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A B S T R A C T

Bacterial wound infections are a growing challenge in healthcare, posing severe risks like systemic infection, 
organ failure, and sepsis, with projections predicting over 10 million deaths annually by 2050. Antibacterial 
hydrogels, with adaptable extracellular matrix-like features, are emerging as promising solutions for treating 
infectious wounds. However, the antibacterial properties of most of these hydrogels are largely attributed to 
extrinsic agents, and their mechanisms of action remain poorly understood. Herein we introduce for the first 
time, modified imidazolidinyl urea (IU) as the polymeric backbone for developing tissue-like antibacterial 
hydrogels. As-designed hydrogels behave tissue-like mechanical features, outstanding antifreeze behavior, and 
rapid self-healing capabilities. Molecular dynamics (MD) simulation and density functional theory (DFT) 
calculation were employed to well-understand the extent of H-bonding and metal-ligand coordination to finetune 
hydrogels’ properties. In vitro studies suggest good biocompatibility of hydrogels against mouse fibroblasts & 
human skin, lung, and red blood cells, with potential wound healing capacity. Additionally, the hydrogels exhibit 
good 3D printability and remarkable antibacterial activity, attributed to concentration dependent ROS genera
tion, oxidative stress induction, and subsequent disruption of bacterial membrane. On top of that, in vitro biofilm 
studies confirmed that developed hydrogels are effective in preventing biofilm formation. Therefore, these tissue- 
mimetic hydrogels present a promising and effective platform for accelerating wound healing while simulta
neously controlling bacterial infections, offering hope for the future of wound care.

1. Introduction

Since the 21st century, bacterial infections have become a formi
dable challenge in healthcare [1], with surgical site infections (SSIs) and 
urinary tract infections (UTIs) representing approximately 55 % of 
incidence among nosocomial infections as reported in 2002 [2]. It is 
estimated that by 2050, humankind will face a staggering toll, with over 
10 million annual deaths attributed to bacterial infections, surpassing all 
other causes of mortality-including cancer [3]. Bacterial wound in
fections caused by pathogenic bacteria prolong the healing process and 
pose significant risks of systemic infection, organ failure, and sepsis, 

underscoring an urgent need for effective interventions [4]. Although 
the discovery of antibiotics initially curbed the advancement of bacterial 
infections, drug abuse has led to antibiotic-resistant strains among 
pathogenic bacteria [5]. To counter such challenges, varieties of inno
vative materials with antimicrobial properties have been developed, 
such as nanomaterials [6,7], foam [8,9], nanofibers [10,11], and 
hydrogels [12–15]. Among these agents, hydrogels with tunable 
tissue-like features, remarkable absorption capability, biodegradability, 
biocompatibility [14,16], and extracellular matrix (ECM)-like porous 
structure have emerged as the most promising candidates for 
bacterial-infected wound treatments. However, the most reported 
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antibacterial hydrogels rely on incorporating additional active com
pounds, such as drugs or nanomaterials, instead of inherent antibacterial 
characteristics [17–19]. These investigations have not paid enough 
attention to the origins of antibacterial activities and how they lead to 
bacterial death.

In general, antibacterial agents inactivate bacteria mainly by 
damaging their membranes, preventing the production of cell walls, 
targeting intercellular molecules, and by immunomodulation [20]. 
Many cationic polymers kill bacteria through electrostatic interaction, 
followed by hydrophobic insertion into lipid tails and subsequent 
membrane lysis [21–23]. Moreover, they can inhibit the production of 
cell walls by targeting lipid II [24,25], a crucial precursor in the 
biosynthesis of peptidoglycan layers, ultimately leading to disruption of 
bacterial growth. When targeting intercellular molecules, specific anti
bacterial agents can overcome the barriers posed by the outer membrane 
and cytoplasmic membrane [26,27]. These agents may accumulate 
within the cytosol, strongly interact with DNA, inhibit cell division, 
condense bacterial chromosomes, and inhibit nucleic acid synthesis to 
disrupt critical intracellular processes. For immunomodulatory mecha
nisms, antibacterial agents effectively recruit immune cells like neu
trophils, macrophages, and T cells to the infection sites, thereby 
promoting bacterial clearance. Moreover, they can also enhance 
neutrophil function, suppress the release of pro-inflammatory cytokines, 
facilitate the induction of anti-inflammatory cytokines, and promote 
phagocytosis [28,29]. Hence, a thorough investigation into deciphering 
the mechanism provides a deeper understanding of the intricate rela
tionship between their structure, properties, and efficacy against various 
microbial species, guiding more effective antimicrobial materials’ 
development.

In addition to exploring antibacterial mechanism studies, another 
challenge is designing innovative multifunctional materials. Urea and its 
derivatives play a significant role in medicinal applications, such as 
modulating drug potency, selectivity, and pivotal interactions with drug 
targets [30]. In recent years, several urea derivatives have emerged as 
effective antimicrobial agents, offering promising solutions to fight 
against microbial infections [31–33]. Imidazolidinyl urea (IU) is an 
antimicrobial preservative used to formulate pharmaceutical products, 
cosmetics, and household detergents [34]. Recently, with increasing 
attention to preservatives, more research has been devoted to the IU 
molecule. For example, Wang et al. prepared the IU-grafted reverse 
osmosis membrane, in which IU acted as both the antimicrobial agent 
and the precursor of N-halamine. A reversible transition between N-Cl 
and N-H groups happened during sterilizing microbial cells and the 
chlorination process [35]. Apart from chemical and biological func
tionalities, rich H-bonding donors and receptors from IU could promote 
the formation of multiple hydrogen bonds. For example, Cheng’s group 
has reported H-bonding reinforced biocompatible hydrogels and 
observed that the introduction of IU contributed to superior mechanical 
properties, self-healing and shape memory abilities, and degradability 
[36–40]. Moreover, IU-based hydrogels were utilized as tannic 
acid-loading carriers for diabetic wound healing and infectious skin 
treatments [41], as tannic acid/kartogenin-loading scaffold for in vivo 
cartilage regeneration [40]. In our recent work, we designed IU-based 
photoresins for high-resolution 3D printing, and the printed objects 
exhibited potent antimicrobial activity [42]. Overall, all these studies 
exploited its promising potential in both structural superiorities and 
functionalities. However, in most of these studies, IU was utilized either 
as a small molecule, an additive or as a part of a structural backbone 
without evaluating its biological performance and intrinsic antibacterial 
mechanism of action in detail.

In this study, for the first time, we incorporated a modified IU 
molecule as the polymers’ backbone and explored its inherent biological 
properties, especially antibacterial performance and its mechanisms. By 
integrating both structural and functional advantages, we have devel
oped several IU-based tissue-like hydrogels through free radical poly
merization under mild conditions. Dynamic metal-ligand coordination 

was introduced into the system to tune mechanical properties, such as 
strength, modulus, and fatigue. Tensile/compression tests and density 
functional theory (DFT) calculation were combined for formulation 
optimization. In addition to structural and morphological character
ization (NMR and SEM), FTIR and molecular dynamics (MD) simulation 
were utilized for hydrogen bonding investigation, followed by anti
freeze, rheological, and self-healing behavior studies. Then, we evalu
ated in vitro cytocompatibility of designed hydrogels against three 
distinct cell lines NIH/3T3 mouse fibroblasts, BEAS-2B human lung 
epithelial cells, and HaCaT human keratinocytes, assessed hemo
compatibility against human red blood cells, and conducted in vitro 
wound healing assay. Furthermore, we studied their antibacterial per
formance against both gram-negative Escherichia coli (E. coli) and gram- 
positive Bacillus subtilis (B. subtilis); followed by an in-depth investiga
tion to unravel the intrinsic antibacterial mechanism through an amal
gamation of both experimental and theoretical (MD simulation) 
strategies. Lastly, we studied their capabilities to prevent biofilm 
formation.

2. Results and discussion

2.1. Synthesis and mechanical study

We synthesized acylated IU monomer under mild conditions from 
commercial cosmetic preservative imidazolidinyl urea (IU, Scheme S1); 
the structure was confirmed by FTIR (Fig. S1), 1H NMR (Figs. S2 and S3), 
and 13C NMR (Fig. S4). In Fig. S1, new peaks at 862 and 3066 cm− 1 

correspond to the C=C bending and C-H stretching of C=C, respectively, 
indicating the successful incorporation of the acrylate group within the 
IU structure. Furthermore, new peaks at 5.86, 6.01, and 6.27 ppm from 
1H NMR (Figs. S2 and S3) indicate the presence of acrylate protons. On 
the other hand, two new peaks are observed at 129 and 131 ppm in 13C 
NMR (Fig. S4) belonging to acrylate carbons, which strongly confirms 
the successful synthesis of IU monomer. Then, IU-based hydrogels were 
prepared by copolymerizing IU monomer and methacrylamide (MAA), 
via free radical polymerization using ammonium persulfate (APS) as 
initiator and N,N,N′,N′-tetramethylethylenediamine (TEMED) as a 
catalyst in deionized water at 37 ◦C (Fig. 1a, Fig. S5). The optimization 
of formulations and conditions was based on the mechanical (tensile and 
compression) tests (Fig. S6). After optimization, at a molar ratio of 1:2.5 
between IU monomer and MAA and 50 % of monomer concentration, we 
obtained a soft and highly stretchable hydrogel PMIU (Fig. S7). The 
excellent stretchability is attributed to the enriched hydrogen bonding 
facilitated by the imidazolidinyl urea structure [37,41]. However, it has 
poor physical stability and is soluble in water, which demands further 
improvement in its mechanical properties. For emerging applications 
such as artificial tissues and wound healing dressings, materials must 
maintain stability and durability under prolonged mechanical stress, 
resisting cyclic fatigue damage or fracture [43]. In this regard, we opted 
for dynamic metal-ligand coordination instead of covalent crosslinking 
to enhance hydrogel’s stability and mechanical strength, with the 
accessional value of reversible response under damage, such as 
self-healing capability. Therefore, we introduced a low ratio of vinyl 
imidazole (VI) and Ni2+/Zn2+ salts into the PMIU system; the imidazole 
moiety as an integral component of specific amino acids found in various 
peptides [44], which can coordinate with different metals for con
structing and tuning metallogels’ performance and behavior [45,46]. 
From the optimization, there was no significant improvement in 
hydrogels’ mechanical performance by introducing a low amount of 
vinyl imidazole, only if metal ions Ni2+/Zn2+ were present to trigger 
metal-ligand coordination. With the increase of vinyl imidazole and 
related metal ions, the mechanical properties of synthesized hydrogels 
increased, and the materials became stiffer. Whenever the molar ratio of 
vinyl imidazole and IU monomer is above 0.5, the precursor solution 
will be crosslinked quickly after initiation of polymerization. This sud
den increase in viscosity is attributed to the strong metal-ligand 
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coordination and H-bonding interactions that took place simulta
neously. However, we are aiming to design tissue-like hydrogels for 
biomedical applications, therefore we chose the molar ratio between IU 
monomer and vinyl imidazole of 4:1 to balance the mechanical perfor
mance and flexibility.

Here, several metal-ligand reinforced hydrogels PMIU-Nix and PMIU- 
Zny were synthesized, where x (0.125, 0.25 and 0.5) and y (0.125, 0.25 
and 0.5) stand for the ratios between Ni2+/Zn2+ and VI, respectively. 
Fig. 2a and c represent tensile and compression stress-strain curves for 
all IU-based hydrogels, respectively. Polymethacrylamide (PMAA) 

hydrogel was used as a control. For hydrogels PMIU-Zny, mechanical 
properties increased with the increase of the Zn2+ ratio. While for PMIU- 
Nix, PMIU-Ni0.25 shows the best balance between the tensile strength of 
214.71 ± 3.94 kPa and strain of 477.07 ± 34.64 % (Fig. S8), with the 
elastic modulus of 471.19 ± 17.52 kPa and toughness of 623.665 ±
84.82 kJ/m3 (Fig. 2b). Similarly, for the compression tests, PMIU-Ni0.25 
also exhibits remarkable compressive strength (447.26 ± 28.26 kPa), 
strain (86.32 ± 3.91 %), stiffness (77.34 ± 4.83 kPa), and toughness 
(69.16 ± 4.25 kJ/m3), as shown in Figs. S8 and 2d. In particular, the 
hydrogel PMIU-Ni0.125 shows better mechanical performance than 

Fig. 1. Schematic illustration of this work. a) Hydrogels preparation; b) Anti-freeze and self-healing; c) Biocompatibility and wound healing; d) Antibacterial 
mechanism study.
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PMIU-Zn0.5, indicating that more efficient chelation occurred between 
Ni2+ and the imidazole group than Zn2+. To quantitatively assess the 
metal-ligand coordination in this system, we calculated the binding 
energy between Ni2+ and different numbers of imidazole ligands (1–6) 
using density functional theory (DFT) calculation (S1.7, ESI). Interest
ingly, the optimized structures in Fig. 2e, one ligand of Ni2+⋅(VI)5 and 
two ligands of Ni2+⋅(VI)6 dissociated from Ni2+, respectively. The 
binding energies of both structures are approximate to Ni2+⋅(VI)4. 

Meanwhile, from Table S1, both optimized Ni2+⋅(VI)5 and Ni2+⋅(VI)6 
structures have 4 equal N-Ni2+ bonds with bond length around 1.94 Å, 
same as Ni2+⋅(VI)4 (Fig. 2f). While Ni2+⋅(VI)5 has another different N- 
Ni2+ bond with a length of 3.62 Å, and Ni2+⋅(VI)6 has two different 
bonds with lengths of 2.93 and 3.53 Å, proved that the dissociation 
between Ni2+ and part of imidazole ligands takes place. Concluding the 
binding energy and bond length distributions of these three structures, 
the ratio of 1:4 between Ni2+ and imidazole ligand resulted in the 

Fig. 2. Optimization and mechanical study of hydrogels. a) Tensile stress-strain curves at a strain rate of 40 mm/min; b) Elastic modulus and tensile toughness. c) 
Compression stress-strain curves at compressive rate of 1 mm/min; d) Compressive stiffness and toughness. e) Density functional theory calculation of binding energy 
between Ni2+ and different number imidazole ligands; f) DFT snapshots of optimized structure between Ni2+ and imidazole ligand ratio of 1:4. Photographs of 
hydrogel PMIU-Ni0.25, g) knot and knot stretch; h) twist and twist stretch; i) 1 g hydrogel lifting 256 g weight; j) five hydrogel cylinders taking a person (60 kg) 
without apparent collapse. Tensile cyclic loading-unloading study of PMIU-Ni0.25 at 200 % strain, k) ten successive fatigue cycles; l) relative dissipated energy and 
strength of ten fatigue cycles at 200 % strain; m) original and after rest for 5 min at 200 % strain; n) dissipated energy and strength recovery after 5 min rest at 200 % 
strain. Stress relaxation study of hydrogel PMIU-Ni0.25, o) experimental curves at different strains; p) fitting curves by combing two viscoelastic (Maxwell) and one 
elastic (Viogt) elements in parallel.
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optimum coordination. This quantitative calculation coincides well with 
tensile/compression results, that the hydrogel PMIU-Ni0.25 exhibits 
pioneering mechanical performance. Overall, the designed hydrogels 
achieved a comprehensive improvement in stretchability and strength 
compared to PMAA hydrogel, by collaborating rich hydrogen bond in
teractions along with dynamic reversible metal-ligand coordination [47,
48]. According to mechanical properties, we featured hydrogels PMIU 
(as a reference) and PMIU-Ni0.25 for further studies. Figs. S9, 2g, 2h, and 
2i illustrate the robust mechanical properties of PMIU-Ni0.25 hydrogel. A 
hydrogel ribbon (~2 mm, 1 g) was stretched in normal, knotted, and 
twisted conditions and still was able to withstand the high strain. In 
addition, it could lift ~256 g of weight without rupture, indicating su
perior mechanical strength. Also, Fig. S10 clearly shows the tissue-like 
flexibility of PMIU-Ni0.25 hydrogel, which could repeatedly bend on 
the finger and elbow between 90 and 180◦. Moreover, five hydrogel 
cylinders could take a person (~60 kg) without evident collapse, as 
shown in Fig. 2j. This could mainly attributed to diverse physical in
teractions of H-bonding, especially metal-ligand coordination, as sacri
ficial bonds that strengthen mechanical properties, including toughness. 
Toughness would help to dissipate energy during the sample deforma
tion but possibly cause fatigue, implying the degradation of hydrogel 
properties [49].

Inspired by this observation and hypothesis, we investigated the fa
tigue of hydrogel PMIU-Ni0.25 by cyclic tensile loads. From Fig. S11, 
dissipated energy (hysteresis area between loading and unloading 
curves) increases with strain percentages, around 65–80 % of the total 
work. When stress is applied, energy will be dissipated due to the 
breakage of sacrificial bonds; the broken inter-chain reversible bonds 
will change the network topologies of hydrogels, where the network 
topologies will significantly affect the fatigue behavior. Lin et al. 
introduced partially crystalline structures in polyvinyl alcohol hydrogels 
and achieved a superior fatigue threshold exceeding 1000 J/m2 [43]. 
The required energy per unit area for fracturing fatigue cracks in highly 
ordered networks was much higher than in a single layer of polymer 
chains. Here, ten loading-unloading cycles were proceeded with 
PMIU-Ni0.25 to quantify the cyclic fatigue damage at 200 % strain. From 
Fig. 2k and l, a substantial hysteresis loop is observed in the 2nd cycle 
with 50 % dissipated energy and 20 % strength drop; the cyclically 
applied loads without rest caused ongoing damage to sacrificial bonds. 
Interestingly, after 6 cycles, both dissipated energy and strength started 
to increase, possibly due to the partial rejoint of the broken sacrificial 
bonds, which helped to rebuild the disordered networks. Also, fatigue 
crack-resistant effects in different directions of 3D networks amplify the 
antifatigue behavior [46,50]. Inspired by this interesting observation, a 
second loading-unloading cycle was conducted on the first cycle sample 
but after a 5-min rest. As expected, almost no hysteresis of the 
loading-unloading loop is observed (Fig. 2m and n), and the dissipated 
energy and strength recovery to 95 % and 103 % of the original 
hydrogel, respectively. Meanwhile, fatigue of PMIU-Ni0.25 was also 
studied by cyclic compression loads at 60 % strain; similar conclusions 
as tensile loads vide supra (Fig. S12). In sum, the above results reveal 
that the hydrogel PMIU-Ni0.25 possesses robust fatigue resistance prop
erties under multiple cycles of loads and extraordinary recovery 
characteristics.

Fatigue correlates with rheology, a liquid-like hydrogel will relax to 
zero stress under a prolonged static stretch without increasing static and 
cyclic fatigue threshold. Meanwhile, a solid-like hydrogel relaxes to 
finite stress (nonzero) and with an increase in static fatigue threshold 
[49]. Stress relaxation seeks to understand the mechanism of hydrogel 
fracture and fatigue differently. In this work, we studied the stress 
relaxation behavior of PMIU-Ni0.25 at different strains. From Fig. 2o, 
similar trends of stress evolution versus time are observed from different 
strain curves: a rapid drop followed by a nonzero plateau, indicating the 
solid-like behavior of the hydrogel. Like uniaxial tensile stretch, stress 
comes from sacrificial bonds and drives the chain segment orientation 
during loading. During relaxation, a dramatic stress reduction is 

ascribed to the breakage of sacrificial bonds, which could weaken 
inter-chain interactions and cause the relaxation of chain segment 
orientation. Although efficient recovery happens, rebuilt networks are 
relaxed, without contributing to strain energy and chain order [51]. 
Constant stress at a nonzero plateau relies on the elasticity of the 
inherent polymer chains and entangled networks [52]. To concretely 
describe the viscoelastic behavior, the stress relaxation data was fitted 
by the model combining two viscoelastic (Maxwell) and one elastic 
(Viogt) elements in parallel (Fig. S13). From Fig. 2p, the theoretically 
fitted curves of PMIU-Ni0.25 at 100 %, 200 %, 300 %, and 400 % strains 
highly match the experimental data, with squares of the correlation 
coefficient exceeding 0.995.

Hence, the stress relaxation behavior is described as Equation (1): 

σt = σ1 + σ2 + σ3 =E1ε0 exp(

− (t − t0) / τ1)+ E2ε0 exp( − (t − t0) / τ2) + E3ε0 (1) 

Where σt is the total stress, σi and Ei are the stress and elastic modulus of 
each unit, respectively. ε0 is the constant initial strain, t0 is the initial 
relaxation time. τi is the response of the one-dimensional Maxwell 
element, represented by the ratio of viscosity ηi to elastic modulus Ei, 
τi = ηi/Ei.

Meanwhile, the relaxation modulus Er can be calculated by Equation 
(2): 

Er = σt / ε0 = E1 exp( − (t − t0) / τ1)+E2 exp( − (t − t0) / τ2) + E3 (2) 

All characteristic parameters related to Equations (1) and (2) are 
shown in Table S2.

2.2. Physical study

The microstructure of IU-based hydrogels was analyzed by a high- 
resolution scanning electron microscope (HR-SEM). Fig. 3a and b 
shows that both hydrogels exhibit three-dimensional (3D) networks, 
while a denser and more orderly packed network is observed at the 
PMIU-Ni0.25 network. Average pore size distribution curves fitted by the 
Gaussian function show a more uniform microstructure with homoge
nous pores in PMIU-Ni0.25 compared to PMIU. The dynamic covalent 
bonds between Ni2+ and imidazole moiety are the dominant contribu
tion for driving the network organization, instead of physical cross
linking through polymer chain entanglement and multiple H-bonding 
interactions [53,54]. Next, FTIR was employed for hydrogel structural 
characterization, as shown in Figs. S14 and S15, the spectrums evidence 
the successful synthesis of hydrogels. To further investigate the 
H-bonding interactions, we analyzed the FTIR spectrums of hydrogels 
PMIU and PMIU-Ni0.25 from 1740 to 1500 cm− 1 and fitted it with the 
Gaussian function, as shown in Fig. 3c and d. For both hydrogels, fitted 
curves closely match the experimental curves, and 7 separate peaks are 
obtained; where peaks I, II, III, IV, and V are related to H-bonded C=O, 
free C=O, H-bonded C=O, H-bonded C=O, and free amide, respectively. 
In addition, peaks VI and VII for PMIU indicate the existence of 
H-bonded N-H and free N-H. For PMIU-Ni0.25, peak VI belongs to a free 
N-H bending, while peak VII belongs to an H-bonded N-H [55]. 
Furthermore, we utilized Molecular Dynamics (MD) simulation to 
further analyze hydrogen bonds composition. Three representative 
cubic boxes were constructed to simulate the experimental hydrogel 
systems and optimized by a Forcite module with a COMPASS II force 
field. Due to the lack of Ni2+ ion in this force field, we built a PMIU-Zn0.5 
hydrogel system instead of PMIU-Ni0.25 (S1.8, ESI). Fig. 3e–S16, and 3g
represent the equilibrium state of PMIU, PMIU-VI, and PMIU-Zn0.5, 
respectively. Meanwhile, snapshots of optimized structures shown in 
Fig. 3f and h intuitively exhibit the H-bonding interactions between 
different moieties. After equilibrium, different types and numbers of 
hydrogen bonds were counted and analyzed, as shown in Fig. 3i. In all 
systems, more than 70 % of H-bonds comes from inter IU monomers, IU 
monomer and water molecule, IU monomer and MMA, proving the 
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dominant H-bonds contribution from imidazolidinyl urea as expected. 
And the H-bonds distributions between PMIU and PMIU-Zn0.5 systems 
further match the experimental results, that the hydrogels PMIU-Nix and 
PMIU-Zny sustained surprised flexibility and stretchability after 
metal-ligand chelation, with substantial improvement in mechanical 
performance.

Besides H-bonding analysis, thermostability and anti-freeze proper
ties of synthesized hydrogels were also evaluated using Thermogravi
metric Analysis (TGA) and Differential Scanning Calorimetry (DSC). For 

biomaterials and devices, extraordinary behaviors under extreme envi
ronmental conditions are indispensable to maintain their mechanical 
stability, conductivity, and other functionalities [56]. The TGA results 
from Fig. S17 prove the superior water retention capacity and thermal 
stability of hydrogels at high temperatures. Step I indicates the moisture 
loss; step II (after 220 ◦C) is mainly related to the decomposition of the 
imidazolidinyl urea structure and followed by the decomposition of 
polymethacrylamide (step III). Fig. 3j represents DSC curves (cooling 
from 25 ◦C to − 60 ◦C and then warming to 25 ◦C) of PMIU and 

Fig. 3. Physical study of hydrogels. SEM images of freeze-dried hydrogels, a) PMIU; b) PMIU-Ni0.25. Gaussian fitting of hydrogels FTIR curves (1740-1500 cm− 1) 
for hydrogen bonding study, c) PMIU; d) PMIU-Ni0.25. MD simulation of hydrogels system for H-bonding study, e) equilibrium state of hydrogel PMIU system; g) 
equilibrium state of hydrogel PMIU-Zn0.5. MD snapshots of the optimized structure showing H-bonding interactions, f) PMIU system; h) PMIU-Zn0.5 system. i) 
Comparison of hydrogen bond distribution within hydrogels PMIU, PMIU-VI, and PMIU-Zn0.5. j) DSC curves of hydrogels PMIU and PMIU-Ni0.25 for anti-freeze study. 
Frequency sweep at 0.1 % strain of, k) PMIU; m) PMIU-Ni0.25. Strain sweep at 1 Hz frequency of, l) PMIU; n) PMIU-Ni0.25.
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PMIU-Ni0.25 hydrogels; the crystallization/freezing peaks observed at 
− 22.58 and − 24.08 ◦C demonstrating their advanced freeze-tolerant 
performance to maintain physical performance under extreme cold 
environment. The mechanisms of antifreeze behavior are mainly 
H-bonding, structure of components, and chelation effects. Firstly, rich 
hydrogen bonds between water molecules and polymer structures 

significantly enhanced hydrogels’ moisture-holding capability and 
freeze tolerance. Meanwhile, introducing hydrophobic moieties (methyl 
groups) and urea structures into hydrogels could lower the freezing 
point [57]; the hydrophobic aggregates confined the growth of ice nuclei 
to proceed with crystallization [58], coincident conclusion as Janus ef
fect of antifreeze proteins (AFPs) that hydrophobic ice-binding face of 

Fig. 4. Self-healing study of hydrogels. a) Schematic diagram of self-healing and stretching process. Photographs of hydrogels self-healing, b) PMIU cutting, 
healing, and stretching; c) PMIU-Ni0.25 cutting, healing, and stretching; d) self-healed hydrogel PMIU-Ni0.25 lifting 256 g weight. Mechanical study of self-healed 
hydrogel PMIU-Ni0.25 after 1h, 2h, and 4h, e) tensile stress-strain curves; f) stress and strain recovery. Thixotropic study of hydrogels with step-strain sweep of 
low strain (0.1 %, 40 s) and high strain (100 %, 40 s), g) PMIU; h) PMIU-Ni0.25. Statistical analysis: two-way ANOVA; *, **, ***, and **** were considered for p 
values < 0.05, <0.01, <0.001, and <0.0001, respectively (n = 3).
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AFPs inhibit ice formation [59]. Notably, from Fig. 3j, the crystallization 
of PMIU-Ni0.25 happens 1.5◦ lower than PMIU, likely due to the freezing 
point depression effect of inorganic salt NiCl2 [60], and denser micro
structure (less distance) after chelation, which affects the hydrophobic 
inhibition efficacy of ice growth [61].

Lastly, to quantitatively assess the flow/deformation of synthesized 
hydrogels, the rheological properties, especially viscoelastic behavior, 
were investigated using an oscillatory rheometer. Most hydrogels are 
non-Newtonian liquids with shear-thinning behavior, where the vis
cosity decreases as the shear rate increases [62]. As shown in Fig. S18, a 
higher zero-shear viscosity of PMIU-Ni0.25 compared to PMIU is 
observed, which is due to the higher toughness of PMIU-Ni0.25. At the 
same time, PMIU shows better viscosity maintenance during shear 
thinning, where its flexible network contributed to less viscosity drop. In 
addition, temperature sweep results in Fig. S19 indicate favorable 
thermal stability of both PMIU-Ni0.25 and PMIU, consistent with TGA 
analysis data. Viscoelastic materials generally show viscous and elastic 
behavior during deformation, while purely elastic materials do without 
energy dissipation. Storage modulus G′ represents stored deformation 
energy (i.e., stiffness), and loss modulus G″ reflects dissipated energy (i. 
e., flow) are defined to describe materials’ viscoelastic behavior during 
the shear process [63]. In this work, we conducted oscillatory strain 
sweep tests on hydrogels at a frequency of 1 Hz to the abstract linear 
viscoelastic region (Fig. 3l and n). According to the results, a strain of 
0.1 % was opted for frequency sweep experiments. In Fig. 3k and m, 
PMIU-Ni0.25 shows more elastic/solid-like behavior while PMIU shifted 
from viscous to elastic behavior with the increase of frequency. Addi
tionally, the moduli of PMIU-Ni0.25 are much higher than PMIU, corre
sponding to more preceding stiffness and strength contributed by 
metal-ligand coordination and lower flexibility, as shown in the me
chanical study.

2.3. Self-healing study

In general, self-healing hydrogels can be used as wound-healing 
dressings, artificial tissues, biosensors, and actuators [64,65]. A sche
matic diagram of hydrogel’s self-healing and stretching processes is 
shown in Fig. 4a, with both damaged and healed zones, illustrating the 
rejoining of sacrificial bonds after damage and their behavior while 
stretching. This healed zone is the weak point of the sample, challenging 
the healing capacity of sacrificial bonds for energy dissipation, to resist 
the growth of cracks or fractures instead of a homogenous recovered 
fatigue system. To evaluate the self-healing performance of designed 
hydrogels, we cut both prepared PMIU and PMIU-Ni0.25 into two seg
ments (one colored by Congo red), and attached them together for 
healing, as shown in Fig. 4b and c. For soft hydrogel PMIU, the 
self-healing happened at body temperature within a half hour. While for 
stiffer hydrogel PMIU-Ni0.25, we tracked the self-healing process after 
1h, 2h, and 4h, respectively. As expected, both healed hydrogels exhibit 
excellent stretchability. Also, after 2h healing, PMIU-Ni0.25 could still lift 
256 g of weights (Fig. 4d). Then, the self-healing efficiency of 
PMIU-Ni0.25 at different time points was checked by mechanical tensile 
test. Fig. 4f shows the strength and stretchability recovery percentage 
calculated from stress-strain curves (Fig. 4e). Compared to the original 
hydrogel, after 2h, the stress of PMIU-Ni0.25 can recover to around 72.28 
%, and strain can return to 75.43 %; while after 4h, stress and strain can 
recover to about 85.3 % and 89.82 %, respectively. This result strongly 
indicates the fast and excellent self-healing performance. In addition to 
that, we performed step-strain sweep (thixotropic) experiments to assess 
the intrinsic self-healing capacity. Synthesized hydrogels were tested 
under the alternative applied strain of 0.1 % (linear viscoelastic region) 
and 100 % (non-linear region) at a constant frequency of 1Hz, 40 s for 
each application. Fig. 4g and h shows that storage and loss moduli at the 
strain of 0.1 % decreased and reversed instantly when 100 % of the 
strain was applied. The deformation of hydrogel networks happens 
within a nonlinear regime, in which modulus is the function of strain 

amplitude. Then, the modulus effectively recovered toward the original 
state upon returning to 0.1 % of the strain, indicating reattachment of 
sacrificial bonds, which leads to the network reconstruction. This 
alternative modulus changes behavior under step-strain reveals 
shear-induced reversible gel-sol transition of synthesized hydrogels. In 
this system, the self-healing mechanism mainly involves H-bonding in
teractions, reversible metal-ligand coordination, and thermal effects. 
During healing, the broken H-bonds between molecules and water will 
reassociate at damaged zone; the recovered H-bonding will reconstruct 
the inter-chain interactions for crosslinking. For PMIU-Ni0.25, dynamic 
Ni2+-imidazole coordination happens in a short time except for 
H-bonding interactions; the rebuilt sacrificial bonds will strengthen the 
hydrogel networks, heal the damage, and efficiently recover its me
chanical performance. As observed in Fig. 4g and h, compared to slight 
moduli loss of PMIU, almost 100 % moduli of PMIU-Ni0.25 was recovered 
after two cycles, which is mainly due to the synergistic effect of dual 
crosslinking. Lastly, thermal effects from external heating will accelerate 
the polymer chains’ movement and promote reassociation and 
crosslinking.

2.4. In vitro biocompatibility and In vitro wound healing

Assessing biocompatibility is essential to identify potential adverse 
effects of newly developed materials intended for biomedical applica
tions [66]. In this study, Alamar blue assay [67] was used to evaluate the 
cytotoxicity of synthesized hydrogels against three distinct cell lines, 
NIH/3T3 mouse fibroblasts, BEAS-2B human lung epithelial cells, and 
HaCaT human keratinocytes for 7 days. Figs. S20 and 5a illustrate the 
cell viability in PMIU (soluble) and PMIU-Ni0.25 (leach liquor) condi
tioned media, treated against control. No significant cytotoxic effects 
were observed for all except the BEAS-2B cells with PMIU. After one day, 
the cells treated with conditioned media of PMIU-Ni0.25 didn’t affect the 
normal metabolic activity cells as supported by excellent cell attachment 
similar to TCPS (control), with no statistically significant difference. 
Substantial cell growth is observed after 3 and 7 days, respectively, 
indicating that the leach liquor from PMIU-Ni0.25 is non-cytotoxic in the 
long term. Moreover, to gain further significant insights into cellular 
activity, we performed live-dead semiquantitative fluorescence imaging 
(Fig. 5c-e); and examined cellular morphology (Fig. 5f-h) for all three 
cell types treated with standard media and conditioned media of 
PMIU-Ni0.25. The nucleus was stained with DAPI, and the actin filaments 
of cells were stained with Alexa fluor phalloidin. For days 1, 3, and 7, all 
the cells display a healthy and evenly distributed pattern with no sig
nificant difference in control. The live-dead and cellular morphology 
demonstrate the effective communication between neighboring cells 
through filopodial protrusions, supporting the cell viability data and 
proving the non-cytotoxic nature of the leach liquor from PMIU-Ni0.25. 
Besides cytotoxicity, the blood compatibility of synthesized hydrogels 
was studied via hemolysis assay on fresh human blood. For the hemo
lysis study, deionized water was used as positive control, and physical 
saline was used as negative control; the experiment and results are 
shown in Fig. 5b. Based on the ISO standard (ISO document 10 993-5 
1992), a hemolysis index of less than 5 % (PMIU-Ni0.25: 4.03 %) is 
considered safe.

Looking into the promising noncytotoxic nature, blood compati
bility, self-healing property, tissue-like flexibility (Fig. S10), and 3D 
printability (Fig. S21) of the hydrogel PMIU-Ni0.25, we assessed its po
tential for wound healing application by using in vitro wound healing 
assay on human keratinocytes (HaCaT). From Fig. 5i and j, significantly 
faster wound closure happens in the presence of conditioned media 
compared to control. At the beginning (0 h), around 500 μm of wound 
distance in both control and PMIU-Ni0.25; however, after 12 h, the 
wound area dramatically reduced in PMIU-Ni0.25 system (Fig. 5j2, 
almost 60 % wound closure) and after 24 h, fully recovery happened 
(Fig. 5j3). Whereas for control, only 20 % of the wound recovered after 
12 h (Fig. 5i2), while 50 % of the wound closed after 24 h (Fig. 5i3). Fast 
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Fig. 5. In vitro biocompatibility and in vitro wound healing study. a) 1-, 3-, and 7-days cell viability of hydrogel PMIU-Ni0.25 on three distinct cell lines, NIH/3T3 
mouse fibroblasts, BEAS-2B lung epithelial cells, and HaCaT human keratinocytes. b) Blood compatibility of PMIU and PMIU-Ni0.25, deionized water as the positive 
control, and physical saline as the negative control. Live-dead assay of hydrogel PMIU-Ni0.25 on NIH/3T3, BEAS-2B, and HaCaT cell lines (scale bar, 300 μm), c) Day 
1; d) Day 3; e) Day 7. Cellular morphology of hydrogel PMIU-Ni0.25 on NIH/3T3, BEAS-2B, and HaCaT cell lines (scale bar, 150 μm), f) Day 1; g) Day 3; h) Day 7. In 
vitro wound healing assay on HaCat cell line for 24 h (scale bar, 300 μm), i) control; j) PMIU-Ni0.25.
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wound closure induced by PMIU-Ni0.25 suggests it may possess good 
wound healing capability and be applicable for wound healing 
applications.

2.5. Antibacterial activity, mechanism and antibiofilm study

Inspired by the excellent mechanical properties, self-healing 
behavior, and in vitro cytocompatibility of synthesized hydrogels, we 
delved deeper into their antibacterial activity. Given the intrinsic anti
microbial properties of imidazolidinyl urea (Fig. S22) and vinyl imid
azole [34,44], we anticipated that our developed hydrogels would 
exhibit notable efficacy against microbial threats. The antibacterial ac
tivity of the polymers PMIU & PMIU-Ni0.25 was investigated against 
Gram-negative E. coli and Gram-positive B. subtilis using bacterial 
growth kinetics. The cells were treated with gradient concentrations of 
PMIU and PMIU-VI supplemented with Ni2+ salt (same as formulation of 
PMIU-Ni0.25) for 12 h. The absorbance of untreated and treated bacterial 
suspensions was periodically measured at 600 nm. Fig. 6a1 and 6b1
present the growth curve of E. coli and B. subtilis treated with 
PMIU-Ni0.25, clearly indicating that it inhibits both bacteria growth in a 
concentration-dependent manner. The minimum inhibitory concentra
tions (MIC) of PMIU-Ni0.25 against E. coli is 1 mg/mL, and against 
B. subtilis is 0.7 mg/mL. Similar experiments were carried out for PMIU 
(Figs. S23a and S23b), which show identical MICs of 1 mg/mL and 0.7 
mg/mL against E. coli and B. subtilis, respectively. Further investigations 
into understanding their bactericidal ability are shown in Fig. 6a2 and 
6b2. No bacterial growth at concentrations ≥1 mg/mL for E. coli and 
≥0.7 mg/mL for B. subtilis, revealing that PMIU-Ni0.25 could not only 
inhibit the growth but ultimately kill the microorganisms (MBC). 
Similarly, for PMIU, no growth is observed on the LB plates at a con
centration of 2 mg/mL for E. coli and ≥0.7 mg/mL for B. subtilis 
(Figs. S23c and S23d). The results of MIC, MBC, and bactericidal po
tential of different polymers are summarized in Table S4. The MBC/MIC 
ratio is widely considered a valuable parameter to evaluate the bacte
ricidal potential of any antibacterial agent. An agent is supposed to be 
bactericidal if its MBC/MIC ratio is less than or equal to 4. We have 
observed that for both E. coli and B. subtilis, the MBC/MIC ratio of the 
polymers is much less than 4 (Table S4), thereby clearly establishing the 
bactericidal potential of the polymers.

To clearly understand the origins of developed polymers’ antibac
terial activities and how these polymers lead to bacterial death, firstly, 
we conducted an extensive Molecular Dynamics (MD) simulation study 
(300 ns), focused on the interactions between model bacterial mem
branes and polymer (oligomer, ESI) in an explicit solvent system. In a 
meticulously tracked sequence (Fig. 6c and d, S24, and 6e), our in
vestigations unveil that the oligomer’s strong propensity to establish 
close affiliations with and ultimately penetrate the upper membrane 
leaflet results in substantial alterations in several pivotal dynamic 
properties. Firstly, the Root Mean Square Deviation (RMSD) analysis 
discloses a discernible divergence between the RMSD profiles of the 
upper and lower membrane leaflets (Fig. 6f). This discrepancy was 
further substantiated by the pronounced RMSD fluctuations of the 
oligomer, specifically during the MD simulation’s 200–275 ns time
frame, effectively corroborating the penetration event (Fig. 6g). 
Furthermore, the Deuterium Order Parameter analysis provides a keen 
insight into the differences in the acyl chains of the upper and lower 
membrane leaflets (Fig. 6h). These differences highlight the significant 
impact of the oligomer’s interaction on the dynamical characteristics of 
the membrane. Moreover, the 3D surface plots for membrane Area per 
Lipid (APL) and bilayer thickness (Fig. 6i, j, 6k, and 6l) provide vivid 
visualizations of the substantial changes in the surface area and thick
ness of the membrane. This underscores the profound dynamical shifts 
within the upper membrane leaflet as a direct result of the monomer’s 
interactions.

The comprehensive MD simulation provides a crucial, atomic-level 
perspective on the intricate dynamics of oligomer-membrane 

Fig. 6. Antibacterial activity and mechanism of the action of polymers 
against E. coli and B. subtilis. a, b) Growth kinetics of bacteria treated with 
increasing concentrations of PMIU-Ni0.25 polymer, a1) E. coli; b1) B. subtilis. a, 
b) MBC plate image showing the presence and absence of bacteria growth at 
different concentrations of PMIU-Ni0.25 polymer tested, a2) E. coli; b2) 
B. subtilis. Snapshots from MD simulation trajectories at various intervals, c) 
0 ns; d) 100 ns; e) 300 ns. f) Root Mean Square Deviation (RMSD) of Gram (− ) 
membrane throughout 300 ns MD simulation. g) Root Mean Square Deviation 
(RMSD) of oligomer throughout 300 ns MD simulation. h) Deuterium order 
parameters of the acyl chains presence in Gram (− ) membrane. Area per Lipid 
(APL) surface map (3D) of Gram (− ) membrane, i) Upside; j) Downside. Bilayer 
thickness surface map (3D) of Gram (− ) membrane, i) Upside; j) Downside. m, 
n) Experimental mechanism study of bacteria treated with 0.5 × MIC, MIC, and 
2 × MIC of PMIU and PMIU-Ni0.25 polymer, cFDA-SE leakage assay, m1) E. coli; 
n1) B. subtilis; PI uptake assay, m2) E. coli; n2) B. subtilis; Intracellular ROS 
assay, m3) E. coli; n3) B. subtilis. Live/Dead fluorescence micrograph of un
treated and PMIU-Ni0.25 polymer-treated bacteria, m4) untreated E. coli; m6) 
treated E. coli; n4) untreated B. subtilis; n6) treated B. subtilis. SEM images of 
untreated and PMIU-Ni0.25 polymer treated bacteria, m5) untreated E. coli; m7) 
treated E. coli; n5) untreated B. subtilis; n7) treated B. subtilis. Scale bar for live- 
dead images, 75 μm; scale bar for SEM images, 1 μm. Statistical analysis: two- 
way ANOVA; *, **, ***, and **** were considered for p values < 0.05, <0.01, 
<0.001, and <0.0001, respectively (n = 3).
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interactions, showing the tendency of the active components to bind to 
and penetrate the bacterial membrane strongly. To further understand 
this process in greater detail, we next set out to experimentally evaluate 
the impact of the active components on bacteria and elucidate its 
mechanism of action. The effect of PMIU and PMIU-Ni0.25 on the 
membrane integrity and morphology of E. coli and B. subtilis were 
studied using fluorescent dye-based membrane damage assays. Fig. 6m1 
and 6n1 show the results of cFDA-SE leakage assay in E. coli and 
B. subtilis, respectively, upon treatment with PMIU and PMIU-Ni0.25. 5 
(6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE) is a 
membrane permeable dye which is non-fluorescent in its esterified form. 
Upon entering cells, the intracellular esterases cleave the dye molecules’ 
ester bond, thereby converting them into a fluorescent form [68]. Live 
bacteria with intact membranes retain the fluorescent dye molecules and 
appear green. However, cells with damaged or ruptured membranes 
result in leakage of the dye molecules to the outside, leading to an in
crease in extracellular fluorescence. Leakage of this fluorescent form of 
the dye from the bacterial cells is used as a direct parameter to study the 
membrane integrity of the cells. Treatment of E. coli and B. subtilis with 
PMIU and PMIU-Ni0.25 resulted in physical disruption of bacterial 
membrane integrity, as evidenced in the concentration-dependent 
leakage of cFDA dye molecules from the treated cells. It is observed 
that the effect of PMIU-Ni0.25 on damaging the membrane is more 
prominent compared to PMIU, which might be due to the combined 
action of PMIU and Ni ions on bacterial membrane integrity. The 
membrane damaging potential of PMIU and PMIU-Ni0.25 was further 
confirmed by propidium iodide (PI) uptake assays, as shown in Fig. 6m2 
and 6n2. PI can enter cells only if the membrane is damaged or 
compromised. PI binds to single and double-stranded nucleic acids upon 
entering cells, producing a strong red fluorescence. Treatment of both 
E. coli and B. subtilis with PMIU and PMIU-Ni0.25 resulted in a 
concentration-dependent increase in the uptake of the PI dye molecules 
by bacteria, as seen from an increase in the PI fluorescence inside the 
cells. Again, the impact of PMIU-Ni0.25 is more significant than PMIU’s 
in damaging bacterial membranes. In addition to membrane damage, we 
also investigated whether the effect of polymers on bacteria could 
induce oxidative stress inside the cells, which can also contribute to their 
antibacterial actions. The levels of total intracellular ROS were 
measured in untreated and treated cells as an indicator of oxidative 
stress using the DCFH-DA assay. As seen from Fig. 6m3 and 6n3, treat
ment of both E. coli and B. subtilis with PMIU and PMIU-Ni0.25 resulted in 
a concentration-dependent increase in the intracellular ROS levels, with 
PMIU-Ni0.25 contributing towards more oxidative stress generation in 
comparison to PMIU. A 2.2-fold increase in ROS production concerning 
control is observed in E. coli treated with 2 × MIC of PMIU-Ni0.25 
compared to treatment with 2 × MIC of PMIU, which induced a 1-fold 
increase in ROS production. Similarly, a 2.6-fold increase in ROS pro
duction is observed in B. subtilis upon treatment with 2 × MIC of 
PMIU-Ni0.25 in contrast to a ~0.9-fold increase in ROS production with 
PMIU. In addition to the polymers, IU also plays a key role in the anti
bacterial activities, which is a well-known antimicrobial agent, as re
ported [34,42,69]. The partial hydroxymethyl group of IU could 
hydrolyze in water, then a trace amount of formaldehyde will be slowly 
released via dehydration (Fig. S25). The high reducibility of the formyl 
group could denaturalize the protein of bacterial cells [35]. More spe
cifically, the antimicrobial properties of imidazolidinyl urea compounds 
are based on their proposed mechanism of protein alkylation of sulf
hydryl groups [69,70]. The above studies were further supported by 
live/dead fluorescence microscopy and SEM images. Untreated E. coli 
(Fig. 6m4) and B. subtilis (Fig. 6n4) show uniform green fluorescence, 
indicating live bacteria, whereas E. coli and B. subtilis treated with PMIU 
(Figs. S23e and S23f) and PMIU-Ni0.25 (Fig. 6m6 and 6n6) while orange 
(merge of green and red channel) stain indicating membrane damage 
and cell death. Similarly, morphological evaluation of bacteria upon 
treatment with PMIU (Figs. S23g and S23h) and PMIU-Ni0.25 (Fig. 6m7 
and 6n7) reveal extensive signs of damage and deformation. Untreated 

cells (Fig. 6m5 and 6n5) show smooth morphology with intact shape, 
whereas the treated cells appear rough and crumpled with numerous 
indentations.

After understanding antibacterial mechanisms, the antibacterial ac
tivity of PMIU and PMIU-Ni0.25 hydrogels against E. coli and B. subtilis 
was tested by incubating the cells directly on their surface (Fig. 7a). This 
process was followed by plating the treated cells on an agar plate to 
check for the presence or absence of bacterial growth. E. coli (Fig. 7b) 
and B. subtilis (Fig. 7d), in the absence of hydrogel, show prominent 
growth on the agar plates. In contrast, upon direct contact with the 
hydrogel surface, no colony is observed on the plates, indicating the 
complete killing of the cells by the hydrogels (Fig. 7c and e, S26a, and 
S26b). The live/dead fluorescence imaging and SEM results further 
validate these results. Untreated bacteria (Fig. 7f and h) stain green, 
showing their viable nature, whereas cells treated with the hydrogel- 
stained orange represent death (Fig. 7g and i, S26c, and S26d). Simi
larly, bacteria grown without hydrogel display intact morphology with a 
smooth appearance (Fig. 7j and l). In contrast, those treated with the 
hydrogels show damaged and deformed structures, indicating extensive 
cell death (Fig. 7k and m, S26e, and S26f).

Finally, we evaluated the biofilm inhibition capacity by utilizing 
both polymer (PMIU-VI supplemented with Ni2+ salt (same as formu
lation of PMIU-Ni0.25)) and PMIU-Ni0.25 hydrogel. The antibiofilm in
hibition study of the polymer was conducted using the well-known 
crystal violet assay [71] (ESI 1.17) and further supported by brightfield 
imaging to understand their antibiofilm activity at different concentra
tions. In detail, the bacterial cells were treated with gradient concen
trations (0, 0.5 × MIC, MIC, and 2 ×MIC) of polymer and then incubated 
under static for 48 h to form biofilms. From Fig. 7n and p, both control 
E. coli and B. subtilis bacteria form dense biofilms after 2 days, while 
significant differences are observed in polymers (MIC) treated groups 
(Fig. 7o and q). Fig. 7r represents the biofilm mass at different polymer 
concentrations. Almost no biofilm formed at MIC and 2 × MIC in both 
bacterial groups; even at low concentrations of 0.5 × MIC, significant 
biofilm mass difference occurred compared to controls. For the hydrogel 
inhibition study, a small pellet of PMIU-Ni0.25 hydrogel was immersed 
inside the bacteria suspensions, with the same incubation conditions as 
above for biofilm formation; polymethacrylamide (PMAA) without 
antibacterial properties as control hydrogel performed same experi
ments. After 48 h, the biofilm formation on the hydrogel’s surface was 
detected by SEM imaging. As shown in Fig. 7s and u, both E. coli and 
B. subtilis bacteria form uniform and dense biofilms on the control PMAA 
hydrogel surface. In contrast, no bacterium or biofilm is observed on the 
PMIU-Ni0.25 hydrogel surface. Therefore, both polymer and hydrogel 
inhibition studies strongly indicate their superior antibiofilm activities 
in preventing biofilm formation in solutions and surfaces. In sum, all the 
results powerfully demonstrate the antibacterial nature of the designed 
hydrogels.

3. Conclusions

For the first time, we incorporated the modified IU molecule as the 
polymers’ backbone and successfully synthesized several novel IU-based 
hydrogels: PMIU, PMIU-Nix, and PMIU-Zny. Mechanical and rheological 
studies and hydrogen bonding analysis indicated that introducing dy
namic metal-ligand coordination enhances the hydrogel’s performance, 
leading to increased strength and modulus, improved anti-fatigue 
properties, and more elastic-like behavior. PMIU-Ni0.25 hydrogel was 
identified as the best candidate due to its superior balance of multiple 
functionalities. Due to the incorporation of multiple H-bonding and 
dynamic Ni2+/Zn2+-VI coordination, synthesized hydrogels demon
strated rapid self-healing characteristics with high recovery efficiency. 
These hydrogels could maintain their features between − 22 and 70 ◦C, 
which is especially appropriate for extreme cold conditions. Rich 
hydrogen bonds between water molecules and polymer structures will 
significantly enhance the moisture-holding capability, and the 
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Fig. 7. Antibacterial and antibiofilm study of hydrogel PMIU-Ni0.25. a) Schematic illustration of the antibacterial study process. Colony formation assay, b) 
untreated E. coli; c) E. coli on hydrogel; d) untreated B. subtilis; e) B. subtilis on hydrogel. Live-dead assay, scale bar 75 μm, f) untreated E. coli; g) E. coli on hydrogel; h) 
untreated B. subtilis; i) B. subtilis on hydrogel. SEM morphology, scale bar 1 μm, j) untreated E. coli; k) E. coli on hydrogel; l) untreated B. subtilis; m) B. subtilis on 
hydrogel. Crystal violet (CV) assay to study biofilm inhibition at gradient PMIU-VI polymer supplemented with Ni2+ salt (same as formulation of PMIU-Ni0.25) 
concentrations, scale bar 75 μm, n) control E. coli biofilm stained by CV; o) polymer (MIC) treated E. coli stained by CV; p) control B. subtilis biofilm stained by CV; q) 
polymer (MIC) treated B. subtilis stained by CV; r) biofilm mass of different concentrations polymer treated samples compared to controls. Antibiofilm study on 
hydrogels by SEM, scale bar 5 μm, s) E. coli biofilm on control hydrogel PMAA; t) E. coli on hydrogel PMIU-Ni0.25, no biofilm; u) B. subtilis biofilm on control hydrogel 
PMAA; v) B. subtilis on hydrogel PMIU-Ni0.25, no biofilm. Statistical analysis: two-way ANOVA; *, **, ***, and **** were considered for p values < 0.05, <0.01, 
<0.001, and <0.0001, respectively (n = 3).
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introduction of hydrophobic moieties (methyl groups) and urea struc
tures could lower the freezing point, in which the hydrophobic aggre
gates confined the growth of ice nuclei to proceed with crystallization.

Furthermore, in vitro biocompatibility evaluation showed no signif
icant cytotoxic effects of PMIU-Ni0.25 against three distinct cell lines 
NIH/3T3 mouse fibroblasts, BEAS-2B human lung epithelial cells, and 
HaCaT human keratinocytes, as well as good hemocompatibility against 
human blood cells. In addition, an in vitro wound healing study proved 
that PMIU-Ni0.25 could potentially promote wound healing. Moreover, 
polymers and hydrogels of PMIU and PMIU-Ni0.25 exhibited excellent 
antibacterial activity against gram-negative E. coli and gram-positive 
B. subtilis. Intrinsic mechanism study involved extensive MD simula
tion of polymer-model bacterial membrane interactions and 
fluorescence-based experimental assays. The comprehensive MD simu
lation provided a crucial, atomic-level perspective on the intricate dy
namics of oligomer-membrane interactions, showing the tendency of the 
active components to bind to and penetrate the bacterial membrane 
strongly. Further, experimental assays indicated that the polymers could 
penetrate and damage the bacterial membrane, and the induction of 
oxidative stress by concentration-dependent reactive oxygen species 
(ROS) generation will cause intracellular oxidative damage. Finally, the 
biofilm inhibition study of both polymer and hydrogel strongly indi
cated their superior antibiofilm activities, to prevent the biofilm for
mation in solutions and surfaces. In sum, all results strongly demonstrate 
the attractive material features and antibacterial nature of the designed 
hydrogels, which provide various potentials for infectious wound care, 
such as treating wound infections and promoting wound healing. 
Meanwhile, the 3D-printability of these hydrogels opens their promising 
applications in the future as carriers and scaffolds for drug delivery and 
tissue engineering. For example, as a drugs-loading antibiofilm dressing 
material, treating multi-drug-resistant bacterial infected wounds.

4. Experimental section

All details of materials, preparations, characterizations, study 
methods, and extra data were shown in supporting information.
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