of on-demand drug
release. Although few reports demonstrated the release of mul-
tiple drugs, obtaining the release of different molecules with
different release patterns remains a major challenge. The
development of a suitable approach to reload the exhausted
hydrogel depot using the same or other suitable drugs could
be a useful approach. Fortunately, recent advances in bioma-
terials and the fundamental understanding of medicines offer
several possibilities to fabricate an omni-potent hydrogel-
based delivery system. Such hydrogel systems improve the
efficacy of therapeutics and reduce the product cost, which
eventually improve human health care. In addition to the con-
trolled delivery, the tunable mechanical properties of pH-
responsive polymeric biomaterials can also be exploited in
tissue engineering applications. In the near future, we hope to
see more biomaterial products on the market that are fabri-
cated using pH-responsive biomaterials.
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