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Abstract

The coexistence of anions and cations in zwitterionic hydrogels results in electrostatic interactions between the
polymer chains. This structure endows zwitterionic hydrogels with higher ion sensitivity and promising properties,
such as anti-polyelectrolyte and thermosensitive effects. Hydrophilic groups on the molecular backbone give
zwitterionic hydrogels good biocompatibility, and they effectively resist the non-specific adsorption of proteins.
The abundant functional groups on the molecular skeleton also facilitate the chemical modification of zwitterionic
hydrogels. In recent years, these excellent properties have made zwitterionic hydrogels broadly interesting and
they have been heavily studied for medical applications. A comprehensive review will help researchers have a
deeper understanding of zwitterionic hydrogels and their potential applications. In this review, the types, functional
characteristics, and applications in the biomedicine of zwitterionic hydrogels are summarized in detail. In addition,
the challenges and opportunities for using zwitterionic hydrogels for biomedical applications are discussed.

Keywords: Zwitterionic hydrogel, hydrophilicity, ion sensitivity, biocompatibility, biomedical applications

INTRODUCTION

With the rapid developments of biomedical science, there is an increasing demand for efficient, safe, and
sustainable treatment and repair methods. In this context, hydrogels have emerged as a significant material
garnering widespread attention!. They are high molecular weight polymers with three-dimensional (3D)
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network structures, which can retain a large amount of water in the swollen state; that is, the 3D network
structures swell in water but do not dissolve in a short period**. According to the charged properties of
polymer network structures, hydrogels can be considered ionic or non-ionic. Ionic hydrogels can be further
divided into cationic, anionic, and zwitterionic varieties. Zwitterionic polymers include charged zwitterionic
groups with uniform arrangements of anions and cations, which make the polymers electrically neutral in
the atmosphere!. The study of zwitterionic hydrogels, which are crosslinked by zwitterionic polymers, has
been popular in recent years due to their good biocompatibility, super-hydrophilicity, resistance to non-
specific adsorption of proteins”, high ion density and the ion-sensitive property'®”. Based on these
properties, zwitterionic hydrogels are promising medical materials, having a wide range of applications in
the biomedical field, including biosensors, flexible wearable devices, tissue engineering, and drug release'®"".

By combining biosensors with zwitterionic hydrogels, innovative solutions for disease management and
personalized medicine can be achieved. As far back as 2008, it was demonstrated that zwitterionic polymers
could effectively counteract the non-specific adsorption of proteins™?. This finding contributed to the
design and synthesis of biomimetic antifouling materials, which are important for improving the long-term
resistance of implantable biosensors to fibrous capsule formation caused by foreign body reactions. As
carriers of biosensor sensing elements, zwitterionic hydrogels can effectively block the penetration of
external interfering substances and protect the sensing elements from inactivation or degradation?,
enhancing the sensitivity, long-term stability, and dependability of biosensors. In addition, zwitterionic
hydrogels possess excellent adhesiveness and biocompatibility"*, allowing for the firm attachments of
biosensors to tissues or organs while maintaining compatibility with the surrounding cells and tissues
within the organism"*. This ensures effective interactions of the biosensors with the targets of analysis.
Coupled with the antibacterial properties of zwitterionic hydrogels, the use of zwitterionic hydrogel-
modified glucose sensors in diabetic ulcers can achieve the dual purpose of stable monitoring of human
blood glucose levels and facilitating wound healing"®. Furthermore, the excellent mechanical properties and
electrical conductivity of zwitterionic hydrogels make wearable electronic devices in intimate contact with
the skin, improving the sensitivity and applicability of wearable devices. In the field of tissue engineering,
zwitterionic hydrogels are used as scaffolds and filling materials which can provide 3D structures that
support and guide cell growth and tissue regeneration”. As a kind of biomaterial, they can meet the specific
growth needs of various tissues without changing the chemical environment"?, providing necessary support
for cell attachment, proliferation, and differentiation"**”, creating a suitable physical and biochemical
environment for tissue regeneration”’. Additionally, based on the sensitivity of zwitterionic hydrogels to
temperature, ion concentration, pH, etc.””, it is possible to combine zwitterionic hydrogels with other
functional components such as nanoparticles, bioactive molecules, or target molecules to form
multifunctional drug carriers®, which can achieve the precise release of drugs in different biological
environments and achieve the purpose of treatment of diseases.

The applications of zwitterionic hydrogels in the biomedical field have yielded significant results and
displayed considerable potential. However, despite some promising progress, numerous challenges and
unresolved issues persist. This comprehensive review offers an in-depth analysis and summary of the
applications of zwitterionic hydrogels in biomedicine, aiming to enhance understanding of this material and
facilitate its broad implementation in the biomedical field. As shown in Scheme 1****, we present an
overview of the structures of zwitterionic hydrogels, followed by a detailed discussion of their key
properties. Subsequently, our focus shifts towards exploring the utilization of zwitterionic hydrogels in
diverse biomedical applications such as biosensor fabrication, flexible energy storage devices, tissue
engineering, and drug delivery. By summarizing and analyzing the existing research, we address the
prevailing challenges and outline future development directions, thereby providing valuable references for



Li et al. Chem Synth 2024;4:17 | https://dx.doi.org/10.20517/cs.2023.50 Page 3 of 33

Implantable e i Conductivity ‘

biosensors \ / wearable
< / Sensors

Non-fouling
performance

Thermo
sensitivity

Energy
storage
devices

responsive
property

Tissue engineering

Scheme 1. Schematic illustration of the properties and biomedical applications of zwitterionic hydrogels. Reproduced with permission
from[24'28].Copyright 2020, The Royal Society of Chemistry. Copyright 2019, American Chemical Society. Copyright 2022, American
Chemical Society. Copyright 2020, Wiley-VCH GmbH. Copyright 2020, Wiley-VCH GmbH.

further research and application endeavors.

TYPES AND PROPERTIES OF ZWITTERIONIC HYDROGELS
Types of zwitterionic hydrogels

As shown in Figure 1A, zwitterionic polyelectrolytes are classified into category (i) and category (ii)'
Category (i) polyampholytes are prepared by the copolymerization of anionic monomers and cationic
monomers. This kind of zwitterionic polymer has oppositely charged groups located on different monomer
units®'. The uniformity of the charge distribution of the polyampholyte is mostly achieved by uniform
mixing of a 1:1 ratio of the oppositely charged comonomers used in the copolymerization reaction. These
opposite charges are uniformly distributed throughout the polymer chains in the polyampholytes, making
the polyampholyte molecules electrically neutral. The main chains of these polymers are usually
polymerized by monomers of methacrylate, methacrylamide, acrylamide (AM), vinylbenzyl chloride, or
other derivatives that contain carbon double bonds™*". Category (ii) polyampholytes are obtained by the
homopolymerization of zwitterionic monomers composed of an alkenyl moiety with polymerization activity
and a side moiety capable of electrically neutral zwitterionization”. An alternative method for
synthesizing category (ii) polyzwitterionic electrolytes involves grafting zwitterionic functional groups onto
existing polymer long chains”. As shown in Figure 1B, the common cationic groups in zwitterionic
polymers are quaternary ammonium cations, amino cations, quaternary phosphonium cations, pyridinium
ions, and imidazolium ions. The main types of anionic groups, sulfonate anions, carboxylate anions, and
phosphoric acid root anions [Figure 1C]. The biologically good electrically neutral structures sulfobetaine
(SB), carboxybetaine (CB), and phosphorylcholine (PC) shown in Figure 1D are obtained by combining
quaternary ammonium salt cations with different types of anions™. The structures of SB, CB, and PC are
similar to natural molecules, and they can be considered biomimetic molecules. The structure of CB is

29]
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Figure 1. (A) Classification of zwitterionic electrolytes: Category (i) and Category (ii); (B) Cationic groups; (C) Anionic groups.
Molecular structures of (D) polybetaines; (E) a-amino acid; and (F) other derived zwitterionic polymers. SB: Sulfobetaine; CB:
carboxybetaine; PMPC: poly (2-methacryloyloxyethyl phosphorylcholine); TMAO: trimethylamine N-oxide derived polymer; VBIPS: 3-(1-
(4-vinylbenzyl)-1H-imidazol-3-ium-3-yl) propane-1-sulfonate; PVPB: polyzwitterions based on poly (4-vinylpiridine).

similar to betaine, a natural compound associated with osmotic regulation in the human body™. The
structure of SB is similar to taurine, a sulfur-containing non-protein amino acid found in many
animals"*”. The structure of PC is similar to the hydrophilic part of a phospholipid, the main component
of cell membranes'. The a-amino acids depicted in Figure 1E represent a class of natural zwitterions that
can be employed in the side chains of zwitterionic polymers™*. Furthermore, the sulfonate anion structure
and carboxylate anion structure can typically combine with the cations shown in Figure 1B to generate a
diverse range of derived zwitterionic polymers*”. An illustration of partially derived zwitterionic hydrogels
is presented in Figure 1F. These zwitterionic polymers can be cross-linked to form zwitterionic hydrogels
which have a wide range of applications.
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Properties of zwitterionic hydrogels

The ionic conductivity performance

Conductive materials can be divided into electronic and ionic conductive materials“’. In electronically
conductive materials, electrons have the ability to move freely within the lattice, allowing the formation of
an electric current. Ionic conductivity refers to the ability of ions in a medium to move in response to an
electric field, resulting in the transfer of charge and, thus, the flow of current'*”. Generally, ionic conduction
is predominantly found in electrolyte solutions"* and electrolyte solids'*’. Due to the unique structure of
zwitterionic materials, the anions and cations in the zwitterionic ion chains are readily separated under the
influence of an external electric field. Simultaneously, the strong electrostatic interactions between
oppositely charged ions facilitate ion transport in the electrolyte system, leading to charge transfer™.

Therefore, zwitterionic hydrogels have excellent ionic conductivity. A novel antifreeze hydrogel electrolyte
(polySH) was designed and fabricated by random copolymerization of a zwitterionic monomer sulfobetaine
methacrylate (SBMA) and 2-hydroxyethyl acrylate (HEA) [Figure 2A]. The anionic and cationic
counterions on the zwitterionic chains contribute to the dissociation of the LiCl [Figure 2B]. The polySH
electrolyte exhibits the high ionic conductivity due to the electrostatic interaction between the SO, group
and hydration structure of Li* [Figure 2C]"'!. It has also been shown that the conductivity increases with the
amount of SBMA in the zwitterionic nanocomposite hydrogel [Figure 2D]"”. The zwitterionic hydrogels
exhibit excellent transparency compared to most electronically conducting hydrogels, thus providing a
superior visual advantage®*!. The transparency of conductive hydrogels is crucial for the visual monitoring
of wearable biosensors. A zwitterionic-clay nanocomposite hydrogel with light transmittance of 98.8% and a
conductivity of 0.14 + 0.01 S-m™ by in situ polymerization of 3-[dimethyl-[2-(2-methylprop-2-enoyloxy)
ethyl]azaniumyl]propane-1-sulfonate (DMAPS) has been synthesized in the aqueous nanoclay solution.
This zwitterionic hydrogel was utilized as a self-healing human-computer interaction trackpad with
pressure-sensitive adhesion™!. The presence of equal amounts of cation and anion groups promotes the
migration and dispersion of the nanoclay and enhances the mechanical properties of the hydrogel.
Moreover, the interactions between polar and charged groups bound to the zwitterionic groups improve the
interfacial adhesion between the matrix and the gel electrolyte. Therefore, the hydrogel touchpad can be
firmly attached to the curved or flat insulator surface. This observation also suggests that zwitterionic
hydrogels can be used as polymer binders.

The non-fouling performance

The strong interactions between surface charges and water molecules at the zwitterionic polymer surface
lead to an ordered and strongly hydrogen-bonded water layer. It has been demonstrated that strong surface
hydration plays a significant role in determining the excellent non-fouling performance of zwitterionic
hydrogels [Figure 3A)**". Previous studies have shown that the adsorption capacity of sulfobetaine
vinylimidazole (polySBVI) hydrogel for non-specific proteins is extremely low, even lower than the
detection line of surface plasmon resonance (< 0.3 ng-cm?)"*®. The anti-pollution performance of various
zwitterionic polymers varies and is influenced by the carbon spacer length between zwitterionic groups and
the nature of the anionic groups. Research indicates that an increase in the carbon chain between the cation
and anion enhances the hydrophobic/hydrophilic ratio of zwitterionic chains. For instance, the anti-protein
adsorption capability of zwitterionic poly(carboxybetaineacrylamide)s with several carbon atoms between
the cation and anion weakens when the carbon atom count exceeds two, as its hydrophilicity diminishes'*”.
Additionally, the hydrophilicity of CO, and PO, is significantly greater than that of SO,'*. Consequently,
the anti-fouling ranking is poly[carboxybetaine methacrylate (CBMA)] > poly[2-methacryloyloxyethyl
phosphorylcholine (MPC)] > polySBMA.

The PC group is an important part of phospholipid molecules, the main component of biological
membranes. Zwitterionic polymers containing these groups have properties similar to those of phospholipid
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Figure 2. (A) Schematic diagram of anti-freezing polySH hydrogel and its network structure; (B) Li" migration mechanism in the polySH
electrolyte, where hydrated Li" hopping through SO; sites; (C) lonic conductivity of polySH, polyHEA, and PVA electrolyte. Reproduced
with permission from™". Copyright 2021, Wiley-VCH. GmbH; (D) Conductivity of zwitterionic hydrogels with different SBMA contents.
Reproduced with permission from™*.Copyright 2019, American Chemical Society. SH: SBMA-co-HEA (SBMA: sulfobetaine
methacrylate; HEA: 2-hydroxyethyl acrylate); HEA: 2-hydroxyethyl acrylate; PVA: poly (vinyl alcohol); SBMA: sulfobetaine
methacrylate.
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Figure 3. (A) The hemoadsobent PCB-PAC hydrogel for detoxification of biological fluids. Reproduced with permission from™®,

Copyright 2017, Elsevier; (B) Accelerating wound healing by the antibacterial and nonfouling hydrogel. Reproduced with permission
from™. Copyright 2020, American Chemical Society. PCB: Poly-carboxybetaine; PAC: powdered activated carbon.

molecules, and they can be used as high molecular weight materials to mimic biological membranes®. The
PC group mimics the outer cell membrane. The phospholipid head group is presented on the surface,
leading to the hydration of the polymer coating, considered the primary mechanism for reducing protein
and bacterial adhesion'”’. This creates a favorable environment for wound healing and helps prevent wound
infection, contributing to the overall healing process. Simultaneously, the zwitterionic hydrogel is loaded
with curcumin, which is then released to eliminate bacteria [Figure 3B]'**. The MPC is the most classic PC-
type zwitterionic monomer, and polyMPC has been widely used because of its good biocompatibility'**”. In
addition, choline phosphate (CP) groups with anti-fouling properties obtained by exchanging the anion and
cation groups of PC can also be applied to zwitterionic polymers to create complementarity and functional
diversity with the PCl***"),

The structure of polyCBMA is similar to glycine betaine, a compound naturally present in the human
body", and its anionic group, -COQO;, serves as a means to immobilize biomolecules. Research has
demonstrated that polyCBMA can effectively immobilize specific antibodies, enabling the detection of 100%
of antigens in plasma without the adsorption of non-specific proteins'®. Other materials, including
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polyethylene glycol (PEG), cannot achieve this. The -COO" anionic group is protonated at low pH, making
the copolymer positively charged, which makes the polyCBMA hydrogel have protein adsorption behavior
at low pH.

The polySBMA hydrogels are completely deprotonated over the wide pH range, and their anti-protein
adsorption behavior is not easily affected by pH". The structure of SB exists in high concentration in
nature. A 70 kg human contains up to 70 g of taurine which is structurally similar to SB, making polySBMA
a promising biocompatibility material”!. The mechanically responsive drug controlled drug release,
antibacterial, and anti-sewage hydrogel has been synthesized by the SBMA monomer”. However, due to
the anti-polyelectrolyte effect of polySBMA, the protein adsorption capacity of polySBMA hydrogels was
slightly increased at high ion concentrations'”.

The thermosensitivity and pH-responsive property

Zwitterionic hydrogels possess unique properties attributed to their distinct structures. The anions and
cations within zwitterionic hydrogels exhibit both electrostatic association and repulsion. These electrostatic
interactions undergo changes when subjected to temperature variations, leading to a transition between a
dispersed micellar state and a dense 3D network structure. This phenomenon is known as the
thermosensitivity of zwitterionic hydrogels. Two types of thermosensitive effects are observed: lower critical
solution temperature (LCST) and upper critical solution temperature (UCST). In the case of LCST-type
thermosensitive polymers, zwitterionic hydrogels are soluble at lower temperatures. However, upon heating
above the LCST, the polymer molecules precipitate out of the solution and undergo a sol-gel phase
transition. Conversely, UCST-type thermosensitive polymers cannot be dissolved below a specific
temperature (UCST temperature). These polymers dissolve when heated above the UCST temperature™.
The poly (3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate (PDMAP) containing the SB
structure is one of the extensively studied temperature-responsive polyzwitterions, exhibiting a high UCST
in aqueous solutions. The UCST of PDMAP is strongly influenced by several factors, including
concentration, molar mass, and branching coefficient”. Various approaches can be employed to alter the
UCST of PDMAP. For example, increasing the length of a linear alkyl substituent on the nitrogen atom
gradually can shift the UCST toward the LCST. A series of zwitterionic poly(sulfobetaine methacrylate)s
with different substituents, including n-alkyl, cyclohexyl, 2-hydroxyethyl, and phenyl groups, were
synthesized. When the length of two symmetric n-alkyl substituents is simultaneously increased,
polySBMAs transition from the UCST to the soluble LCST, and finally to insolubility in water. This
transition is thought to arise from the competition between the decrease in electrostatic zwitterionic
interactions and the increase in hydrophobic effects associated with longer alkyl chains”. Additionally,
incorporating hydrophilic spacer groups into the betaine moiety can effectively separate the cationic and
anionic moieties, elevating the cloud point””. Co-polymerization of polySB with another temperature-
responsive monomer N-vinylcaprolactam (VCL) allows the synthesis of dual-temperature-responsive low
surface-contaminated zwitterionic microgels [Figure 4A]. The microgels showed excellent antifouling
properties, and they can be potentially used for temperature-triggered drug delivery and anti-bioadhesion
coating material”. Modification of polyamide amine (PAMAM) dendrimers with phenylalanine (Phe) and
succinic anhydride (Suc) to produce a carboxy-terminal Phe-modified zwitterionic dendrimer called
PAMAM-Phe-Suc™’. This amphoteric substance exhibits UCST-type thermal sensitivity. Interestingly,
PAMAM-Phe-Suc displayed LCST-type thermal sensitivity at lower pH values [Figure 4B]. This is due to
the protonation of the terminal carboxyl and tertiary amino groups of the polymer.

Protonation leads to the positively charged state of zwitterionic hydrogels. The relationship between the
degree of protonation (o) and the pH can be calculated using equation (1):
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The pK, represents the acid dissociation constant of the hydrogen ion™.. It can be deduced from equation
(1) that as the pH decreases, the degree of protonation increases. Functional groups on the zwitterionic
polymer chains become protonated, transforming into cationic entities capable of interacting with
negatively charged substances. Conversely, as the environmental pH increases, the extent of deprotonation
rises. The functional groups on the zwitterionic polymer chains undergo deprotonation, turning into
anionic entities that can readily interact with cationic substances. This reflects the pH responsiveness of the
zwitterionic polymers. The pH responsiveness changes the internal charge state of hydrogels through
protonation and deprotonation, subsequently affecting the structures and properties of hydrogels. This
property can be utilized in drug delivery systems to achieve controlled drug release by modulating the
swelling and deswelling of hydrogels™'. Moreover, it can also be employed in the design and fabrication of

smart materials, such as zwitterionic hydrogels with pH-responsive shape memory behavior'®.

The anti-polyelectrolyte effect

The presence of ions will weaken the self-association effect of the polymer networks in zwitterionic
hydrogels; thus, the networks exhibit special ion sensitivity. The polymer chains segment is relaxed, and the
volume of the hydrogel expands when the zwitterionic hydrogels are placed in a certain concentration of
electrolyte solution after they have reached swelling equilibrium in pure water. This is because ions in the
electrolytes can screen for interchain/intrachain electrostatic associations, leading to cross-link dissociation
and zwitterionic chain expansion, exposing more hydratable ionic groups and increasing water flux. This
phenomenon is different from the behavior of traditional polyelectrolyte hydrogels, and it is called the
“anti-polyelectrolyte effect”™. As early as 2002, the anti-polyelectrolyte effect of zwitterionic hydrogels was
reported®. Additionally, the polySBMA is more susceptible to salt concentration than the polyCBMA,
because the proper hydrophobicity and strong intrinsic electrostatic binding strength of the SBMA improve
its ability to bind ions in the water'™. To further investigate the anti-polyelectrolyte effect of different
zwitterionic hydrogels, the electrostatic binding strength of different zwitterionic pairs was verified in detail
and compared: MPC < CBMA < SBAA < SBMA. This order is positively correlated with the degree of anti-
polyelectrolyte effect™. Despite the fact that salts are known to significantly affect the association of ionic
bonds in zwitterionic hydrogels, chemical cross-links in the hydrogel network structure are not disrupted
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[Figure 5A]. Not only does it provide guidance for the biological applications of zwitterionic hydrogels in
the saline environment, but it also provides important insights into the mechanism of hydrogel

[87

toughening"®”. For example, an instant network of the polySBMA hydrogel with anti-pollution ability was
created based on ion concentration. The ion dissociation degree within the polySBMA hydrogel was
adjusted by varying the ion concentration, thereby making the polySBMA hydrogel a candidate for
preventing peritoneal adhesions after surgery”. The introduction of the hydrophobic benzsulfamide group
in (2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetyl)(phenylsulfonyl)amide (MEDAPA) has
simultaneously exhibited the UCST and the anti-polyelectrolyte effect’®. Their friction coefficients decrease
with increasing salt concentration and temperature, and the polymer chains extend, resulting in a larger
hydrodynamic size of the hydrogel [Figure 5B and C]. This shows great potential as a zwitterionic
regenerative interface and has potential applications in smart separation membranes or responsive drug
delivery systems. However, polyCBMA hydrogels generally exhibit no UCST and a weak anti-
polyelectrolyte effect. It is generally believed that the COO™ on the side groups of polyCBMA is a weak
electrolyte, which is not completely dissociated in solution. Therefore, polyCBMA exhibits a strong
hydration effect that hinders self-association between polymer segments'™’.

BIOMEDICAL APPLICATIONS OF ZWITTERIONIC HYDROGELS

Implantable biosensors

Chemical, physiological, or biological signals related to organisms are sensed, detected, and translated into
measurable physical signals by implantable biosensors in vivo to achieve real-time monitoring and analysis
of the state of organisms"”’’. However, implantable biosensors face significant challenges related to stability
and reliability. These challenges encompass the deactivation of biomaterials serving as recognition elements
and the occurrence of false-positive signals due to nonspecific adsorption of proteins, bacteria, and platelets
to the surface of the biosensor”. Furthermore, concerns arise from limitations in the transport of analytes
caused by fibrotic capsules and thrombus formation, along with considerations regarding the service life of
the biosensor™. Additionally, achieving conformal contact and bonding between biosensors and biological
tissues in vivo emerges as a primary challenge that profoundly influences the overall stability and reliability
of biosensors®". Effectively addressing these challenges is crucial for advancing the field of implantable
biosensors and unlocking their full potential in diverse biomedical applications.

As a biocompatible polymer, zwitterionic hydrogel holds considerable importance in biodetection. Its
applications in implantable biosensors play a crucial role in enhancing the detection performance of such
biosensors. For instance, the remarkable capabilities of zwitterionic hydrogels in biomolecular detection can
be realized by incorporating suitable biomolecular recognition elements (antibodies, enzymes, and
aptamers) or implementing physicochemical modifications (such as charge, hydrophilicity, and
hydrophobicity) into the hydrogel structure®*”. Through electrostatically induced hydration, the
zwitterionic hydrogel interacts with water molecules, effectively pulling water away from the hydrophobic
regions of the biomolecular recognition elements, which minimizes any detrimental effects on the activity of
the biomolecular elements while simultaneously promoting strong interactions between the substrate and
recognition elements*. The study has shown that the immobilized horseradish peroxidase (HRP) and

laccase by the polyCB hydrogel significantly enhanced kinetic parameters, with the K_/K,, values being 5.5

cat
times"* and 20 times™ higher, respectively. This remarkable improvement enables the realization of highly
sensitive detection of target substances. Additionally, we explored the polyCB hydrogel as an effective
immobilization carrier for a-chymotrypsin (ChT). The results indicated that the zwitterionic hydrogel
increased the inactivation temperature of ChT by an impressive 13 °C while extending its half-life by seven
times"*. These findings highlight the potential of zwitterionic hydrogels as valuable tools for enhancing
enzyme stability and activity. This holds promising implications for various applications in biocatalysis and

sensitive substance detection. Consequently, zwitterionic hydrogels can be employed for the immobilization
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of biomolecular recognition elements in implantable biosensors.

To ameliorate the issues of bacterial contamination and fibrous capsule formation on surfaces of biosensors
in vivo, their surface modifications"*! have been developed, but with only limited success. PEG and its
derivatives are known for forming a robust hydration layer through hydrogen bonding with water, thereby
enhancing anti-biofouling properties”. However, PEG has drawbacks, such as hydrolysis and
autooxidative degradation, leading to reduced antifouling efficacy over time"*. As a promising alternative,
poly-zwitterionic materials have shown excellent potential as effective anti-biofouling coatings"**'*”. The
zwitterionic peptide hydrogel was successfully immobilized on a glass carbon electrode modified with
conductive polymer poly(3,4-ethylenedioxythiophene) (PEDOT) and gold nanoparticles (AuNPs) through
Au-S bonds. This enabled the immobilization of prostate-specific antigen (PSA) on the electrode surface,
resulting in a highly sensitive antifouling biosensor with a low detection limit of 5.6 pg/mL for PSA,
outperforming previous reports. The biosensor exhibited remarkable stability in serum, with less than 5%
signal change after five hours in 20% serum, whereas the amphotericin-modified biosensor experienced
around 20% signal change, highlighting the excellent stability of the zwitterionic sensor*. The potential of
poly-zwitterionic materials was demonstrated by developing an electrochemical sensor modified with
glucose oxidase (GOx) immobilized by sulfonate polySBMA-3,4-ethylenedioxythiophene (EDOT). This
sensor exhibited high sensitivity (10.54 pA-cm™mM™) for blood glucose detection after initial contact with
the plasma, and it retained 90% of the current signal even after 14 days of storage in 100% human plasma.
After 90 days, more than 14% of the current signal was still retained, showcasing the long-term stability of
the zwitterionic-coated sensor. In contrast, the PEDOT-GOx-modified glucose sensor without zwitterionic
coating lost more than 50% of its current signal after seven days in plasma and became completely
ineffective after three weeks. This study confirmed that sulfonate betaine not only preserved enzyme activity
but also exhibited excellent anti-protein and anti-biological contamination properties, significantly
enhancing the stability and service life of the sensor””. Furthermore, a zwitterionic polymer coating was
developed and applied to Medtronic continuous glucose monitoring (CGM) to reduce noise due to
inflammation during CGM monitoring. The coated sensor shown in Figure 6A showed significant
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Figure 6. (A) A continuous glucose monitor by coating the sensor with a zwitterionic polymer. Reproduced with permission from"®®.
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swelling ratios and equilibrium water contents. Reproduced with permission from™™. Copyright 2021, American Association for the
Advancement of Science; (C) PDA-clay-polySBMA hydrogels: the schematic illustration, the adhesion mechanism, the hydrogel sensor
for monitoring tissue vibration. Reproduced with permission from™*.Copyright 2020, The Royal Society of Chemistry. CGM:
Continuous glucose monitoring; ZEN: zwitterionic-elastomeric-networked; CB: carboxybetaine; SB: sulfobetaine; PDA: polydopamine;
SBMA: sulfobetaine methacrylate.

improvement, effectively eliminating sensing noise and accurately recording blood glucose levels after the
first glucose measurement without recertification. This study demonstrates the capability of zwitterionic
hydrogels to resist contamination and enhance the biocompatibility of implantable medical devices with
living organisms"”. However, as biocoatings for in vivo biosensors, zwitterionic hydrogels also need to
exhibit excellent mechanical properties. Achieving anti-protein and anti-biological contamination
properties requires maintaining good hydrophilicity, which could potentially compromise the mechanical
integrity of zwitterionic hydrogels. To address this, certain studies"*'"" have developed zwitterionic
hydrogels with anti-biological contamination, anti-swelling, and robust mechanical properties by
combining carboxylic polyCB and polySB phases. The polyCB is the minor component while polySB is the
major component, taking advantage of the high swellability of the polyCB network to integrate a
considerable amount of the polySB network. The polySB network locks the entire zwitterionic hydrogel via
strong intermolecular and intramolecular electrostatic interactions [Figure 6B], achieving polyCB/polySB
zwitterionic-elastomeric-networked (ZEN) hydrogel with high mechanical strength, anti-swelling and anti-
biological contamination properties, derived solely from pure zwitterionic components"'". This innovative
approach achieves a balance of exceptional mechanical properties and effective anti-fouling characteristics.

In addition to addressing biological contamination, ensuring conformal contact between sensors and target
biological tissues or organs is crucial for enhancing biosensor stability and reliability. Thus, sensors require
modifications with conductive, highly stretchable, durable, and tissue-adhesive materials. Zwitterionic
hydrogels with remarkable stretchability, self-healing capabilities, rapid recovery, and fatigue resistance
were developed by cross-linking poly zwitterionic polymers (sulfonate betaine) with dopamine-modified
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clay nanosheets. The resulting nanocomposite zwitterionic hydrogel is not only highly stretchable but also
self-healing. Notably, this zwitterionic hydrogel demonstrates an impressive ionic conductivity of
0.0215 S'm™ and a high strain sensitivity [strain coefficient gauge factor (GF) = 4.3, 0%-670% strain]. Its
strong adhesion to biological tissues (adhesion strength 19.4 kPa) establishes a conformal and compliant
contact between the hydrogel and the target organ [Figure 6C]”*. This innovative approach allows
biosensors to monitor dynamic organ vibrations, wirelessly transmitting data to a computer for generating
electrical signals. The composite amphoteric ionic hydrogel exhibits great potential for in vivo wearable and
implantable tissue adhesion sensors.

In implantable biosensors, challenges such as poor stability, leading to false-positive signals, and difficulties
in combining target analytes with the biosensor due to protein contamination coating the sensor are
prevalent. Zwitterionic hydrogels, known for their good biocompatibility, high hydrophilicity, and excellent
anti-fouling properties, are extensively utilized in implantable biosensors. However, these hydrogels often
exhibit mechanical weaknesses and susceptibility to water absorption and swelling, posing challenges for
long-term sensor applications. This section summarizes various methods aimed at enhancing the
mechanical properties of zwitterionic hydrogels, including the use of composites with distinct properties,
incorporation of other polymers and nanoparticles, etc. These approaches bear significant implications for
the effective application of zwitterionic hydrogels in implantable biosensors.

Flexible wearable sensors

Flexible wearable biosensors provide continuous and real-time data for human health monitoring and
diagnosis by obtaining physiological information about organisms in a non-invasive or minimally invasive
form. Central to the advancement and widespread adoption of biosensor technology is the detection of
physiological signals, human-computer interaction, and the integration of flexible electronics. Zwitterionic
hydrogels, known for their conductivity and sensitivity to external stimuli, have been utilized as flexible
sensing materials"'>'"*. Zwitterionic hydrogels achieve excellent flexibility and stretchability by optimizing
their composition, structure, and mechanical properties, making them ideal substrate materials for
fabricating flexible sensors. These flexible sensors can seamlessly conform to the contours and shapes of the
human body, significantly enhancing the comfort and portability of wearable sensors.

Zwitterionic hydrogels are utilized as strain sensors to monitor human movement, posture, body state, and
physiological conditions. When the sensor detects an external deformation, the internal ion motion of the
zwitterionic hydrogel undergoes changes, resulting in a modification of its conductivity. The polyCBMA
hydrogel has exhibited water molecule dissociation under pressure, facilitating ion transport through the
cation and anion migration channels [Figure 7A]. Consequently, the ion current transiently increased at low
pressure, resulting in a rapid signal response time of approximately 38 s. This sensor has been employed in a
throat-wearable silent speech recognition system, where it converted subtle mechanical vibrations of the
larynx into silent speech™*.. However, zwitterionic hydrogels are susceptible to rupture under external
forces due to their limited mechanical properties. To address this limitation, several studies have explored
the incorporation of nano-reinforcement systems and molecular co-design into zwitterionic hydrogels,

114

significantly enhancing their compressive and tensile strength capabilities. For example, sulfonate betaine
and nanoclay were polymerized in situ, resulting in effective nanoclay dispersion within the zwitterionic
polymer and promoting full cross-linking with the zwitterionic polymer. The resulting hydrogels exhibited
remarkable properties, including a high elongation at a break of 2,000%, fracture strength of up to 0.27 MPa,
and fracture toughness of 2.45 MJ-m~"?. Cellulose nanocrystals were used as the physical cross-linking
agent and reinforcing agent, and UV-initiated partial chemical cross-linking of SBMA and AM monomers
to form the nanocomposite hydrogel [Figure 7B]. The addition of cellulose crystals significantly enhanced
the mechanical and tensile properties of the hydrogel, leading to exceptional tensile properties with more
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than 1,000% strain, mechanical tensile strength of up to 0.61 MPa, and compressive strength of up to
7.5 MPa, while demonstrating sensitive recognition of finger touch and speech™. Nonetheless, it is essential
to exercise caution during operation as improper handling may result in uneven dispersion of nanoparticles
in the main solution, subsequently leading to compromised mechanical properties in the composite
hydrogel. Consequently, increasing emphasis has been placed on molecular co-design in the realm of
hydrogel performance optimization. So, zwitterionic hydrogels with exceptional mechanical properties,
swelling resistance, and repeatable triple effects through the dehydration polymerization of AA, octaester
methacrylate (SMA), and SBMA were successfully prepared"*?. As shown in Figure 7C, they achieved this
by precisely adjusting the hydrophobic/hydrophilic structures in the polymerized molecules to create a
synergistic effect. These hydrogels were effectively used to monitor knot motion, respiration, and pulse, and
they exhibited remarkable sensitivity even after multiple dehydration/hydration cycles and prolonged
submersion in water for over two months. To further enhance their tensile strength and electrical
conductivity, the electronic and ionic conductivity of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) with a zwitterionic poly[N-hydroxyethyl acrylamide (HEAA)-co-
sulfobetaine acrylamide (SBAA)] polymer was combined to form a high-conductivity hydrogel with an
interpenetrating polymer network (IPN) structure"*?. The presence of hydrogen bonding, electrostatic
interactions, and the IPN structure allowed the poly(HEAA-co-SBAA)/PEDOT:PSS hydrogel to achieve
ultra-high tensile properties of 4,000% to 5,000%, a tensile strength of approximately 0.5 MPa, rapid
mechanical recovery of 70% to 80% within five minutes, and quick self-healing within three minutes. This
hydrogel was further designed as strain sensors with high sensing stability and robustness, enabling fast and
accurate detection of subtle strain, pressure-induced deformation, and human motion. Additionally, the
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formation of metal coordination bonds between zwitterionic polymers and ions, such as Fe""”, Ca*'!"'*),
and Zn*'""", were explored as an alternative to conventional cross-linking between polymer crosslinkers and
monomers [Figure 7D]. This approach enhanced the mechanical properties of zwitterionic hydrogels and
improved the network heterogeneity within the hydrogel. By exploiting the synergistic interactions between
zwitterionic monomers and different polymers, or ions, these hydrogels demonstrated a multimodal
response, enabling robust recognition of superimposed signals from multiple stimuli. These findings
provide valuable insights for the development of multifunctional wearable electronic devices.

Current research on bionic electronic skins has predominantly focused on their strain-stress responses,
limiting their practical applications in recognizing multiple stimuli. To address this, a smart zwitterionic
conductive hydrogel with a dual network structure (SAA: NaCl/sodium alginate/polyacrylic-AM) for
biomimetic E-skin was developed"*. This SAA hydrogel exhibited high sensitivity to both strain-pressure
and temperature changes, with different types of stimulation easily distinguishable through the electrical
signal waveform. As a result, SAA zwitterionic hydrogels hold significant promise as biomimetic electronic
skins capable of responding to multiple stimuli for motion monitoring, human-machine interfaces, and soft
robotics. In a separate study, the zwitterionic hydrogel was prepared by combining SBMA with glucose-
sensitive molecule (3-methacrylamidophenyl) boronic acid (MPBA), creating a specific binding to glucose
molecules™'. The biosensor fabricated with this hydrogel not only enabled highly sensitive pressure
detection, including gentle finger touch and vocal fold vibration, but also exhibited highly sensitive glucose
detection [Figure 8A]. However, the simplicity of the monolayer structure may lead to signal interference
between different stimuli. Thus, the team employed the synergistic effect of SBMA with good conductivity
and healing, N-isopropylacrylamide (NIPAAm) with excellent temperature sensitivity, and MPBA with
strong glucose response to fabricate a three-layer structure of a temperature-glucose insensitive capacitive
sensor, effectively responding to strain and capacitance [Figure 8B]"*”. This innovative approach enables
continuous and stable real-time monitoring and differentiation of pressure, temperature, and glucose
concentration signals and simultaneously promotes diabetic wound healing. It is important to be able to
monitor wound status during wound healing. Lee et al. developed Basic amino acid-modified polyimide,
which is expected to be used to monitor wounds, protect them from microbial infection, and promote

[123]

wound healing"*.

This section primarily delves into the development and application of flexible wearable biosensors. These
sensors capture physiological information from organisms in a noninvasive or minimally invasive manner,
offering continuous, real-time data for human health monitoring and diagnosis. Core technologies
encompass physiological signal detection, human-computer interaction, and the integration of flexible
electronics. Zwitterionic hydrogels, owing to their electrical conductivity and sensitivity to external stimuli,
prove ideal for flexible sensing materials. Widely employed in strain sensors for monitoring human
movement, posture, body state, and physiological conditions. However, zwitterionic hydrogels face
challenges such as susceptibility to rupture under external forces. To address this, some studies utilize nano-
strengthening systems and molecular co-design to enhance compressive and tensile strength. This
innovative approach yields zwitterionic hydrogels with notable properties, including increased elongation,
strength, and toughness at break. Researchers also explore the applications of zwitterionic hydrogels in
biomimetic electronic skin, sound recognition, glucose detection, and various other areas. The introduction
of intelligent zwitterionic conductive hydrogels enables responses to multiple stimuli, facilitating motion
monitoring, human-machine interfaces, and soft robotics.

Energy storage devices
Flexible energy storage devices can supply energy to implantable and wearable medical devices, enabling
medical devices to operate stably without external power supplies"*". With the increasing prevalence of
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implantable and wearable medical devices, flexible energy storage devices matching them have attracted
much attention, so it is necessary to develop flexible energy storage devices. At present, flexible energy
storage devices that have received more attention mainly include batteries and supercapacitors. In order to
meet the needs of diverse flexible devices, flexible energy storage devices need to be flexibly installed and
applied on surfaces of various shapes and sizes while maintaining their flexibility, stretchability, and
resilience to external forces. In this context, zwitterionic hydrogels have garnered significant attention as
promising materials for the fabrication of flexible energy storage devices due to their remarkable water
absorption capabilities and soft nature, which meet the basic requirements of flexible energy storage devices.
Electrochemical energy storage devices generally consist of two electrodes separated by the electrolyte!.
Traditional hydrogel electrolytes are mainly based on polyacrylamide (PAM), polyAA, polyvinyl alcohol
matrices, sodium polyacrylate, gelatin, and so on"*"*. Although these hydrogel electrolytes provide
physical frameworks to support ion transport, improvements are needed in aspects such as the
electrochemical stable potential window (ESPW) and ion transport efficiency when electrochemical
reactions occur. Zwitterionic polymers are charged with unique zwitterionic groups in the repeat units.
These polymers modified with ion channels can effectively promote salt dissociation in electrolytes and
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increase ionic conductivity"*’).

Immobilization of zwitterionic surfactants on the surface of the polymer matrix provides a stable ionic gel.
Zwitterionic dipole structures induce ion-dipole interactions facilitating the dissociation of ionic complexes.
In the lithium iron phosphate half-cell test, the enhanced lithium ion conductivity in the zwitterionic
hydrogel had a positive impact on the lithium plating/stripping behavior and performance, achieving
optimal rate capacity which is 116.8 mAh-g* at 1 °C and initial discharge capacity of 148.9 mAh-g" (Volume
decay rate = 0.069% per cycle)"™. For aqueous zinc metal batteries, the charged groups of zwitterionic
polymers can homogenize the ion distribution and achieve uniform zinc deposition. The polyzwitterionic
hydrogel electrolyte (PZHE) prepared by SBMA achieved an ion conductivity of 32.0 mS-cm™ at room
temperature and a Zn** transference number of 0.656. With the PZHE, a stable cycle life of about 3,500 h
can be achieved for the Zn metal anode at the current density of 3,500 mA-cm™. The use of PZHE to
fabricate full cells paired with various cathodes had high self-healing properties"*"!. However, the salt-like
structure of the polyzwitterion usually leads to the fragility of hydrogels, so reliable methods are needed to
enhance the mechanical properties without losing the energy storage effect. Cellulose nanofibers are rich in
hydroxyl groups, and their excellent hydrophilic framework can be used to improve the hydrophilicity of
hydrogels, which are often used as reinforcing agents'*”. Cellulose nanofibers have been widely used as
reinforcing agents due to their excellent hydrophilic skeleton which can improve the hydrophilicity of
hydrogels. A novel zwitterionic hydrogel electrolyte, in which [2-(methacryloyloxy)ethyl]diethy-(3-
sulopropyl) (MAEDS) was combined with cellulose to form a semi-interpenetrating network (ZSC-gel)
[Figure 9A], was used in aqueous Zn-MnO, cells. The interlacing microporous network formed in the
hydrogel stabilized the ion transport channels while improving the mechanical properties, resulting in a
greater rate capacity of the hydrogel electrolyte. The Zn-MnO, battery with ZSC-gel exhibited a high
capacity of 148 mAh-g" at 6.5 °C with a retention of 90.42% of the initial capacity after 1,200 cycles. The
flexible planar and fiber-shaped batteries fabricated by the designed ZSC-gel electrolyte exhibited excellent
flexibilities and weavabilities"*”. In addition, zwitterionic hydrogel electrolytes maintain good mechanical
properties (modulus, strength, and toughness) in the complex biological environments, and this is a
prerequisite for the long-term operation of energy storage devices. The double cross-linking network (DN),
with strong reversible hydrogen bonds and electrostatic forces, can dissipate and disperse energy and
quickly return to its initial shape after unloading. For example, a poly(acrylamide3-co-(sulfobetaine
methacrylate)1)@polyacrylamide (P(A3-co-S1)@PAM) hydrogel electrolyte with unique DN [Figure 9B]
maintained excellent elasticity even after being immersed in solutions with different pHs for more than
seven days. Zinc-ion batteries and supercapacitors equipped with this DN hydrogel electrolyte exhibited
excellent electrochemical stability electrolytes of different pHs"**. In addition, the polar and charged groups
associated with the zwitterionic groups can enhance the interfacial adhesion between the electrode and the
gel[m]
introduction of zwitterionic polymers into the field of energy storage is very promising.

, so zwitterionic hydrogels are suitable for use as polymer electrolytes for flexible batteries, and the

As important electrochemical energy storage devices, the supercapacitors have attracted extensive attention
due to their unique advantages of fast charging and discharging ability, long cycle life and high power
density"*?. They complement batteries for energy storage, especially where high power delivery is required.
Polymer gel electrolytes and substrates, which are key parameters for portable and wearable device
applications, have come a long way in recent years. In particular, the excellent adhesion of zwitterionic
hydrogels enhances the interfacial contact between the electrodes and the electrolytes, which broadens the
operating voltage of the capacitor. In Figure 10A, the introduction of betaine with zwitterionic structure
into the polyAA system increased the interface adhesion between the electrolyte and the electrodes and
widened the operating voltage of the zwitterionic hydrogel electrolyte. The zinc-ion hybrid supercapacitor
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from[m].Copyright 2020, Wiley-VCH; (B) The DN zwitterionic hydrogel electrolyte used for zinc-ion batteries and PANI-based
supercapacitors: (i) structures of the first and second PAM network hydrogels; (ii) hydrogen bond or electrostatic interactions; (iii) the
mechanism diagram of compressible progress; (iv) the hydrogel electrolyte interacting with water molecules and cations including H’,
K*, Zn*,and Mn*",or anions including OH’, AC’,and 5042’; (v) GCD cycling curves of the P(A3-co-S1)@PAM devices before and after
50% compression dipped in pH =14 and pH = 1 solutions; (vi) tensile stress-strain curves of P(A3-co-ST)@PAM hydrogel immersing
into the mixed solution of 1M ZnSO, and 0.2 mL MnSO,, (pH = 6.5) for 0-7 days. Reproduced with permission from™*, Copyright 2023,
Wiley-VCH GmbH. MAEDS: [2-(methacryloyloxy)ethylldiethy-(3-sulopropyl); PAM: polyacrylamide; PANI: polyaniline; GCD:
galvanostatic chargeing discharge.
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Figure 10. (A) Zinc-ion hybrid supercapacitor based on zwitterionic hydrogel electrolytes: (i) design strategy; (ii) self-healing
demonstration of ZIHS based on PAB,,-Zn hydrogel; (iii) capacity recovery efficiency of ZIHS under different cutting/healing cycles; (iv)
pictures of PAB,,-Zn hydrogel adhered to various materials. Reproduced with permission from'™"). Copyright 2023, Elsevier; (B) All-in-
one SCs with PVA/PAS-PPy gel: (i) the synthesis process of PVA/PAS-PPy gel; (ii) Sensing performance comparison before and after
immersion in deionized water for 30 days; (iii) SCs are assembled to power a red LED. Reproduced with permission from™®. Copyright
2022, American Chemical Society. AA: Acrylic acid; PVA: poly (vinyl alcohol); PAS: poly (acrylamide-co-[(3-(1-(4-vinylbenzyl)-1H-
benzo[d]imidazole-3-ium-3-yl)propane-1-sulfonate); PPy: polypyrrole; ZIHS: zinc-ion hybrid supercapacitor; PAB: poly (acrylic acid-
betaine); SCs: supercapacitors.

(ZIHS) achieved high energy density and cycling stability in a voltage window of 0-2.2 V with the
synergistic action of zinc sulfate heptahydrate. In addition, the excellent self-healing performance of the
zwitterionic hydrogel electrolyte prolonged the service life of the supercapacitor”. In addition to
zwitterionic monomers, anionic polymer (carboxymethyl cellulose) and cationic monomer [methyl
acrylamide propyl trimethylammonium chloride (MAPTAC)] can be combined to prepare the zwitterionic
conductive hydrogel with 1.70 MPa compressive strength, which can be used in supercapacitors with
flexible activated carbon electrodes. A high operating voltage of 2.1 V was achieved, and its capacitance
remained at 94.4% even after 10,000 cycles"*®. DN hydrogels are important for improving the mechanical
properties and lifetime of supercapacitors. Based on the natural polymer backbone, acrylic acid (AA) and
AM containing -COOH were introduced to construct a DN hydrogel and used to assemble a solid-state
ZIHS (H-ZHS) with zinc foil and activated carbon electrode, which had an amazing wide and stable voltage
window of 2.4 V. A high maximum energy density of 286.6 Wh-kg" at a power density of 220 W-kg" after
2,000 cycles at 2 A-g", the capacity retention rate was as high as 95.4% calculated from the mass of the
activated carbon electrode!*”. Zwitterionic hydrogels can not only be used as hydrogel electrolytes but also
can be used to fabricate integrated supercapacitors with sandwich structure [Figure 10B], which is of great
significance for achieving the stability and multimodal response of wearable electronic devices. Some studies
have immersed a DN zwitterionic hydrogel with thermal response and anti-swelling properties into a
pyrrole (Py) solution, which was polymerized in situ into a continuous polypyrrole (PPy) pathway, and an
integrated supercapacitor with sandwich structure was obtained by controlling the growth path of PPy. The
supercapacitor had an ultra-high capacitance (299.79 mF.cm® at 0.5 mA-cm”) and power density
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(2.49 mW-cm™) and could incorporate the multimodal response of this hydrogel to achieve stable operation
in water. Advancing the engineering field of underwater communications and self-powered sensor
components”. This work also showed the wide range of application scenarios of flexible devices.

In addition, medical monitoring and treatment technologies are needed to monitor vital signs and ensure
the safety of people working in polar medicine, marine research, or living in areas with high humidity.
Therefore, biosensors and electrochemical energy storage devices sometimes need to adapt to extreme
environments. However, hydrogels are prone to freeze at low temperatures and lose water at high
temperatures, causing hydrogels to lose their existing properties. In order to overcome these problems,
much effort has been made. We summarize the works of zwitterionic hydrogels able to adapt to wide
temperature ranges in the last three years and present the applications and some properties of these

zwitterionic hydrogels in Table 1%,

In summary, zwitterionic hydrogels offer distinct advantages in flexible energy storage devices. They
enhance electrolyte conductivity, improve stability, and facilitate the dissociation of ionic complexes,
thereby enhancing overall energy storage device performance. However, challenges such as susceptibility to
freezing at low temperatures and water loss at high temperatures can affect their effectiveness. To address
these issues and meet the application requirements of zwitterionic hydrogels in extreme environments,
recent research has focused on developing zwitterionic hydrogels capable of adapting to a wide temperature
range, aiming to improve their stability under extreme conditions.

Tissue engineering

Cells are the basis of tissue engineering. Through the culture of cells, biomedical applications such as disease
treatment and tissue regeneration can be realized"””. For example, hematopoietic cell transplantation is a
medical treatment for many hematological malignancies, among which cord blood transplantation (CBT) is
the most successful treatment. However, the application of CBT is currently limited by the low stem cell
doses available"*. In order to increase the amount of hematopoietic stem and progenitor cells, the super-
hydrophilic and anti-biological contamination zwitterionic hydrogel was used as the culture matrix, which
was conducive to the expansion of hematopoietic stem cells"*. Zwitterionic hydrogels have the capability to
prevent abnormal production of reactive oxygen species (ROS) both extracellularly and intracellularly. The
tertiary amine group of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) converts a significant
portion of these short half-life ROS into long-lasting H,O,, leading to substantial damage to the cells.
However, the zwitterionic betaine-based hydrogels as alternative cytocompatible buffers, their quaternized
amine groups, over the tertiary amine groups in HEPES, can completely avoid the ROS production and the
severe side effects found on HEPES. The whole process is shown in Figure 11A"*. The above results also
prove that zwitterionic hydrogels can effectively promote wound healing and can be used as wound
dressings!
the antibacterial effect of zwitterionic hydrogel, the synergistic effect of polydopamine (PDA) with

160

161

I In order to further enhance the antioxidant effect on ROS produced during wound repair and

antioxidant effect and Zn** with antibacterial effect was used to prepare the zwitterionic hydrogel dressings.
So, the zwitterionic hydrogel wound dressing PDA/polySBMA/nanofibrillated cellulose (NFC)/Zn*
(PSNZn) with excellent antibacterial properties, antioxidant activity, and good biocompatibility was
prepared with the participation of NFC. The preparation scheme and experimental results are shown in
Figure 11B"”. MPC polymers have potential applications in many biomedical applications due to their
excellent anti-fouling properties and low friction coefficients, such as soft contact lenses and artificial hip
joints"*****). MPC-based copolymers have become a major synthetic biocompatible material because the
MPC layer has high lubrication properties, which can significantly reduce the sliding friction under load.
The sliding friction of the MPC layer exceeds that of the physiological system. In addition, the hydration
shells surrounding the zwitterionic pendant groups of SB promote hydration lubrication and achieve
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Table 1. The applications and properties of zwitterionic hydrogels with wide temperature ranges

s e Zwitterionic GF (tensile Conductivity Specnf.|c Energy Stretshabmty Toughness Operating
Applications hydrogels  strain) (temperature) capacitance densit (tensile (MJ-m>) temperature Ref.
ydrog P (temperature) y strength) range (°C)
Sensor PSM/TF/Zn”" 5.62 30 mS-cm’” / / 970% 0.2 -60~40 [140]
/ (0%~200%) (20 °C); (0.31 MPa)
MXene 34 mS-cm’!
(40 °C);
14 mS-cm’
(-40°C)
Sensor polySBMA- 0.07 0.455m’ / / 1,555% 7.3 20-80 [141]
LM@PDA (0%-~100%) (1.3 MPa)
0.34
(100%~200%)
0.83
(200%~500%)
Sensor agarose/poly / 10.18 mS-cm” / / 2,549.62% 12.54 -80~25 [142]
(HEAA-co- (1.23 MPa)
AA)/
ca®
Sensor poly (SBMA- 2.08 110 mS-cm’”' / / 800% -80~25 [143]
co-AA)/LI" (0.06 MPa)
Sensor Ca-GG/ 1.76 215 mS-cm” / / 1,800% 3.27 -40~25 [144]
PAAmM-ZP (0%-~120%)
3.6
(120%~250%)
4.68
(250%~500%)
Sensor ZIL/LysMA/  14.97 24.86 mScm’’ / / 2,060% 336 -40-~25 [145]
Am (100%-~1,000%) (340 kPa)
Sensors PDMAP/ 1.49 08Sm’” / / 1,033% 0.07 -60-60 [146]
PHEMA (0%-~100%) (60°C) (123.0 kPa)
2.25
(100%~500%)
Sensor PGMG 2.22 0.79 mS-cm”’ / / 1124% 3.87 -40-~25 [147]
(0%-~170%) (0.65 MPa)
3.32
(170%~310%)
4.53
(310%-~500%)
Sensor ADM 1.96 5.81x10°Scm’” / / 2,700% -20~80 [148]
(500%-~1,000%) (0.24 MPa)
Sensor/ CP/EGZn/ / 21-88.9 mS-cm” 102.5-212.1 85.7-169.7 2,150% 0.06 -40-~80 [149]
Capacitors betaine mAh-g'T W-h-kg’1 (0.49 MPa)
Sensor/ polySBMA/  / 12.6 mS-cm”’ 178 mF-cm™ / 325% / -30-60 [51]
Supercapacitor HEA/LI" (-40°C) (60 °C);
134 mF-cm”
(-30°C)
Sensor/ VBIPS/HEAA- / 0.070 S<cm’ / / 260% / -60~25 [150]
Capacitor SA/Fe3+ (9°C) (120 kPa)
Supercapacitor poly(SBMA- / 258Sm’ / 400% / -40-~25 [151]
co-HEAA)/Li* (25°C); 2182 Fg’ (45 kPa)
2.215m’ (Agh @25°0);
(-40 °C) 154 Fg' (1Ag"
(-20°C)
Hybrid TC- / 15.6 mS-cm”’ 81.5mAhg’ 80.5 420% 0.02 -60~25 [152]
capacitor Zn/p(SBMA- (-60°C) Wh-kg'1 (2.67 MPa)
co-AA)
Supercapacitor PVA/P(AAm- / 13.8 mS-cm”’ 228 mF-cm’® 32 300% / -60~50 [153]
VBIPS)- (50 °C) pWh-cm™
EMIMBF,,
Supercapacitor PVA/P(AM- / 0.285m" / 5.8-5.0 530% / -60~50 [154]
co- (-40°C) pWh-cm™ (60 kPa)
SBMA)/CaCl,
Supercapacitor polySH-EG 5.44 1.84 mS-cm’! 53.6 F-g'1 / 840% / -20-60 [155]

(0%~100%) (-30°C); (60 °C); (6.5kPa)
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25.5mS-cm’! 24.2Fg"

(25°C) (-20°C)
Supercapacitor polyAS-EG / 1.51 mS-cm” 93.5 F-g'1 / 1,840% / -70~-60
(-50°C) (25°0); (17.8 kPa)
62.0Fg’
(-50°C)

[156]

PSM: Poly (sulfobetaine methacrylate)-co-acrylamide; TF: tannic acid-coated cellulose nanofibers; SBMA: sulfobetaine methacrylate; LM: liquid
metal; PDA: polydopamine; HEAA: N-hydroxyethyl acrylamide; AA: acrylic acid; GG: gellan gum; PAAm: polyacrylamide; ZP: zwitterionic proline;
ZIL: zwitterionic liquid; PDMAP: poly (3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate; PHEMA: poly (2-hydroxyethyl
methacrylate); PGMG: polySBMA-gelatin-MXene-glycerol; ADM: amylopectin-poly 3-[dimethyl-[2-(2-methylprop-2-enoyloxy)
ethyllazaniumyllpropane-1-sulfonate-Mxene; CP: cellulose nanofiber-reinforced covalent polyacrylic acid; EG: ethylene glycol; SBMA:
sulfobetaine methacrylate; HEA: 2-hydroxyethyl acrylate; VBIPS: 3-(1-(4-vinylbenzyl)-TH-imidazol-3-ium-3-yl) propane-1-sulfonate; SA: sodium
alginate; TC: tannicacid-encapsulated cellulose nanocrystal; PVA: poly (vinyl alcohol); AM: acrylamide; SH: sulfobetaine methacrylate-2-
hydroxyethyl methacrylate; AS: AM-SBMA (AM: acrylamide; SBMA: sulfobetaine methacrylate).
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Figure 11. (A) ROS production in RPMI 1640 mediums associated with HEPES and zwitterionic polybetaines. Reproduced with
permission from"®”. Copyright 2023, Elsevier; (B) Zwitterionic composite hydrogel for wound healing. Reproduced with permission
from“GZ].Copyright 2022, Elsevier; (C) Cartilage mimicking bilayer structure by brushing up stiff hydrogels from subsurface. Reproduced
with permission from™”.Copyright 2020, Wiley-VCH GmbH. SBMA: Sulfobetaine methacrylate; MPC: 2-methacryloyloxyethyl
phosphorylcholine; CBMA: carboxybetaine methacrylate; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; NFC:
nanofibrillated cellulose; PDA: polydopamine; HHy: high-strength hydrogel; ROS: reactive oxygen species; RPMI: Roswell Park Memorial
Institute.
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interfacial bio-adhesion resistance"*'*). Wang et al. have synthesized a zwitterionic poly(MPC-co-SBMA)
copolymer hydrogel through chemical crosslinking". However, the hydrophilicity of SBMA-based
materials can still be improved by adding certain surface-active agents"”*"7?. This new material design
provides a valuable reference for the design and manufacture of synthetic biomaterials for artificial cartilage
substitutes. Some studies have indicated that the friction caused by hydrogels is related to the interfacial
interaction between the hydrogels and the liquid. The effects of changing the frictional properties of
hydrogels by optimizing factors such as load, speed, and temperature have been studied"”>'*. Although
many studies”>"” have reported the mechanical and tribological properties of different hydrogels on
frictional pairs, there are few studies focusing on the characteristics of the friction between hydrogels under
sliding conditions. So far, researchers have developed hydrogel materials with excellent lubricating
properties. However, these hydrogels require high hydration to achieve extremely low friction. Excessive
hydration will cause the hydrogel to deform significantly under large contact pressures, which affects its
bearing capacity. Therefore, the design of biomimetic synthetic articular cartilage to simultaneously achieve
high load-bearing, long abrasion resistance, and low friction characteristics under in vitro physiological
conditions such as cartilage replacement is a major scientific challenge. A double-layer hydrogel material
shown in Figure 11C was used to mimic natural cartilage and has thick hydrophilic polyelectrolyte brushes
entangled in the lower hard layer”. This material was obtained using an initiator to graft a hydrophilic
polyanionic poly(3-sulfopropyl methacrylate potassium) (polySPMA) or polySBMA brush onto the
subsurface of a hard hydrogel to form the double-layer structure. The polySBMA and PSPMA brushes
interlocked with the high-strength hydrogel-Br (HHy-Br), resulting in the bilayered hydrogels HHy-g-
polySBMA and HHy-g-polySPMA, respectively. The HHy-Br hydrogel layer can withstand high contact
pressure. The top layer was composed of a hydrophilic polymer brush, which was covalently entangled
below the surface of the hard hydrogel (tens of microns) to achieve a continuous transition from the top
hydrated layer to the lower hydrogel without delamination. The top layer showed excellent lubricity due to
the bionic design, while the bottom hydrogel helped reduce the contact stress of the entire subsurface.
Simultaneously, some researchers have synthesized a nanocomposite hydrogel composed of graphene oxide
(GO) nanosheets and polySBMA in an aqueous system through chemical and physical crosslinking!””. The
GO nanosheets were well dispersed in the hydrogel and effectively crosslinked into the SBMA polymer
chains through electrostatic interactions. After adding the GO nanosheets, the compressive stress of the
polySBMA hydrogel was significantly increased (close to a five-fold increase), and the coefficient of friction
(COF) was significantly reduced (52%-76% decrease). These improvements indicated a synergistic
interaction and good compatibility between the GO nanosheets and the polySBMA hydrogel matrix, which
led to an entangled network structure with a high bearing capacity and excellent lubricating properties. This
research provides the potential for developing new graphene-polymer composite materials with high
mechanical properties and excellent lubricating properties, which could be beneficial for replacing cartilage.

However, the soft surface of this hydrogel often has a permanent “water-locking” phenomenon. The
hydrogel easily forms a water film on the interface on a small scale. These problems will lead to weak
adhesion of the hydrogel in underwater conditions. Researchers"” have combined flexible hydrogels
containing dynamic bonds with biologically inspired surface drainage structures and proposed a method for
preparing flexible hydrogels with rapid, reversible, and strong adhesion underwater. Hydrogels prepared by
this method can adhere to another solid surface with a small amount of force quickly, and the adhesive
strength and peeling energy can reach 25 kPa and 50 J/m?, respectively.

This section delves into the detailed application of zwitterionic hydrogels in tissue engineering. It begins by
emphasizing the advantages of superhydrophilic and bio-contamination-resistant zwitterionic hydrogels for
cell culture applications. In contrast to conventional cell culture substrates such as HEPES, the zwitterionic
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hydrogel culture matrix prevents the conversion of ROS to H,O,, which can be detrimental to cells. The
zwitterionic hydrogel demonstrates potential applications in hematopoietic stem cell expansion and exhibits
positive outcomes in wound healing and dressing. Subsequently, the discussion extends to the use of
zwitterionic hydrogels in biomimetic synthesis of articular cartilage, focusing on lubrication and friction
properties. Researchers have successfully designed and synthesized artificial cartilage substitutes, creating
bilayer hydrogel materials with high load-bearing capacity, extended wear resistance, and low friction
characteristics. This development serves as a valuable reference for cartilage replacement. It also points out
the shortcomings in the study of friction properties between zwitterionic hydrogels and highlights the
challenge of developing novel zwitterionic hydrogels to solve the permanent “water lock” phenomenon.

Multifunctional drug carriers with controlled release

Nanoscale drug carriers are generally composed of polymer materials, which can be used as carriers to carry
or transport drugs'””’. When nano-drug delivery systems are introduced into the body, they commonly
encounter non-specific adsorption of contaminating proteins, cells, or tissues, leading to phagocytosis by
the human immune system. Additionally, steric hindrance often results in inadequate drug intake!**'*".
These problems seriously hinder the therapeutic effect of drugs on diseases. Zwitterionic hydrogel-carriers
have excellent resistance to non-specific adsorption of proteins and theoretically can reduce adhesion to
Biological pollutants"*'®!. poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) with the same
zwitterionic phosphocholine groups as PC lipids has been shown to have excellent resistance to nonspecitic
adsorption of proteins and are widely used as drug carriers"””. Phosphoserine, the head group of a natural
lipid, was modified to zwitterionic polymer ZPS (zwitterionic phosphoserine-mimetic polymer) with
immunomodulatory function [Figure 12A]. Unlike the non-scaling but biologically inert MPC, ZPS can
actively reduce vulnerability to phagocyte clearance and is the first polymer to achieve both non-scaling and
immunomodulatory functions. The development of safe and effective biopharmaceuticals can be
accelerated"*!. The structure of CBMA is similar to glycine betaine, which is present in the human body. L-
asparaginase (ASP) is a highly immunogenic enzyme drug; polyCBMA conjugation to it manifests to
significantly promote the diffusion of ASP into the lymphatic system while mitigating its immunogenicity.
This overcomes the phenomenon that hydrophobic interaction of PEG with extracellular matrix may
attenuate the diffusion of PEGylated drugs in the interstitial space"®. CBMA and SBMA with good pH
stability and thermal response were used to prepare zwitterion photoresist. The photoresist was used for the
preparation of micro-medical robots, which can improve the biological hiding performance of the bio-
medical robots and avoid the immune clearance of macrophages [Figure 12B]. The service life and work
efficiency of satellite medical robots in drug delivery were greatly improved"*. In addition, due to the
nanostructures and zwitterionic structure, polyCB-modified nano-drug carriers can prolong blood
circulation time, which will facilitate tumor accumulation through the enhanced permeability and retention
(EPR) effect. In the tumor microenvironment, the amide bond of zwitterionic structure will respond to
tumor pH (6.5-6.8) and achieve acid-responsive cleavage, resulting in the drug carrier with cationic, which
can rapidly enter tumor cells through effective electrostatic interaction with the negatively charged cell
membrane. The electrostatic interaction can improve the cellular internalization efficiency of nano-drug
carriers, promoting the drug delivery efficiency"*”. Gelatin methacrylate (GelMA) microspheres prepared
with a microfluidic emulsion method (denoted as MGS) were modified with a novel copolymer [dopamine
methacrylamide (DMA)-SBMA] which had good hydration. Diclofenac sodium (DS) was encapsulated in
this hydrogel to form hyper-lubricating MGS@DMA-SBMA@DS, which could be used for the treatment of
osteoarthritis. Experimental results demonstrated that the grafting of polySBMA brushes enhanced
lubrication, reduced degradation, and sustained drug release of MGS [Figure 12C]. The drug-loaded hyper-
lubricated MGS@ (MGS@DMA-SBMA@DS) developed was capable of excellent hydration lubrication and
sustained drug release”. It has shown great potential in the treatment of osteoarthritis and can also be
extended to a variety of other biological systems (ocular surface, pleural cavity, and internal organs).
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Figure 12. (A) zwitterionic polymer ZPS (PS-mimetic polymers): design scheme, fibrinogen adsorbed onto different hydrogel surfaces,
the status of macrophage evaluated by measuring the production and release of TNF-a. Reproduced with permission from"™*.NS: No
significance; P< 0.05, P < 0.001. Data are represented as mean + SEM. Copyright 2020, American Association for the Advancement
of Science; (B) Non-immunogenic stealth microrobots prepared by CBMA and SBMA. Reproduced with permission from"®®. Copyright
2020, Wiley-VCH GmbH; (C) DS-loaded MGS@DMA-SBMA (superlubricated microspheres): schematic illustration, hydration
lubrication and sustained drug release, COF-time curve, drug release profile. Reproduced with permission from[ZS].Copyright 2020,
Wiley-VCH GmbH. MPC: 2-Methacryloyloxyethyl phosphorylcholine; ZPS: zwitterionic phosphoserine-mimetic polymer; DS: diclofenac
sodium; DMA: dopamine methacrylamide; SBMA: sulfobetaine methacrylate; CBMA: carboxybetaine methacrylate; COF: coefficient of
friction.

This segment provides an overview of the applications of zwitterionic hydrogels in drug delivery. Currently,
nano-drug carriers encounter various challenges within drug delivery systems, including the non-specific
adsorption of contaminating proteins, cells, or tissues, phagocytosis by the immune system, and limited
drug intake due to steric hindrance. Zwitterionic hydrogels, with their remarkable anti-biological
contamination ability, can enhance resistance of drug carriers to non-specific proteins. Their utilization in
micro-medical robots implanted in vivo helps evade macrophage phagocytosis, thereby extending the
service life of medical robots for improved disease diagnosis and treatment. Furthermore, the synergistic
effects of superhydrophilicity and drug-loading capabilities of zwitterionic hydrogels can be harnessed to
create drug carriers with a super-lubricating effect, offering effective treatment for arthritis.

CHALLENGES AND PROSPECTS

The superhydrophilic properties of zwitterionic hydrogels can block the interference of external biological
contaminants and provide reliability for long-term stable operation of biosensors. Compared with other
polymers, the existence of ionic structure in zwitterionic hydrogels gives them excellent ionic properties,
which is of great significance for improving the sensitivity of biosensors and promoting the storage and
release of energy in energy storage devices. In addition, zwitterionic hydrogels as scaffolds and fillings can
provide the support required for cell attachment, proliferation and differentiation, and contribute to a
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suitable physical and biochemical environment for tissue regeneration. They can also achieve precisely
controlled drug release by external stimuli such as pH changes, ion concentration regulation, or
temperature changes. At present, the applications of zwitterionic hydrogels in the biomedical field have
achieved a series of important results and shown great potential. However, although some encouraging
progress has been made, a number of challenges and unresolved issues endure. In the following, we
summarize the problems that remain to be solved and look forward to the feasible scheme.

Enhance the conductivity of zwitterionic hydrogels

Zwitterionic hydrogels inherently exhibit a certain level of ion conductivity. However, in certain
applications, their ion conductivity may be insufficient to meet specific requirements. The simplest
approach to enhance the conductivity of zwitterionic hydrogels is by incorporating conductive fillers (such
as carbon nanotubes, graphene, metal nanoparticles, efc.)"* "' However, these conductive fillers are prone
to uneven dispersion in zwitterionic hydrogels, leading to reduced transparency. To improve the
conductivity and stability of zwitterionic hydrogels while minimizing the compromise of their other merits,
effective and feasible methods include increasing the ion concentration inside the zwitterionic hydrogel,
,and

192]

introducing a conductive molecular layer at the specific interface of the zwitterionic hydrogel'
incorporating ionic liquids (ILs)'

193]

are effective and feasible.

Enhance the mechanical property of zwitterionic hydrogels

Due to the substantial water content, low density, and weak polymer chain interactions within the structure,
traditional zwitterionic hydrogels exhibit poor mechanical properties that limit their applications.
Improving the mechanical properties of these hydrogels can be pursued from three aspects. Firstly, the
molecular-scale mechanical properties of hydrogels can be enhanced by introducing nanomaterials such as
nanoparticles and nanofibers"*!. Secondly, the stability and durability of zwitterionic hydrogels can be
improved by increasing the cross-linking points through multifunctional cross-linking agents, enhancing
the connection of molecular networks. Thirdly, superior mechanical properties of zwitterionic hydrogels

can be achieved by interweaving the flexible and rigid networks to form a dual network structure'****.

Design zwitterionic hydrogels with the excellent mechanical property, anti-fibrosis property, and
degradation property

When enhancing the mechanical properties of zwitterionic hydrogels, other properties, such as
degradability and anti-fibrosis tendencies, may be compromised. In practical applications, it is necessary to
design and optimize the composition and structure of hydrogels to strike a balance between mechanical
properties, degradation characteristics, and anti-fibrosis attributes"*”. Two approaches are summarized in
this paper. Firstly, we integrate two types of zwitterionic hydrogels into a pure zwitterionic hydrogel with
elastomer-like properties. This approach allows the zwitterionic hydrogel to achieve an optimal elastic
viscosity ratio without introducing additional substances, enabling it to resist fibrous encapsulation for an
extended period"""**. Another solution is to introduce disulfide bond cross-linkers into the zwitterionic
hydrogel networks, allowing the hydrogel to degrade under reducing conditions"*. Simultaneously, the
disulfide bond-crosslinked zwitterionic hydrogels exhibit the properties of soft conductors, making them
applicable to electronic skin for detecting both large and small mechanical deformations, demonstrating
sufficient sensitivity and long-term sensing durability.

Improve the precision of drug release during drug delivery

Zwitterionic hydrogels have demonstrated significant potential in the field of drug delivery owing to their
responsiveness to temperature and pH. Enhancing the precision of the release process necessitates
improvements in the design and preparation methods of zwitterionic hydrogel drug carriers. Firstly,
achieving the versatility of zwitterionic hydrogel drug carriers involves preparing multifunctional versions
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capable of both diagnosis and treatment concurrently, thereby achieving a more comprehensive treatment
effect. Secondly, zwitterionic hydrogels, rich in functional groups, are easily modifiable, enabling the
introduction of targeted molecules on zwitterionic drug carriers for more accurate drug delivery to specific
cells or tissues. Thirdly, the preparation of nanometer-sized zwitterionic nanohydrogel drug carriers can
yield a large specific surface area conducive to efficient drug loading and release.

CONCLUSIONS

As a multifunctional biological material, zwitterionic hydrogels exhibit ionic conductivity, anti-biological
contamination properties, thermal and pH sensitivity, and an anti-polyelectrolyte effect. They have
demonstrated great potential in biosensors, wearable electronic devices, tissue engineering, and drug
delivery. This paper provides a detailed summary of their structures, properties, and biomedical
applications. Finally, the limitations in the biomedical field are discussed, and corresponding solutions are
proposed. In conclusion, these hydrogels have made significant strides in biomedicine. With continuous
technological progress and in-depth research, zwitterionic hydrogels are poised to bring about more
breakthroughs and innovations in the field of biomedicine in the future.
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