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Introduction

Mechanical and interfacial properties of
zwitterionic hydrogels via a high-entanglement
network design: a study of monomer and

crosslinker synergy
Ying-Chieh Chuang,1? Kang-Ting Huang, (2 +2 Jin-Jia Hu (2 ® and
Chun-Jen Huang () *2<d

Hydrogels with high water content and biocompatibility are attractive for biomedical applications, but
generally suffer from poor mechanical strength and limited durability. Recently, the high-entanglement
network strategy has emerged as a simple yet powerful approach to enhance hydrogel mechanics by
forming densely entangled polymer chains with minimal crosslinking density. In this study, we extend this
concept to zwitterionic hydrogels to achieve mechanical resilience, superior adhesion, lubricity and anti-
fouling properties. Four sulfobetaine-based monomers, sulfobetaine acrylamide (SBAA), sulfobetaine
methacrylamide (SBMAA), sulfobetaine acrylate (SBA) and sulfobetaine methacrylate (SBMA), were poly-
merized under highly concentrated conditions with crosslinked structures using N,N’-methyl-
enebisacrylamide (MBAA) or N,N'-methylenebismethacrylamide (MBMA). Systematic comparison revealed
that the monomer structure, hydrogen-bonding capacity, and a-methyl substitution critically influence
the polymerization kinetics, network homogeneity, mechanical properties, viscoelasticity, frictional and
antifouling behaviors. The resulting zwitterionic hydrogels developed by suitably pairing the monomer
and crosslinker exhibited enhanced elasticity, toughness, ultralow friction, good adhesion and antifouling
properties under physiological conditions. These findings establish high entanglement as an effective
structural design principle for developing mechanically resilient and antifouling hydrogels for biomedical
devices and soft material interfaces.

multiple networks, sacrificial bonds, or energy-dissipating
mechanisms. For instance, DN hydrogels combine a brittle

Hydrogels, which are hydrophilic polymeric networks, possess
high water content and biocompatibility, making them prom-
ising materials for biomedical applications.'™ However, their
intrinsic mechanical weakness restricts their practical use in
load-bearing environments. Thus, numerous reinforcement
strategies have been developed, including interpenetrating
polymer networks (IPNs), double-network (DN) structures,*”
nanocomposites,® and slide-ring”® systems. These approaches
enhance the strength and toughness of hydrogels through
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first network with a ductile second network to achieve remark-
able toughness,” while nanocomposite and supramolecular
hydrogels exploit reversible interactions such as hydrogen
bonding, ionic coordination, or hydrophobic association.®
However, despite these advances, many systems require
complex synthesis, produce structural heterogeneity, and
involve trade-offs among elasticity, toughness, and swelling.”*°
Thus, simple and robust design principles remain essential for
next-generation hydrogels with balanced mechanical and
physicochemical properties.

A highly entangled network strategy was introduced to
strengthen hydrogels through physical chain entanglements
rather than through dense chemical crosslinking."'* By poly-
merizing monomers at high concentrations with minimal
amount of crosslinker, densely entangled chains form junc-
tions that dissipate energy efficiently while maintaining elas-
ticity and water content. Miyata et al. demonstrated that these
networks exhibit well-balanced viscoelasticity and extraordi-
nary resilience.'” Suo et al. further revealed that these hydro-
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gels display ultralow friction, up to six-times lower than that of
PTFE, owing to their hydrated, extended chains, which
produce smooth sliding interfaces."® This straightforward
approach enables the fabrication of hydrogels combining dura-
bility, stretchability, and lubricity without complex synthetic
routes or heterogeneous crosslinking structures.

Most reported highly entangled hydrogels are composed of
neutral polymers such as polyacrylamide or polyethylene

glycol,  where  charge-free  chains readily form
entanglements.""'>'>"7 Extending this concept to ionic or
zwitterionic ~ systems  presents new challenges and

opportunities.’®'® Charged groups introduce electrostatic
interactions, ion-dipole associations, and hydration effects
that strongly influence network formation and chain
dynamics. Zwitterionic polymers, in particular, show excep-
tional antifouling and hydration behavior but often suffer
from poor mechanical integrity.”*>* The delicate balance
between electrostatic attraction and hydration repulsion may
either promote or disrupt chain entanglement. Moreover, the
often-overlooked molecular structures of monomers and cross-
linkers can significantly influence the backbone rigidity, cross-
linking homogeneity, entanglement density, and energy
dissipation.”*** The synergy between monomers and cross-
linkers is governed by their reactivity ratios during radical
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copolymerization, which dictates whether the resulting
network is random, gradient, or blocky in nature.>®*” The
arrangements can significantly influence the local density of
entanglements. Accordingly, understanding this interplay is
crucial for creating ionic hydrogels that combine mechanical
robustness with superior biocompatibility and surface
lubricity.

In this work, we extend the high-entanglement concept to
zwitterionic hydrogels to overcome their inherent mechanical
limitations and clarify the effect of molecular structures on the
entanglement-induced mechanical reinforcement. Four sulfobe-
taine-based monomers, sulfobetaine methacrylate (SBMA), sulfo-
betaine acrylate (SBA), sulfobetaine acrylamide (SBAA) and sulfo-
betaine methacrylamide (SBMAA), were synthesized to examine
the influence of hydrogen bonding, a-methyl substitution and
reactivity on network formation and uniformity (Scheme 1).
Crosslinkers, N,N-methylenebisacrylamide (MBAA) and N,N-
methylenebismethacrylamide (MBMA), were employed to regu-
late the crosslinking density and distribution. By comparing the
ionic systems, we elucidate that the charge group, molecular
architecture and polymerization kinetics influence their entan-
glement behaviour and mechanical performance. Surface and
antifouling measurements further reveal the impact of polymer
entanglement on surface lubricity, adhesion and biofouling re-
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Scheme 1 Zwitterionic monomers, including sulfobetaine acrylamide (SBAA), sulfobetaine methacrylamide (SBMAA), sulfobetaine acrylate (SBA)

and sulfobetaine methacrylate (SBMA), and crosslinkers, including N,N'-

methylenebisacrylamide (MBAA) and N,N’-methylenebismethacrylamide

(MBMA), as building blocks for the construction of highly entangled zwitterionic hydrogels (EZHs) and conventional zwitterionic hydrogels (ZHs).
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sistance. This study provides design guidelines for the prepa-
ration of robust, antifouling, and mechanically and interfacially
tunable zwitterionic hydrogels that can be applied in biomedical
coatings and soft devices.

Materials and methods

Materials

N-[3-(Dimethylamino)propylJacrylamide (DAA), N-[3-(dimethyl-
amino)propylJmethacrylamide (DMAA), 2-(dimethylamino)
ethyl methacrylate (DMA), 2-(dimethylamino)ethyl acrylate
(DA), 2-oxoglutaric acid (2-OA), and N,N-methyl-
enebismethacrylamide (MBMA) were purchased from Tokyo
Chemical Industry (TCI). Sodium chloride and N,N'-methyl-
enebis(acrylamide) (MBAA) were obtained from Alfa Aesar.
Acetone was purchased from TEDIA, and acetonitrile from
AENCORE. Fluorescein-5-maleimide was obtained from MCE.
3,3',5,5"-Tetramethylbenzidine (TMB) was purchased from
Thermo Fisher Scientific. Bovine serum albumin (BSA) was
obtained from MdBio Inc. Anti-albumin antibody and goat
anti-rabbit IgG antibody (HRP-conjugated) were purchased
from Arigo Biolaboratories. LB (Luria-Bertani) broth and LB
agar were purchased from Neogen Culture Media. Poly(ethyl-
ene glycol) dimethacrylate (PEGDMA, M,, = 550 Da) and Tween
80 were purchased from Sigma-Aldrich. The LIVE/DEAD®
BacLight™ Bacterial Viability Kit was obtained from Life
Technologies. All other reagents were of analytical grade and
used as received without further purification.

Synthesis of highly entangled zwitterionic hydrogels (EZH)

The synthetic procedures for the SBA, SBMA, SBAA, and
SBMAA monomers are described in the SI. The synthesis of
EZHs follows the previous literature.?® EZHs were prepared by
dissolving the photoinitiator (2-OA) in deionized water at a
molar ratio of initiator to water of 0.001536 : 1. The crosslinker,
MBAA or MBMA, was dissolved separately in deionized water
at a crosslinker-to-water molar ratio of 0.00384 :1. Each solu-
tion was purged with nitrogen for 15 min to remove dissolved
oxygen and subsequently ultrasonicated for 15 min to degas.
The crosslinker and initiator solutions were then mixed at a
1:1 volume ratio. The monomers were dissolved in this
mixture inside a glove box and poured into Teflon molds. The
molar ratio of monomer to water was 1 : 6. Polymerization was
initiated under 365 nm UV light (100 mW c¢m™?) for 20 min.
After polymerization, the hydrogel samples were immersed in
deionized water for storage.

For the preparation of conventional zwitterionic hydrogels
(zH), the water-to-monomer ratio was 28, the crosslinker-to-
monomer molar ratio was 0.32, and the initiator-to-monomer
molar ratio was 0.01. The other procedures are identical to
that for EZHs.

Kinetics of polymerization

Photopolymerization kinetics were investigated using model
monomers of SBMA, SBA, SBAA, and SBMAA at a concentration
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of 0.3 M, with 2-OA at 0.42 mol% as the photoinitiator. The reac-
tions were carried out under UV irradiation (An. = 365 nm,
13.2 mW cm ) in 0.2 M NaCl solution at 25 °C. Real-time
samples were collected from sealed glass vials at predetermined
intervals and analyzed by "H NMR spectroscopy (AVANCE III HD
600 MHz NMR, Bruker) after dissolution in 0.5 M NaCl-D,0.
The polymerization profiles showed a short induction period fol-
lowed by pseudo-first-order kinetics, as indicated by the linear
plots of In([M]y/[M],) versus exposure time (¢).

Physicochemical characterization of hydrogels

Mechanical testing. Tensile tests were conducted using a
universal testing machine (QC-508M1F, Cometech) under
ambient conditions to evaluate the mechanical behavior of the
hydrogel samples. The hydrogels were cut into rectangular
specimens with dimensions of 20 mm x 10 mm x 2 mm. The
tests were performed at a tensile rate of 10 mm min~". Each
sample was first pre-stretched to 3% of its original length, fol-
lowed by cyclic tensile-release tests at 150%, 200%, 250%,
300%, and 350% of the original length, with a 1 min relaxation
between each cycle. The hysteresis behavior was analyzed to
assess the energy dissipation capability of the hydrogels.

Rheological measurements. Rheological characterization
was performed using a rheometer equipped with a tempera-
ture-controlled chamber (MCR 302e, Anton Paar). The instru-
ment applies oscillatory shear deformation of known ampli-
tude and frequency to the sample. Hydrogel samples were cut
into square specimens (30 mm x 30 mm x 2 mm). The
measurements were conducted at a fixed angular frequency of
w =1 rad s™'. Amplitude sweep tests were carried out over a
strain range of 10-1000% to evaluate the viscoelastic and
mechanical behavior of the hydrogels.

FTIR spectroscopy. FTIR spectroscopy (IRSpirit, Shimadzu)
identifies functional groups based on the -characteristic
absorption of infrared radiation by molecular vibrations and
rotational transitions in the sample. Before each sample scan,
the background spectrum of ambient air was collected.
Measurements were performed at a resolution of 4 cm™ over
the wavenumber range of 400-4000 cm ™, with 45 scans aver-
aged per sample. The prepared samples were placed on the
sample stage and analyzed in reflection mode to identify the
characteristic functional groups from their absorption peaks.

Degree of swelling. Hydrogels are highly hydrated three-
dimensional polymer networks, and their water-retention
capability is a critical parameter for practical applications. The
swelling ratio was determined according to ASTM D570. The
samples were first dried in an oven for one week, cooled in a
desiccator, and weighed (Wg). Then, they were immersed in
distilled water at 25 °C for 24 h, removed, blotted with tissue
to remove surface water, and reweighed (W;). The swelling
ratio was calculated using eqn (1), as follows:

Wy — Wq
d

Sweling ratio (%) = x 100% (1)

where W, and Wy represent the swollen and dry weights of the
hydrogel, respectively.

RSC Appl. Polym.
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Toughness was determined as the integrated area under the
stress—strain curve obtained from tensile testing. This experi-
ment compares the equilibrium swelling ratios and mechani-
cal property improvements among the hydrogels with four
different monomers.

Crosslinking density by compression test. Hydrogels were
equilibrated in water at 25 °C prior to measurement. The equi-
librated gels were cut into cylindrical specimens (diameter
25 mm, height 10 mm) and tested using a universal testing
machine at a compression rate of 10 mm min~"'. The compres-
sive modulus (G) was determined from the stress-strain
relationship given by eqn (2), as follows:>*!

c=Gla—a?) (2)

where o is the compressive stress and « is the ratio of the orig-
inal to deformed sample thickness. A linear relationship
between ¢ and (a — a~*) was observed, and G was determined
from the slope.

The effective crosslinking density (v.) was then calculated
using eqn (3), as follows:

G ~ RTvp'? (3)

where R is the gas constant, T is the absolute temperature (K),
and ¢ is the polymer volume fraction of the prepared or
swollen hydrogel.”®

Adhesion energy test. Adhesion strength was measured
using a universal testing machine in reverse compression
mode to quantify the detachment stress between the hydrogels
and different substrate surfaces. Hydrogels were synthesized
on glass slides modified with 3-(trimethoxysilyl)propyl meth-
acrylate. The hydrogel samples (25 mm x 20 mm x 3 mm) were
fixed on the glass substrate and attached to the load cell. The
pulling rate was set to 10 mm min~". The adhesion stress (c-
adhesion) was calculated using eqn (4) and (5), as follows:

Oadhesion — Omax — Ow — Odeformation (4)

Odeformation = AL X G (5)

where 6., is the maximum detachment stress, o, is the stress
due to the weight of the samples, cgeformation accounts for the
elastic deformation of the gel, and AL is the deformation prior
to detachment from the substrate surface, as shown in Fig. S1.

Dynamic light scattering (DLS). DLS measurements were
performed on a NanoPlus-3 spectrophotometer (Shimadzu
Co., Kyoto, Japan). The sample was loaded into a cuvette for
measurement. The DLS experiments were conducted at 25 °C
with a pinhole aperture of 25 pm and a scattering angle of
165°. The standard deviation of the time-averaged scattering
intensity (I); was calculated to quantify network homogeneity,
where a larger standard deviation indicates greater inhom-
ogeneity, whereas a smaller value reflects a more uniform
network structure.?® Scattering intensities were measured at 60
different positions across the hydrogel network.

Atomic force microscopy (AFM). In AFM, a cantilever with a
sharp tip detects the interaction forces between the probe and
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the sample surface. The deflection of the cantilever, monitored
via a laser reflected onto a position-sensitive photodiode, pro-
vides a direct measure of these forces. The spring constant of
the AFM cantilever was determined using the method
described in the literature.**> The tip-surface interaction force
was then calculated using Hooke’s law based on the deflection
and spring constant.*

AFM (SPI3800N, Hitachi) measurements were performed in
force-curve mode using cantilevers (f= 65 kHz, k = 0.5 N m™’;
Olympus Corporation, Japan). The instrument parameters
were set as FFM = +1, DIF = 0.1-0.2, and I gain = 0.5. The
adhesive force was derived from the force-distance (F-d)
curves obtained during approach and retraction. Three points
were measured on each sample to calculate the average surface
adhesion energy.**

Underwater friction test. Underwater friction tests were per-
formed using a custom-built universal testing system. Medical-
grade silicone sheets (Shore hardness 60A) were used as sub-
strates. Hydrogels were synthesized on 3-(trimethoxysilyl)
propyl methacrylate-modified glass slides and fixed to a
movable stage. Deionized water or 0.15 M NaCl solution was
added until the liquid fully covered both the hydrogel and sub-
strate. The samples were equilibrated for 10 min to allow com-
plete swelling.

The stage was then translated at a constant speed of
150 mm min~" over a distance of 130 mm, and the dynamic
friction coefficient was calculated from the recorded force-dis-
placement data. Each test was repeated 25 times to assess the
variations in the dynamic friction coefficient across trials.

Biofouling tests

Bacterial fouling. Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) were cultured in LB broth (10 pL inoculum
in 10 mL medium) at 37 °C and 100 rpm for 16 h. The bacteria
were harvested by centrifugation (5000 rpm, 5 min) and re-dis-
persed in PBS to an ODg(, of 0.15. Hydrogels were incubated
in 3 mL of the bacterial suspension at 37 °C and 100 rpm for
3 h. The samples were washed three times with PBS (5 min
each) to remove unattached bacteria. Live/dead staining was
performed using the LIVE/DEAD® BacLight™ kit for 15 min in
the dark, followed by PBS washing. Fluorescence images were
obtained using a Nikon ECLIPSE Ts2 microscope at three
random locations per sample, and bacterial coverage was
quantified using Image]J software.

Protein fouling. Hydrogels were incubated in BSA solution
(4.5 mg mL ™" PBS) for 3 h at 37 °C and 100 rpm, then washed
three times with PBST (PBS containing 0.05 wt% Tween 80).
Subsequently, the samples were incubated with anti-BSA 1gG
primary antibody (0.125 uL mL~" PBST) for 1 h, washed, and
then incubated with HRP-conjugated secondary antibody
(0.125 uL mL~" PBST) for 1 h. After washing, 1 mL of TMB sub-
strate was added to each sample for 30 s, and the reaction was
quenched by adding 0.5 mL of 1 M H,SO, to yield a yellow
solution. The solution (200 pL) was transferred to a 96-well
plate, and the absorbance at 450 nm was measured using an
ELISA reader (BioTek Synergy™ HT).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Statistical analysis

All data are presented as mean + standard deviation (SD).
Statistical comparisons between groups were conducted using
Student’s t-test. A p-value < 0.05 was considered statistically
significant.

Results and discussion
Optimization of highly entangled zwitterionic hydrogels

To examine the influence of the a-methyl group and potential
hydrogen bonding on the molecular structure and mechanical
properties of highly entangled zwitterionic hydrogels, four sul-
fobetaine-based monomers, SBAA, SBMAA, SBA and SBMA,
were synthesized (Scheme 1). The detailed synthetic pro-
cedures for the monomers are described in the SI and their 'H
NMR spectra were analyzed as shown in Fig. S2-S5,
respectively.

The synthesis strategy of highly entangled hydrogels aims
to optimize the balance between physical and chemical cross-
linking through the combined effects of chain entanglement
and covalent bonding.""'* The energy dissipation mechanism
based on polymer chain entanglement effectively overcomes
the limitation of low mechanical strength commonly found in
conventional hydrogels. In this study, we adjusted the ratio of
the chemical crosslinker to the monomer concentration to
construct polymer networks with different degrees of chain
entanglement and to determine the optimal formulation for
enhanced mechanical performance. In Fig. S6, the molar ratio
of photoinitiator to MBAA crosslinker was fixed at I/C = 0.4,
and the molar ratio of monomer to water (W) at 1:6. The
toughness of the hydrogels was determined from the area
under the stress-strain curves obtained from tensile tests.
Comparison among samples with different cross-linker con-
tents revealed that the optimal cross-linker content for all the
hydrogels is 0.025, corresponding to a crosslinker-to-water
molar ratio of 0.00384 : 1. This enhancement can be attributed
to the denser polymer chains in the highly entangled hydro-
gels and high degree of polymerization between links, which
promote physical entanglement and thus improve their
mechanical properties. We applied the above formula for
development of entangled zwitterionic hydrogels (EZHs) in
comparison with conventional zwitterionic hydrogels (ZHs).

As shown in Fig. 1a, tensile tests of the EZH and ZH hydro-
gels were conducted using a universal testing machine. The
entanglement effect markedly improved the mechanical pro-
perties of the zwitterionic hydrogels, with their toughness
enhanced by approximately 500%-2000%."" The comparative
values are summarized in Table S1. The improvement in
mechanical performance followed the order of SBMA > SBA >
SBMAA > SBAA. Although these polymers contain identical
zwitterionic pendant groups, the difference may be closely
associated with their network formation, chain flexibility,
swelling behavior and inter- and intra-chain interactions.

In addition to observing the recoverability of EZHs, we pre-
pared EZHs for reciprocating tensile tests within a strain range

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of 0% to 200% and under a loading rate of 0.0016 s™'. As
shown in Fig. 1b-e, all the EZHs exhibit excellent recoverability
and hysteresis was negligible. This can be attributed to the fact
that hysteresis in hydrogels primarily arises from the rupture
of closed polymer loops around chemical crosslinks.*® When
the crosslinker concentration is too high, excessive chemical
crosslinks amplify hysteresis-related defects within the
network.

Effects of backbone structures of EZHs on mechanical
properties

To reveal the effects of the backbone structure of EZHs on
their mechanical properties, we measured the hydrogen
bonding, swelling ratio, crosslinking density and distribution,
and mesh size of EZHs to elucidate their profound effects on
chain entanglement and energy dissipation from the mole-
cular point of view. To verify the presence of intermolecular
hydrogen bonding in the hydrogels, Fourier transform infrared
spectroscopy (FTIR) analysis was performed, as shown in
Fig. 2a-d, respectively. The characteristic amide II absorption
peak, a mixed vibration primarily involving N-H bending and
C-N stretching, appears at around 1570 cm ™", indicating the
presence of intermolecular hydrogen bonding. It was observed
that both the ZH and EZH of pSBA and pSBMA hydrogels,
respectively, lack hydrogen donors and do not exhibit inter-
and intra-molecular hydrogen bonds. In contrast, the pSBAA
and pSBMAA hydrogels, which contain both hydrogen donors
and acceptors, displayed distinct amide I (vc—o) and amide II
(bna + vo-n) peaks, confirming the formation of hydrogen
bonds. Moreover, the strength of hydrogen bonding can be
evaluated based on the wavenumber difference (Av) between
the amide I and amide II peaks; a smaller Av corresponds to
stronger hydrogen bonding interactions.*® Generally, a Av of
176 cm™" or less is indicative of hydrogen bonding.***” In this
study, the ZH and EZH of pSBAA and pSBMAA, respectively,
exhibited a Av of 72 ecm™, providing clear evidence for the
presence of strong hydrogen-bond interactions. Moreover, the
strength of hydrogen bonding did not increase with network
entanglement. This should be attributed to geometric con-
straints, such as the bond length and angle between the hydro-
gen donors and acceptors, which can significantly influence
the hydrogen bond strength.?%°

We evaluated the swelling behavior of the hydrogels in de-
ionized (DI) water and compared the swelling ratios of EZHs
with those of ZHs. As shown in Fig. 2e, the swelling ratios of
ZHs ranged from 5% to 35%, whereas those of EZHs were sig-
nificantly higher, ranging from 90% to 160%. The pronounced
increase in swelling arises from the reduced number of restric-
tive chemical crosslinking points in the highly entangled net-
works, which allows the polymer chains to expand more
freely.***!

Additionally, we examined the effect of molecular structure
on the swelling behavior of EZHs, as shown in Fig. 2e. The
hydrogels capable of forming inter- and intra-molecular hydro-
gen bonds (pSBAA and pSBMAA) exhibited higher swelling
ratios than those lacking hydrogen-bonding capability (pSBA

RSC Appl. Polym.
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(a) Tensile tests of EZH and ZH hydrogels. The 0-140% strain region is shown in the magnified inset. Reciprocating tensile tests with a strain

in the range of 0% to 200% and under a loading rate of 0.0016 s™* for recoverability of EZHs of (b) pSBMAA, (c) pSBMA, (d) pSBA and (e) pSBAA.

and pSBMA). The enhancement results from the improved
hydration facilitated by hydrogen bonding. Additionally, the
hydrogels containing an a-methyl group showed lower swelling
ratios due to the increased hydrophobicity imparted by the
methyl substituent.*> An inverse correlation was observed that
the hydrogels with higher swelling ratios showed smaller
improvements in mechanical strength (Fig. 1a). The higher
swelling typically dilutes the density of polymer chains,
leading to swelling-weakening behavior.*>** Because the
mechanical performance of highly entangled hydrogels with

RSC Appl. Polym.

fewer chemical crosslinking points relies heavily on physical
entanglements, they experience exceptionally high swelling
and therefore exhibit an even stronger dependence of mechan-
ical properties on swelling.

Network uniformity analysis

The formation of networks is critical in the mechanical per-
formance of hydrogels. Thus, in this work, we evaluated the
reactivity of each monomer under identical conditions. The
monomer conversion at various time points within 90 min was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fourier-transform infrared spectroscopy (FTIR) analysis to examine intermolecular hydrogen bonding in conventional and highly entangled
zwitterionic hydrogels of pSBA (a), pSBMA (b), pSBAA (c) and pSBMAA (d). Swelling ratios of all the EZHs (e).

quantified using NMR, and the apparent rate constant (Kupp)
was calculated. As shown in Fig. 3a, pseudo-first-order
polymerization kinetics were observed for all the monomers.
The reactivity follows the order of SBA > SBAA > SBMA >
SBMAA. The monomers containing an o-methyl group
(SBMA and SBMAA) exhibited significantly lower reactivity
than their non-a-methyl counterparts (SBA and SBAA), respect-
ively.*” Furthermore, the acrylamide-based monomers showed
slightly lower reactivity than the acrylate analogues. This be-
havior is due to the weaker internal rotational constraints
around the C-C bond between the backbone and the amide
moiety. In acrylates, stronger interactions between the back-
bone radicals and pendant carbonyl groups impose greater
rotational hindrance compared with interactions involving
amide groups.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry

To examine how differences in monomer and crosslinker
reactivity influence network uniformity, we utilized two
crosslinkers for developing EZHs, which are MBAA and
MBMA without and with an a-methyl group, respectively
(Scheme 1). The amide-based crosslinkers offer distinct
internal rotational constraints and hydrogen-bonding poten-
tial, which help clarify the structural synergy we aimed to
study. Hydrogels were synthesized using monomer-cross-
linker pairs with matched or mismatched reaction rates. DLS
was employed to measure scattering intensity, and the stan-
dard deviation was used as an index of network heterogen-
eity (Fig. 3b).>>*® The EZHs formed from fast-reacting mono-
mers paired with fast-reacting crosslinkers (e.g., SBA or SBAA
with MBAA) exhibited a lower standard deviation, indicating
more uniform networks. Similarly, slow monomers (SBMA or

RSC Appl. Polym.
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different network uniformities during stretching.

SBMAA) paired with slow crosslinkers (MBMA) produced
more uniform structures. Therefore, when the reaction rates
of the monomer and crosslinker are similar, they polymerize
concurrently, generating networks with a more homo-
geneous molecular weight distribution. In contrast, large
differences in reactivity lead to asynchronous polymeriz-
ation, resulting in regions of long linear chains and localized
crosslinker-rich clusters, thereby increasing the network
heterogeneity.*”

The crosslinking density, defined as the number of cross-
links per polymer volume fraction after swelling, includes both
physical and chemical crosslinks. We compared the cross-

RSC Appl. Polym.

linking densities (V.) of EZHs with different network uniformi-
ties, and the results are shown in Fig. 3c. The more uniform
EZHs exhibited higher crosslinking densities. This can be
attributed to the fact that in non-uniform highly entangled
networks, the physical entanglements are more prone to disen-
tanglement during swelling, thereby reducing the effective
crosslinking density.>®

We next compared the elastic modulus of EZHs with
different degrees of network uniformity. As shown in Fig. 3d,
the results correlate strongly with the DLS measurements. The
EZHs with more uniform networks exhibited a significantly
higher elastic modulus, whereas those with heterogeneous net-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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works demonstrated a weaker mechanical performance.
Although the amount of chemical crosslinker in EZHs is extre-
mely low, its influence is critical because the crosslinking
points define the average polymer chain length between
links, thereby affecting the mechanical behavior. As found in
previous studies,’® network uniformity impacts the elastic
modulus of hydrogels. A uniform network reduces stress
concentrations, leading to higher fracture strain and fracture
energy, thereby enhancing the durability of the hydrogels.
In addition, homogeneous networks contain fewer
structural defects, such as dangling chains and excessive
entanglements, which typically serve as sites for stress localiz-
ation and mechanical failure in more heterogeneous networks
(Fig. 3e).
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Effect of network homogeneity on rheological properties

Rheological measurements were performed on a rotational
rheometer by applying a series of shear strains to assess the
viscoelastic behavior of the hydrogels. In this study, the MBAA
crosslinker was used to develop ZHs and EZHs. As shown in
Fig. 4a-d, ZHs exhibited a solid-like to liquid-like behavior at
strain amplitudes of 250% to 500%, whereas EZHs underwent
this transition at significantly lower strain amplitudes of 35%
to 110%. The earlier transition in EZHs arises from their syn-
thesis strategy, in which their increased chain entanglement
enhances their viscosity and mechanical toughness while sim-
ultaneously facilitating chain mobility. Consequently, their
liquid-like characteristics become more pronounced under
deformation.*®
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In addition, we compared the loss factor (tan §) of the four
EZHs. As shown in Fig. 4e, the order in which tan § reaches 1
is pPSBMAA > pSBMA > pSBAA > pSBA. The hydrogels with a
more heterogeneous network structure (pSBMAA and pSBMA)
exhibit a faster increase in tan §, demonstrating more promi-
nent liquid-like behavior than the homogeneous networks of
PSBAA and pSBA, respectively. This trend can be explained by
the dynamic behavior of entangled chains under increasing
strain. As the strain amplitude increases, the rate of disentan-
glement progressively accelerates and eventually surpasses the
rate of re-entanglement. Hydrogels with broader molecular-
weight distributions between chemical crosslinks exhibit more
pronounced shear-thinning behavior, further enhancing their
liquid-like characteristics."’

Surface property analysis

It has been shown that highly entangled non-ionic hydrogels,
such as poly(acrylamide), exhibit enhanced lubrication due to
their strong hydration and loosely packed surface
chains.?®*>*® However, the conformation and properties of
polyelectrolytes and polyzwitterions are susceptible to the
ionic strength in the solution.’>*' Thus, to evaluate the
effects of molecular structure and ionic strength on lubrica-
tion, we prepared EZHs and ZHs of pSBA with the crosslinker

View Article Online
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MBAA. As shown in Fig. 5a, the pSBA EZH exhibited
poorer lubrication than the ZH in the same solution.
Moreover, all the zwitterionic pSBA hydrogels showed lower
friction in 0.15 M NaCl than that in DI water. Hydrogel lubrica-
tion is mainly influenced by (i) the conformation of the
polymer chains on the surface and (ii) the surface energy.’*>>
Due to the anti-polyelectrolyte effect of zwitterionic poly-
mers,>® pSBA becomes more hydrated and swollen in the NaCl
solution. Therefore, the results reflect that the zwitterionic
hydrogels exhibited significantly enhanced lubrication under
saline conditions. However, the lower lubrication of EZHs than
ZHs could be attributed to their distinct surface adhesion
energy.

We further analyzed the surface adhesion energy of the
hydrogels using AFM and a contact mechanics model by ana-
lyzing the force-distance curves. As shown in Fig. 5b, the pSBA
EZH exhibits markedly higher adhesion energy than the ZH.
This result can be ascribed to the presence of abundant posi-
tively and negatively charged moieties within the 3D network,
which result in a high dipole moment.>**> The substantial
surface adhesion observed in EZHs explains, in part, their
weaker lubrication performance.

To further evaluate and compare the macroscopic adhesion
of EZHs and ZHs, we performed surface adhesion strength
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tests on silicone, TCP, 316 stainless steel, and glass substrates
(Fig. 5¢). The o-adhesion strength of EZHs on these substrates
were higher than ZHs, which is consistent with the friction
and AFM results (Fig. 5a and b, respectively) and reveals the
higher surface energy of EZHs.

In adhesion-related evaluations, the key consideration is
whether the hydrogel surface can effectively resist nonspecific
adsorption. Therefore, we conducted both protein- and bac-
teria-adhesion experiments for ZHs and EZHs to compare their
fouling resistance. Bovine serum albumin (BSA), the most
abundant protein in blood, was used for evaluating anti-
protein adsorption. As shown in Fig. 6a, all the ZHs and EZHs
exhibited low BSA adsorption levels of <6% relative to that on
TCP. Interestingly, the fouling levels of the EZHs prepared from
different monomers were slightly higher than that of the ZHs.

For the antibacterial adhesion tests, Gram-negative
Escherichia coli (E. coli) and Gram-positive Staphylococcus epi-
dermidis (S. epidermidis) were used. The samples were observed
under fluorescence microscopy after co-culture with bacteria
and fluorescence staining and quantified using Image]. As
shown in Fig. 6b, bacterial attachment on EZHs with respect to
that on TCP ranged from 1.26%-3.5% for E. coli and 0.99%-—
2.25% for S. epidermidis. In contrast, ZHs showed lower attach-
ment of 0.19%-1% for E. coli and 0.15%-1.12% for
S. epidermidis.

Both the protein and bacterial adhesion results reveal a
consistent trend that EZHs exhibit slightly compromised anti-
fouling performance compared to the conventional ZHs. One
possible explanation is that the loosely packed polymer
network of the highly entangled hydrogels contains more
nanoscale voids, allowing partial penetration of proteins or
bacteria into the hydrogel matrix.® Another contributing
factor may be the higher surface adhesion energy of EZHs,
which increases their interfacial interactions relative to ZHs
(Fig. 5b and c). Additionally, a previous study reported that
densely packed zwitterionic chains can undergo intrachain
associations,”” reducing surface hydrophilicity and conse-
quently weakening the antifouling performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In this study, we developed a highly entangled zwitterionic
hydrogel platform and systematically examined how molecular
structure, network uniformity, and intermolecular interactions
influence hydration, mechanical properties, interfacial pro-
perties and fouling resistance. Using the optimized monomer
ratio that maximizes chain entanglement, zwitterionic hydro-
gels from monomers (SBA, SBMA, SBAA and SBMAA) and
crosslinkers (MBMA and MBAA) with distinct backbone substi-
tution, reactivity and hydrogen bonding were synthesized to
elucidate  their key structure-property relationships.
Mechanical testing revealed that EZHs lacking intermolecular
hydrogen bonding (pSBA and pSBMA) exhibited greater
mechanical enhancement than their hydrogen-bonded
counterparts. Although hydrogen bonding is often expected to
strengthen the polymer networks, in high-entanglement
systems it instead increases hydration and swelling, giving rise
to a low chain density and weakened entanglement-based
reinforcement. The clear correlation between higher swelling
ratios and reduced mechanical gains further confirms that
chain entanglement is highly sensitive to the polymer chain
density. Dynamic light scattering and tensile measurements
showed that pairing monomers and crosslinkers with different
reaction rates allows fine control over network homogeneity.
The heterogeneous networks displayed lower stiffness and
more pronounced shear-thinning behavior, whereas the more
homogeneous architectures exhibited improved rigidity. All
the EZHs demonstrated characteristic fluid-like responses,
consistent with the dynamic nature of physical entanglements.
Protein and bacterial adhesion experiments revealed a trade-
off between bulk mechanical enhancement and surface anti-
fouling behavior. Although chain entanglement significantly
strengthened the zwitterionic hydrogels, their high surface
energy and swelling-induced porous surface features allow bio-
molecules to diffuse and become temporarily trapped, redu-
cing their antifouling efficiency. Overall, this work establishes
chain entanglement as a robust strategy for enhancing the
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toughness, strength, and energy dissipation of zwitterionic
hydrogels. By tuning the monomer and crosslinker reactivity to
control the network uniformity, the mechanical performance
of these materials can be further tailored. These insights
expand the design space of zwitterionic hydrogels and provide
a foundation for developing next-generation materials for
wearable devices, biomedical interfaces, and mechanically
demanding environments.
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