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ABSTRACT

To prevent nucleus pulposus reherniation following annulus fibrosus (AF) rupture, effective defect sealing is imperative post-
discectomy. Ideal repair materials require excellent cytocompatibility, tailored adhesion, and long-term stability. Herein, a
double-network hydrogel (PNG) featuring a dense hydrogen-bonded network is engineered by integrating gelatin with poly(acrylic
acid-co-N-acryloyl glycinamide) via a pH-controllable crosslinking strategy. PNG exhibits exceptional dimensional stability
(swelling ratio <1%) and temperature-responsive adhesion. Molecular dynamics simulations elucidate the adhesion-swelling
equilibrium, identifying acrylic acid as the optimal comonomer for robust hydrogen-bonding. The hydrogel demonstrates a smart
adhesive transition, achieving robust bonding strength of 274.4 kPa at physiological temperature (40°C), significantly superior
to its state at room temperature (152.6 kPa), thus facilitating intraoperative handling. This provides robust interfacial adhesion
sufficient to secure the defect site and withstand physiological conditions, ensuring reliable tissue-material integration. In a rat AF
defect model, PNG effectively seals the defect, restores mechanical integrity, and promotes the regeneration of extracellular matrix
components (COL1, COL2, and ACAN). This multifunctional hydrogel achieves a delicate adhesion-swelling balance, providing
a novel biomimetic scaffold strategy to prevent postoperative reherniation and guide functional tissue regeneration.

1 | Introduction discs severely limits their self-repair capacity. Consequently,

postoperative annular defects pose significant challenges, often

Lumbar disc herniation (LDH) is a major disabling condition
caused by herniation of the nucleus pulposus (NP) through
a ruptured annulus fibrosus (AF) and subsequent nerve com-
pression [1-4]. Although minimally invasive procedures, such
as percutaneous endoscopic lumbar discectomy (PELD), are
the standard of care, the inherent avascularity of intervertebral

leading to reherniation and degenerative collapse [5-9]. Although
clinical suturing techniques exist, they are technically demand-
ing, costly, and frequently fail to restore mechanical integrity
[10-12]. Various biomaterials have been developed to enhance
AF repair [13-15]. Among these, hydrogel-based bioadhesives
have emerged as promising candidates for AF repair because of
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their biocompatibility and similarity to the natural extracellular
matrix (ECM) [16-20]. However, current hydrogel systems are
plagued by an intrinsic dilemma: the antagonistic relationship
between mechanical stability (requiring dense crosslinking) and
tissue adhesion (requiring dynamic chain mobility). This trade
off often leads to either weak bonding or excessive swelling in
vivo. Most of the existing formulations suffer from complex han-
dling, insufficient strength, weak tissue adhesion, or excessive
swelling [21-25]. Crucially, in vivo swelling can exert detrimental
radial pressure on the AF, thus exacerbating tissue tearing and
compromising the adhesive interface, ultimately causing repair
failure [26-30]. Although hydrophobic interactions can miti-
gate swelling, they invariably suppress interfacial adhesion [31].
Therefore, the development of a bioadhesive that simultaneously
achieves robust adhesion, anti-swelling stability, and self-healing
capability remains an urgent need for AF repair.

Addressing the specific requirements of AF repair requires
reconciling the mismatch between rigid mechanical stability and
dynamic adaptability [32-35]. Achieving high-strength and anti-
swelling properties typically requires a dense, stable crosslinked
network, which inherently restricts the dynamic chain mobil-
ity required for self-healing and wet-tissue adhesion [36-39].
Conversely, networks relying solely on dynamic bonds often
lack long-term dimensional stability under physiological loading
[40-42]. To resolve this paradox, the rational selection of func-
tional comonomers is crucial. We established a molecular library
comprising seven representative hydrophilic monomers and con-
ducted systematic GROMACS MD simulations to evaluate their
interaction affinities with the matrix. Guided by the theoreti-
cal insights, we designed a dual-network hydrogel inspired by
dynamic biological interactions. The first network comprises a
copolymer of AAc and N-acryloylglycinamide (NAGA). Here,
NAGA provides abundant sites for strong hydrogen bonding,
whereas AAc acts as a pH regulator to modulate the interaction
strength. This framework is interpenetrated by gelatin, which
serves as a dynamic anchor. The reversible conformational
change of the gelatin triple helix acts as a thermal switch
for stiffness modulation, enhancing wettability and adhesion
at physiological temperatures. We propose a mechanism based
on a pH-modulated hydrogen-bond crosslinking density thresh-
old, in which a weakly acidic environment drives the transi-
tion from electrostatic repulsion to attraction between gelatin
and poly(acrylic acid) chains, thus facilitating a robust sol-gel
transition.

Herein, we report a multifunctional PNG (PAAc-NAGA-gelatin)
hydrogel that integrates anti-swelling, temperature-controlled
adhesion, and self-healing functions into a single system. The
hydrogel exhibits exceptional dimensional stability (swelling
ratio of <1%). By leveraging pH-modulated electrostatic interac-
tions and synergistic hydrogen bonding, the adhesive strength
peaks at 274 kPa near body temperature (40°C), enabling easy
handling and strong adhesion. Furthermore, the dynamic phys-
ical crosslinks within the network endow the material with
efficient self-healing capabilities to restore integrity post-damage.
In a rat model of AF defects, the PNG hydrogel not only
sealed the defect but also significantly upregulated key ECM
proteins (COL1, COL2, and ACAN), guiding functional tissue
regeneration. By successfully balancing conflicting material prop-
erties, this strategy offers a robust solution for intervertebral

disc repair and provides a versatile blueprint for the design of
tissue-engineering hydrogels.

2 | Results and Discussion
2.1 | Preparation of PNG Hydrogel

Guided by MD simulations and the precise modulation of the
dynamic interactions within a highly crosslinked network, we
developed a high-performance hydrogel that integrates ther-
moresponsive adhesion, anti-swelling stability, and self-healing
capabilities (Figure 1a). The hydrogel consists of a primary AAc
and NAGA network (Figure 1b) that forms a rigid framework via
dense hydrogen bonding (Figure 1b(i)). Simultaneously, an inter-
penetrating gelatin network is introduced. As elucidated by our
simulations, a high AAc concentration triggers a pH-modulated
transition from repulsion to attraction, enabling gelatin segments
to interact with poly(acrylic acid) chains through hydrogen
bonds (Figure 1b(ii)) and electrostatic attraction between proto-
nated amino groups (—NH;") and carboxylate anions (—COO™)
(Figure 1b(iii)), stabilizing the interpenetrating network struc-
ture. This highly crosslinked architecture effectively restricts
polymer chain mobility and inhibits water penetration, endowing
the PNG hydrogel with exceptional anti-swelling properties.
Consequently, the hydrogel maintains its structural integrity
and dimensional stability in the physiological environment.
Concurrently, the network exhibits temperature-responsive adhe-
sion; lower adhesion at 20°C facilitates intraoperative handling,
whereas strength increases at 40°C to secure tissue fixation.
Furthermore, the abundance of dynamic hydrogen bonds con-
fers efficient self-healing properties, enabling the recovery of
mechanical integrity after damage via local bond reorganization
and functional group reassociation. Therefore, by rationally
engineering dynamic noncovalent interactions within a dense
framework guided by theoretical predictions, we hypothesize
that this PNG hydrogel can achieve synergistic anti-swelling,
controllable adhesion, and self-healing functions, making it an
ideal candidate for AF repair (Figure 1c).

2.2 | Gelation Mechanism and Molecular
Dynamics

To construct a tough and dynamic non-covalent crosslinked
network in the hydrogel system, the rational selection of
functional comonomers is crucial. To this end, we established a
molecular library containing seven representative hydrophilic
monomers: acrylamide (AAm), hydroxyethyl acrylate (HEA),
hydroxyethyl methacrylate (HEMA), N-isopropylacrylamide
(NIPAM), carboxybetaine methacrylate (CBMA), N-methylol
acrylamide (NMA), and AAc. They cover the most widely applied
classical hydrogen-bonding groups in advanced functional
hydrogels (including primary/secondary amide groups, hydroxyl
groups, carboxyl groups, and zwitterionic groups). We first
used GROMACS MD simulations to systematically screen
the comonomers. All MD simulations were performed using
GROMACS 2025.3. The gelatin was described using the AMBER
ff14SB force field, which is well-validated for reproducing
structural dynamics. The polymer monomers (such as AAc,
NAGA, and other screened comonomers) were generated
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FIGURE 1 | Synthesis mechanism of PNG hydrogel. a) Schematic illustration of the synthesis process of PNG hydrogel along with its adhesion,
anti-swelling, and self-healing properties. b) Reaction equation of AAc and NAGA, along with the types of hydrogen bonds: i) Hydrogen bonds between
PAAc and PNAGA; ii) Hydrogen bonds between PAAc and gelatin; iii) Electrostatic interactions between PAAc and gelatin. ¢) Schematic diagram and

repair mechanism of PNG hydrogel for AF repair in a rat intervertebral disc model.

using the Generalized Amber Force Field 2 (GAFF2) via
Antechamber and ACPYPE, ensuring native compatibility and
consistent non-bonded treatment with the protein force field. The
aqueous solvent was modeled using the standard TIP3P water
model, which avoids artifacts arising from force field-solvent
incompatibilities and reliably simulates bulk water properties.
The initial configuration of the simulated system is shown in
Figure 2a, aiming to systematically evaluate the interaction
affinities between these different hydrogen-bonding motifs and
the NAGA-gelatin matrix, thereby screening out the optimal
comonomer for constructing a highly stable supramolecular
network. To provide a comprehensive baseline for this screening,
the detailed hydrogen-bonding behaviors of the other six
representative monomers interacting with the hydrogel matrix
were systematically analyzed showed in Figures S1-S6.

Based on the average number of hydrogen bonds (Figure 2b), the
number of hydrogen bonds formed between each monomer and
the system is not significantly different, with AAc at a relatively
high level and HEA at the lowest. To further evaluate the stability
of hydrogen bonds, we calculated the average lifetime of hydrogen
bonds (i.e., the time from formation to breakage). As shown
in Figure 2c, the hydrogen bond lifetimes formed by the other
six monomers are generally maintained at around 35 ps, while
lifetime of hydrogen bonds formed by AAc with the system is

significantly longer, reaching approximately 42 ps. This indicates
that AAc can form a more durable and stable hydrogen bond
network with the system. Furthermore, the average bond angle
of hydrogen bonds is also an important indicator of hydrogen
bond strength (the closer the angle is to 180°, the stronger the
hydrogen bond). As shown in Figure 2d, the average bond angle
of other monomers is around 145°, while the hydrogen bond
angle formed by AAc with the system can reach as high as
151°. Notably, the average bond lengths of various interactions
within the system range from 2.7 to 2.9 A, indicating that stable
hydrogen bonding interactions have formed within the system,
both between polymer chains and between the polymer and water
molecules. Based on the data on the number of hydrogen bonds,
lifetime, and bond angle, we have fully demonstrated that AAc
can form the strongest and most stable hydrogen bonds in the
system. Therefore, AAc was selected as the ideal monomer for
copolymerization with NAGA.

Under the premise of keeping the gelatin and water content con-
stant, we deeply explored the influence of different AAc/NAGA
mass ratios (from P3N7 to P9N1) on the topological evolution of
the internal hydrogen bond network of the system showed in
Figures S7-S13. As shown in Figure 2e, the number of hydrogen
bonds between gelatin and water molecules increases mono-
tonically with increasing AAc content; conversely, the number
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FIGURE 2 | a) GROMACS simulation modeling diagram of the PNG hydrogel system. b) Average number of hydrogen bonds formed between
polymer-NAGA and the system. c) Average lifetime of hydrogen bonds formed between polymer-NAGA and the system. d) Bond angle of hydrogen
bonds formed between polymer-NAGA and the system. e) Number of hydrogen bonds between gelatin and water at different AAc contents. f) Number
of hydrogen bonds between AAc/NAGA and gelatin at different AAc contents. g) Lifetime of hydrogen bonds between AAc and NAGA at different
AAc contents. h) Average bond angle of hydrogen bonds formed between AAc/NAGA and gelatin at different AAc contents. i) Infrared spectra of PNG
hydrogels with different ratios of AAc and NAGA. j) Infrared spectra of P7N3G hydrogel at different time points. k) Gelation mechanism of the PNG

hydrogel.

of hydrogen bonds between the copolymer (PAAc-NAGA) and
gelatin gradually decreases (Figure 2f). This phenomenon stems
from a pH-driven conformational and interaction transition.
At low AAc contents, the binding between the polymer and
gelatin mainly depends on the hydrogen bonding between NAGA
and gelatin; however, as the AAc content increases and the
pH value of the system decreases, the electrostatic repulsion
between gelatin and AAc changes to electrostatic attraction.
Hydrogen bonds formed between AAc and NAGA significantly
enhance both intrachain and interchain interactions within the
copolymer, leading to the formation of a dense self-association
network. This reduces the number of direct hydrogen bonds
between the copolymer and gelatin. More importantly, when
the AAc/NAGA ratio exceeds P5N5, the hydrogen bond lifetime
between the AAc and NAGA molecular chains is significantly
enhanced (Figure 2g). This indicates that high concentrations
of AAc trigger strong cooperating hydrogen bonding between
and within copolymer chains. This dominant polymer-polymer
interaction partially releases gelatin molecules, allowing them
to undergo more thorough solvation with water molecules. The
slight decrease in the average bond angle of hydrogen bonds
between polymers and gelatin with increasing AAc content, as
shown in Figure 2h, further confirms this network reconstruction
process.

Macroscopic gelation experiments show that a stable hydrogel
can only be formed when the AAc/NAGA ratio exceeds the 5:5

threshold (Figure S14i), confirming the conclusion in the MD
simulation that hydrogen bond lifetime is enhanced after PSN5.
Infrared spectroscopy qualitatively demonstrated the formation
of the hydrogen bond network (Figure 2i,j). Combined with
macroscopic inverted flask analysis, the hydrogel completed
cross-linking and established a solid network; the decrease in
absorption intensity of the amide II/III bands (1536, 1243, and 1333
cm™?) directly reflects the deep involvement of amide groups in
the construction of a dense hydrogen bond network. Notably, the
absence of the carboxylate signal peaks (1406/1448 cm™) in the
spectrum confirms that AAc in the system primarily exists in the
protonated -COOH form, thus acting as a potent proton donor in
hydrogen bonding.

Theoretical simulations and experimental characterization
together establish the core theory of pH-regulated hydrogen
bonding density threshold. As illustrated in the mechanism
diagram in Figure 2k: at low AAc content (Figure 2k-I), the
system pH may be higher than the isoelectric point of gelatin,
leading to electrostatic repulsion between components and
inhibiting the formation of effective physical cross-linking
points; conversely, after exceeding the critical threshold of high
AAc content (Figures 2k-II), the decrease in system pH triggers
a phase transition from repulsion to attraction, thereby driving
the formation of a dense and stable supramolecular network
structure dominated by AAc-NAGA and AAc-gelatin synergistic
hydrogen bonds. This mechanism is experimentally corroborated
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by the pH measurements of the precursor solutions (Figure
S15). The pI of the gelatin used in this system is 4.7-5.2, and the
pKa of PAAc is approximately 4.5. At low AAc contents (from
P3N7 to P4NG6), the solution pH decreases from 5.09 to 4.90,
which remains near or above the gelatin plI, preventing effective
protonation and cross-linking. However, at the critical P5SN5
threshold, the pH drops to 4.47 (below the pI). This specifically
acidic environment promotes the protonation of gelatin’s amino
groups (-NH;"), transforming the electrostatic repulsion into
robust attraction with the carboxylate groups (-COO-) of the
copolymer, and triggering the macroscopic gelation.

2.3 | Adhesive Behavior of PNG Hydrogels

The adhesive behavior of PNG hydrogels is governed by the syn-
ergistic interplay between carboxyl-amide hydrogen bonding and
gelatin thermoresponsiveness. To decouple the roles of composi-
tion and temperature in adhesion modulation, we systematically
compared the PNG hydrogels containing both AAc and NAGA
with their NAGA-free counterparts. As shown in Figure 3a, the
adhesive strength progressively increased from 71.2 to 152.6 kPa
with higher AAc-to-NAGA ratios, whereas NAGA-free hydrogels
exhibited diminished adhesion. The corresponding adhesion
test curves are presented in Figure S14d-f. This composition-
dependent adhesion was correlated with the surface properties
through water contact angle measurements, revealing improved
wettability (65° for A9N1) with increasing AAc content.

X-ray photoelectron spectroscopy analysis (Figure 3g) revealed
distinct chemical shifts, indicating altered electron density dis-
tributions around the carboxyl and amide groups. The high-
resolution C 1s spectra of the hydrogels were deconvoluted into
four distinct components: C—C/C—H at ~284.8 eV, C—O/C—N
at ~286.0 eV, C=0 at ~288.0 eV, and O—C=0 at ~289.0 eV.
Notably, as the AAc content increased from P7N3G to P9NIG,
there was a visible increase in the relative peak areas of the
C=0 and O—C=0 components (increasing from approximately
16.55% to 20.52%), indicating a significant enrichment of oxygen-
containing functionalities. Combined with the FTIR, these data
support the presence of hydrogen-bonding interactions in the
hydrogel network.

A distinct temperature-dependent adhesive transition was
observed (Figure 3b,c). Adhesive strength for the A9N1
formulation peaked at 274.4 kPa at 40°C (near body temperature),
which was significantly higher than that at 20°C (152.6 kPa) or
60°C (87.7 kPa). This tunability originates from the structural
evolution of gelatin: at 20°C, gelatin maintains a stable triple-
helix conformation, and the hydrogel remains relatively rigid
(Figure 3h(I)). At 40°C, the helical structure of gelatin unfolds,
and the hydrogel transitions into a soft state (Figure 3h(Il)),
resulting in significant deformation during detachment, where
the rupture and reformation of reversible hydrogen bonds
dissipate substantial energy. Further heating to 60°C weakens
adhesion due to excessive hydrogen bond dissociation, as
schematically illustrated in Figure 3h(III). The PNG hydrogel
exhibits excellent adhesion properties, highlighting its potential
as an effective bioadhesive for clinical intervertebral disc AF
repair. The hydrogel’s primary function is as a tissue sealant,
rather than a complete structural replacement. The achieved

interfacial adhesion strength of 274.4 kPa is designed to
provide optimal pressure sealing for the defect interface. This
adhesion strength is highly competitive clinically among soft
tissue bioadhesives because it is sufficient to withstand the
physiological extrusion pressure of the nucleus pulposus and
maintain defect closure during the critical early stages of tissue
regeneration.

To further clarify the thermal responsiveness of the gelatin
component, DSC was performed under a nitrogen atmosphere
(Figure S16). The DSC curve suggests that gelatin undergoes a
thermal transition in the range of 30°C-40°C. This transition
region is close to physiological temperature and agrees well
with the temperature window in which the hydrogel exhibits
enhanced adhesion.

To elucidate the molecular mechanism of this thermal transition,
temperature-dependent 2D-IR spectroscopy of P9N1G15 was used
to provide molecular-level insights into the hydrogen bonding
dynamics (Figure 3f). The conventional temperature-dependent
normal IR spectra were showed in Figure S17. The synchronous
map displayed three autopeaks at (1720, 1720), ¥(1635, 1635),
and W(1544, 1544) cm™, corresponding to non-hydrogen-bonded
C=0, hydrogen-bonded amide C=0, and hydrogen-bonded N—H,
respectively. The 1720 cm™ reading is attributed to the C=0
stretching vibration of the carboxyl group on the AAc unit.
Increased temperature leads to the dissociation of the hydrogen
bonds between AAc and the amide group, thereby exposing
more unbonded free carboxyl groups. The hydrogel contains
an extensive hydrogen-bonding network (H:--O—H, C=0---H,
N—H---O) that progressively dissociates with heating, and the
thermally triggered disassembly follows a specific sequence:
C=0---H bonds break initially, followed by other interactions,
including H---N—H.

To further assess the tissue adhesion performance of the PNG
hydrogel, in situ adhesion tests were performed on various
substrates (Figure 3d). The P9N1 hydrogel successfully adhered
to heart, liver, and kidney tissues. Overall, our findings suggest
that the PON1 PNG hydrogel demonstrates superior adhesive per-
formance, highlighting its potential as an effective bio-adhesive
for clinical AF repair. Notably, the hydrogel exhibited significant
underwater adhesion, with the strength increasing from 30.8 to
60 kPa (Figure 3e; Figure S14g), highlighting its applicability in
fluid-rich surgical environments.

2.4 | Mechanical, Self-Healing, and Anti-Swelling
Properties of PNG Hydrogels

The mechanical robustness, self-healing capability, and anti-
swelling behavior of the PNG hydrogels are synergistically
governed by their hierarchical network architecture. To system-
atically evaluate these properties, we characterized hydrogels
with varying AAc contents and gelatin fractions under differ-
ent thermal conditions. As shown in Figure 4a, the tensile
strength increased from 0.07 to 0.14 MPa with higher AAc
loading, indicating enhanced structural integrity for biomedical
support. As shown in Figure 4b, the optimal gelatin content was
15 wt%, beyond which the mechanical performance declined.
Temperature-dependent mechanical tests revealed that, for a
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FIGURE 3 |

Adhesive behavior of PNG hydrogel. a) Adhesion performance data and water contact angles of PNG hydrogels with different ratios

at 20°C. b) Adhesion performance data of PNG hydrogels with different ratios at 40°C, along with the water contact angle of PO9N1G. c) Adhesion
performance data of PNG hydrogels with different ratios at 60°C, along with the water contact angle of PON1G. d) Adhesion tests of the P9N1 hydrogel
on multiple substrates and organs. e) Underwater adhesion data of the PNG hydrogel. f) 2D infrared spectroscopy data of the P9N1 PNG hydrogel: left:
synchronous spectrum; right: asynchronous spectrum. g) XPS spectra of PNG hydrogels with different ratios. h) Schematic diagram of the adhesion

mechanism of the PNG hydrogel.

representative PNG formulation, as the temperature increased
from 0°C to 40°C, the tensile strength decreased from 0.26
to 0.1 MPa, while elongation at break increased from 528% to
770% showed in Figure 4c. This thermomechanical response
corroborates the observed adhesion behavior, where higher stiff-
ness facilitates intraoperative handling at lower temperatures,

whereas enhanced ductility enables stronger adhesion at elevated
temperatures.

The dynamic hydrogen-bond network confers remarkable self-
healing capabilities. Figure 4d shows the self-healing properties
of the PNG hydrogel. The PIN1 hydrogel was fabricated into
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complex geometries (e.g., dolphin-shaped models) and patient-
specific AF-like structures to demonstrate its superior process-
ability, which were then severed and incubated at 60°C for 20 min.
This treatment resulted in complete morphological restoration
with a healing efficiency of 96% (Figure 4e). Furthermore, the
P9N1 hydrogel can achieve self-healing at body temperature
for 40 min. We tested the self-healing performance at different
temperatures and found that the healing time decreases as the
temperature increases showed in Figure SI18. This adaptability
suggests significant potential for the in situ repair of tissue defects
and potentially reducing the risk of postoperative reherniation.

Crucially, for intervertebral disc applications, the hydrogel
exhibits exceptional dimensional stability. The hydrogel main-
tained a near-zero swelling ratio over a 30-day observation period
under physiological conditions and in a 7-day quantitative test
in deionized water (Figure 4f,g), thereby minimizing the risk of
nerve compression caused by material expansion. Furthermore,
to simulate the physiological environment, an in vitro degrada-
tion assay was conducted in phosphate-buffered saline (PBS) at
37°C (Figure S19). The hydrogel exhibited a steady mass loss,
reaching a degradation rate of approximately 41% over a 20-day
period. This gradual breakdown profile is highly advantageous
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for AF repair. During the critical early stage of tissue healing
(the first 2-3 weeks), the hydrogel maintains sufficient mass
and mechanical integrity to seal the AF defect and prevent
nucleus pulposus reherniation. This remarkable anti-swelling
performance stems from the formation of a dense cross-linked
network between gelatin, AAc, and NAGA. Combined with
the densely crosslinked framework previously established in
Figure 2(i-iii), these features ensure outstanding structural sta-
bility in physiological environments, thereby reducing the risks
associated with swelling-induced tissue compression.

The cross-sectional morphology of the PNG hydrogel was
observed using an SEM. As depicted in Figure 4h, the P9N1
hydrogel exhibited a porous, dense network structure conducive
to cell attachment while restricting water penetration. Notably, a
decrease in pore size was observed with increasing AAc content,
which is mainly due to the enhanced hydrogen bonding density.
The viscoelastic properties shown in Figure 4i indicate that the
storage modulus (G’) and loss modulus (G”) exhibit a non-
monotonic trend with increasing AAc content. Initially, both
G’ and G” decrease as the AAc ratio increases from P7N3 to
P8N2. This may be because the introduction of AAc gradually
disrupts the original NAGA-dominated hydrogen bond clusters,
thereby altering the interaction balance and slightly relaxing the
network. However, when the AAc content increases to PON1, the
hydrogel’s elasticity is significantly enhanced. This is attributed
to the formation of a dense, highly coordinated hydrogen bond
network driven by a large number of carboxyl groups at this ratio.
Furthermore, these abundant carboxyl groups promote stronger
electrostatic interactions between the polymer backbone and
gelatin molecules, resulting in a higher modulus for the P9N1
hydrogel. Finally, when the system is converted to pure AAc
(P10NO), the network relies solely on the inherent crosslinking
of PAAc, leading to a significant decrease in the modulus.

Crucially, these comprehensive physical characterizations
demonstrate the successful resolution of the adhesion-swelling
paradox. Typically, highly crosslinked networks that resist
swelling inherently restrict the polymer chain mobility required
for tissue adhesion. However, our PNG hydrogel successfully
breaks this trade-off. The dense AAc-NAGA hydrogen-bonded
clusters provide exceptional structural integrity, while the
thermally-actuated gelatin phase releases sufficient free chains at
physiological temperature to achieve a robust adhesive strength.
Considering its optimal balance of mechanical robustness,
near-zero swelling, and superior thermo-responsive adhesion,
the P7N3G, P8N2G, and PI9N1IG hydrogels were selected as
the optimal candidate for all subsequent in vitro and in vivo
biological evaluations.

2.5 | Cell Compatibility

The hydrogel exhibited a complex 3D network structure that
closely mimicked the architecture of native extracellular matrix,
thereby providing a highly favorable microenvironment for cell
adhesion, spreading, and proliferation. Given these characteris-
tics, assessing the cytocompatibility and biological activity of the
hydrogel is crucial for determining its potential for use in tissue
engineering and regenerative medicine. In the cell experiments
described below, the Control group refers to cells cultured under

standard conditions without any hydrogel treatment. Live/dead
staining demonstrated that all the tested groups maintained high
cell viability, with no significant cell death observed through-
out the culture period (Figure 5a). This qualitative observation
was further supported by quantitative analysis, which showed
consistently low cytotoxicity across groups (Figure 5e). In addi-
tion, CCK-8 assays revealed a time-dependent increase in cell
proliferation in all the groups, indicating that the hydrogels
did not impede cell growth. The PO9N1G hydrogel achieved the
highest proliferation rate, suggesting superior cytocompatibility
(Figure 5d).

Cytoskeletal staining provided additional insights into cell-
material interactions. Cells cultured with the hydrogels exhibited
enhanced spreading and well-organized actin filaments, particu-
larly with the P9N1G hydrogel, indicating that its mechanical and
biochemical properties better supported cytoskeletal remodeling
and adhesion (Figure 5b). Furthermore, cell migration assays
showed that the PIN1G hydrogel most effectively promoted
directional migration and substrate attachment, as confirmed by
quantitative analysis (Figure 5c,f).

Taken together, these findings demonstrate that the PINIG
hydrogel provides the most favorable biological environment
among the tested formulations, exhibiting superior cytocompati-
bility and a strong capacity to promote cell adhesion, migration,
and proliferation. These properties highlight the potential for
future biomedical and regenerative applications.

2.6 | Extracellular Matrix Regeneration, Biosafety,
and Tissue Adhesion

The expression levels of key AF repair-associated marker genes,
including COL1, COL2, and ACAN, were assessed by quantitative
real-time PCR (qRT-PCR) and western blot analysis to compre-
hensively evaluate the regenerative capacity of the hydrogels.
The qRT-PCR results demonstrated a significant upregulation
of all three markers in the PONIG hydrogel, with expression
levels markedly higher than those observed in the other groups
(Figure 5g). This transcriptional enhancement suggests that the
PI9N1G hydrogel provides a more favorable microenvironment for
extracellular matrix synthesis and AF tissue remodeling.

Western blotting further validated these findings at the protein
level. Consistent with the gene expression data, the PIN1G
hydrogel exhibited the strongest protein expression of COLI1,
COL2, and ACAN among all groups (Figure 5h). Notably, elevated
levels of these matrix proteins indicate robust extracellular matrix
deposition and structural reconstruction, both of which are
essential for successful AF repair.

Taken together, the results of both gene and protein analyses
provide compelling evidence that the PONIG hydrogel most
effectively stimulates AF matrix regeneration. Its ability to upreg-
ulate key anabolic markers highlights its superior potential to
enhance AF healing, promote tissue remodeling, and restore disc
structural integrity.

To assess the biocompatibility of the implanted hydrogels, the
major organs of the experimental animals were histologically
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examined. As shown in Figure S20, no abnormal inflammatory
cell infiltration, tissue necrosis, edema, or other pathological
alterations were observed in the heart, liver, spleen, or lungs of
the rats. The normal histoarchitecture of these organs remained
well preserved across all groups, indicating that hydrogel implan-
tation did not induce systemic toxicity or adverse organ-specific
responses. These findings further support the favorable biosafety
profile of the hydrogel in vivo.

To further evaluate the hemostatic performance and adhesive
capability of the hydrogel in vivo, additional experiments were
conducted using various organs from rabbits and pigs. The results
demonstrated that the hydrogel achieved effective hemostasis and
strong adhesion across all the tested tissues, including the heart,
liver, spleen, lungs, kidneys, and blood vessels. Following applica-
tion, the hydrogel firmly adhered to the injured surfaces, and no
recurrent bleeding or detachment of the hydrogel was observed
during the observation period. These findings confirmed that the
hydrogel provided reliable tissue adhesion and rapid hemostasis
in multiple organ systems, highlighting its potential for broad
clinical applications in soft tissue injury management (Figures
S21 and S22).

2.7 | InVivo Annulus Fibrosus Repair Assessment
Figure 6g illustrates the procedure used to establish the disc
defect model and perform hydrogel implantation. A rat tail
needle-puncture model was created to mimic AF injury. Under
general anesthesia, the target intervertebral disc was surgically
exposed by making a longitudinal skin incision of approximately
2 cm in length. An 18-gauge needle was used to puncture the
AF to create a standardized defect. Subsequently, the hydrogel
was carefully inserted into the defect site using fine forceps.
After the layered closure of the muscle and skin, the implanted
hydrogel remained well-positioned within the defect, indicating
stable retention and successful model establishment. In Figure 6,
the defect group, in which the annulus fibrosus was punctured
but no hydrogel was implanted, served as the negative injury
control. The normal/control group refers to intervertebral disc
structures in a physiological state that have not undergone
artificial disruption.

Radiographic evaluation was performed to assess changes in the
intervertebral disc height and osteophyte formation in the rat
caudal spine. In the defect group, the discs exhibited marked

Small, 2026

9of 14

B5UBO17 SUOLILLIOD BAIFER1D) 8|cedldde au Aq pauRA0D 818 S3[o e WO ‘88N JO'S3|NJ 0 AX1q1T 8UIIUO 43| 1M UO (SUOIHIPUOD-PUR-SWLISYW0D A8 | IM*A eI 1 [ouJUO//STRY) SUORIPUOD PUe SWwi L 8U38eS *[9202/60/ST] Uo Ariqiauluo Ao|iMm ‘ABojouyos L JO @ininsu| uigeH Ad #6817, |ILS/Z00T OT/I0P/W00" A3 1M Afeiq Ut |uo//Sdny Wwoly papeojumoq ‘0 ‘6289€TT



(a) Normal P7IN3G P8N2G

Week 4

(4

L-------------------------

PINIG

Defec‘: (c)l 3 Control PONIG
= = ;E}E Defect
2 100 =
E 504
0- T T
. (d) Week 4 Week 8
iy 6
!i"ui § sk ek
.,.‘l. . {.-ﬂ
yb o 4_
=
«
£ 2]
1=
=
&
Week 4 Week 8

~_
Le~]
~—'

B Control 0 PTNIG PENIG PNIG
ns ~ns 05 _ps

Ca CRE ALP Na
_ns ns ~ns B3
‘ T ‘ T ‘ T | = T

K Cl GOT/GPTBUN

=

=
h

—
O

=
'JI

Rda“"f CXP“?SSW“@ Relative expression

———-————————————————‘———————————————1

------------------------------I

FIGURE 6 | a)X-ray images. b) MRI images. ¢) Quantitative analysis of disc height. d) Quantitative analysis of disc hydration status. e,f) Eight
blood biochemical markers. g) Flowchart of the procedure for establishing the disc defect model and performing hydrogel implantation. (*p < 0.05, **p
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collapse accompanied by apparent damage to the adjacent ver-
tebral endplates, indicating progressive structural deterioration.
In contrast, among the hydrogel-treated groups, the PINIG
hydrogel demonstrated the greatest efficacy in maintaining the
disc height, as clearly observed by X-ray imaging (Figure 6a).
Quantitative analysis of the disc height further corroborated this
trend, confirming the superior structural preservation provided
by the PON1G hydrogel (Figure 6c).

Subsequently, magnetic resonance imaging (MRI) assessment
was conducted to evaluate disc hydration status and degeneration
severity. Compared with the hydrogel-treated groups, the defect
group showed substantial water loss from the intervertebral discs.

Notably, the discs in the defect group exhibited pronounced
hypointensity as early as 4 weeks postoperatively, indicating
severe degeneration and dehydration. In contrast, the PONIG
hydrogel maintained a significantly higher relative water con-
tent at both 4 and 8 weeks, outperforming the other hydrogel
formulations. This preservation of hydration was consistent with
the modified Pfirrmann grading, in which the PON1G hydrogel
achieved more favorable scores, reflecting milder degenerative
changes (Figure 6b,d).

Collectively, these radiographic and MRI findings demonstrate
that the PON1G hydrogel most effectively preserved disc height,
maintained hydration, and slowed degeneration, underscoring
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its strong therapeutic potential in promoting AF repair and
mitigating intervertebral disc degeneration.

To evaluate the biological response following hydrogel implan-
tation, eight blood biochemical markers and key serum ion con-
centrations were measured in rats. The results indicated that the
implantation of the hydrogel did not induce any significant sys-
temic effects, demonstrating good in vivo biosafety (Figure 6e,f).

To evaluate the in vivo therapeutic efficacy of the hydrogel in
repairing the AF, we first examined the morphological changes
within the intervertebral discs (Figure 7a). Macroscopic obser-
vations at 4 and 8 weeks postoperatively revealed substantial
intergroup differences among the groups. Compared with the
defect group, all hydrogel-treated groups exhibited markedly
improved disc morphology, characterized by varying degrees of
NP preservation and prevention of disc space collapse. Notably,
in the P9N1G-treated group, the boundary between the AF and
NP remained clearly distinguishable, whereas this boundary was
blurred or difficult to identify in the P7N3G and P8N2G treated
groups. A longitudinal comparison further demonstrated that the
discs treated with the PON1G hydrogel showed minimal mor-
phological deterioration over time, in contrast to those treated
with the P7N3G and P8N2G hydrogels, which exhibited evident
NP shrinkage and structural compromise. This is due to the
high elasticity of the P9N1 hydrogel. The significantly higher
storage modulus of P9N1 provides mechanical support, thereby
promoting cell spreading and proliferation. Furthermore, the
construction of the polymer network plays a crucial role. The
optimal AAc content in PON1 provides abundant carboxyl groups,
forming a dense network and generating stronger electrostatic
and hydrogen bonding interactions with gelatin molecules. This
effectively retains the gelatin containing the cell adhesion RGD
motif within the scaffold, continuously providing a rich, cell-
growth-friendly microenvironment, thus promoting stable cell
adhesion and growth.

Histological analyses using hematoxylin and eosin (H&E) and
safranin O-fast green (S&O) staining provided deeper insights
into the repair process (Figure 7b,c). In the defect group, a
pronounced defect gap persisted at both 4 and 8 weeks, accom-
panied by a near-complete loss of NP tissue. In contrast, the
P9N1G hydrogel markedly reduced the defect gap at both time
points, whereas the groups treated with the P7N3G and P8N2G
hydrogels retained visible gaps with disorganized surrounding
AF tissue. Moreover, notable cell infiltration was observed within
the PIN1G hydrogel, with most infiltrating cells located at
the interface between the hydrogel and adjacent native tissue.
These cells exhibited a morphology consistent with that of AF
cells, suggesting progressive tissue integration and remodeling
following implantation.

Immunohistochemical staining further supported these observa-
tions (Figure 7d-f). Compared with the other groups, the PON1G
hydrogel group displayed the largest positive staining areas
for COL1, COL2, and ACAN, indicating enhanced extracellular
matrix synthesis and preservation of the disc structure. Together,
these findings demonstrate that the PON1G hydrogel not only
effectively promotes AF defect repair but also delays disc degen-
eration by supporting tissue reconstruction and host-material
integration.

3 | Conclusion

In summary, a double-network PNG hydrogel featuring an
adhesion-swelling balance, superior cytocompatibility, and
intrinsic self-healing capabilities was successfully engineered.
The synergistic combination of MD simulations and experimental
characterizations validated AAc as the optimal comonomer,
elucidating the underlying mechanism of a pH-modulated
hydrogen-bond crosslinking density threshold. Empowered by
this dense yet dynamic hydrogen-bonded network, the hydrogel
exhibits exceptional dimensional stability and robust mechanical
properties in physiological environments, alongside a unique
temperature-responsive adhesive behavior. In a rat AF defect
model, the PNG hydrogel effectively mitigated intervertebral
disc degeneration and facilitated the regeneration and functional
reconstruction of the ECM. Collectively, these findings highlight
the immense clinical translation potential of the PNG hydrogel
in preventing post-discectomy reherniation and guiding tissue
repair, thereby offering a novel functional biomaterial strategy
for AF regeneration.
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