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Abstract

Peripheral nerve adhesion after surgical injury severely hinders functional nerve regener‑
ation, leading to pain and neurological dysfunction. In this study, we developed a pho‑
tocrosslinkable methacrylated gelatin (GelMA)‑based hydrogel membrane that locally re‑
leases dexamethasone to simultaneously prevent adhesion and suppress inflammation.
GelMA, synthesized by reacting gelatin with methacrylic anhydride, formed a stable
crosslinked network, as confirmed by FT‑IR spectroscopy and rheological analysis. Cy‑
tocompatibility assays showed that both GelMA and Dexa‑GelMA hydrogels were non‑
cytotoxic to neuronal and fibroblast cell lines. In a Sprague‑Dawley (SD) rat sciatic nerve
injury model, implantation of the Dexa‑GelMA hydrogel significantly reduced perineu‑
ral adhesion and inflammation compared with the untreated control. Western blot anal‑
ysis showed an approximately 80% reduction in ED‑1 expression, indicating suppression
of macrophage activation. Overall, the Dexa‑GelMA hydrogel provides a biocompatible,
multifunctional platform that integrates physical barrier function with anti‑inflammatory
drug delivery, showing strong potential for preventing postoperative nerve adhesion and
modulating early inflammatory responses in a peripheral nerve injury model.

Keywords: anti‑adhesion; GelMA; dexamethasone; nerve regeneration; photo‑crosslinking

1. Introduction
Peripheral nerves play a pivotal role in maintaining sensory and motor communi‑

cation between peripheral tissues and the central nervous system. Damage to peripheral
nerves caused by trauma, tumors, infections, or surgical interventions frequently results in
considerable functional impairment and neuropathic pain [1,2]. In the setting of peripheral
nerve surgery, postoperative perineural adhesion to adjacent tissues is widely recognized
as a major obstacle to successful recovery [3,4]. Following neurolysis or traumatic injury,
excessive activation and proliferation of fibroblasts and myofibroblasts promotes scar tis‑
sue formation with abundant extracellular matrix deposition, leading to dense perineural
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fibrosis [5,6]. This fibrotic scar can compromise the regenerative microenvironment by re‑
stricting nerve gliding and mobility, increasing the likelihood of nerve tethering, compres‑
sion, and persistent pain, and ultimately impeding functional restoration after repair [7]. It
acts as a physical barrier, hindering axonal regeneration at the injury site, while the exces‑
sive accumulation of extracellular matrix (ECM) components restricts nerve mobility and
promotes adhesion. Such adhesions prevent the nerve frommoving freely during regener‑
ation, thereby reducing its regenerative capacity and leading to complications such as pain
and nerve compression [1,2]. Therefore, preventing perineural adhesion is an important
therapeutic strategy for improving postoperative outcomes in peripheral nerve injuries [8].

Tomitigate adhesion‑related complications, various anti‑adhesion barriers, including
drug‑based, film‑based, and gel‑based formulations, have been developed and evaluated
in preclinical and clinical settings [9]. Despite these efforts, clinical translation remains lim‑
ited. Many currently available barriers exhibit insufficient anti‑adhesion performance at
the injury site, inadequate mechanical properties to maintain barrier integrity, or overly
rapid degradation that fails to cover the critical healing period [10–13]. In addition, fixa‑
tionmethods such as sutures ormedical adhesives, often required to secure barriers in situ,
may induce foreign‑body reactions and local inflammation, thereby paradoxically promot‑
ing further adhesion formation [14,15]. These limitations highlight the ongoing need for
anti‑adhesion strategies that provide stable coverage, appropriate mechanical robustness,
and favorable tissue compatibility without provoking inflammatory responses. Conse‑
quently, anti‑adhesion barriers based on both synthetic polymers (e.g., polyethylene glycol
andpolylactic acid) and natural polymers (e.g., gelatin, chitosan, and hyaluronic acid) have
been actively investigated [16–19]. In particular, natural polymers have attracted attention
owing to their excellent biocompatibility and generally reduced immunogenicity, making
them promising candidates for perineural barrier applications

ECM‑derived gelatin exhibits excellent biocompatibility and hydration proper‑
ties [20–22]. It is non‑immunogenic and effectively minimizes foreign body reactions [23].
However, despite these advantages, gelatin inherently degrades easily because of its
low mechanical strength [24,25]. Accordingly, numerous studies have sought to enhance
the stability and durability of gelatin through chemical crosslinking techniques that im‑
prove its mechanical properties while preserving biocompatibility [26]. For example, pho‑
tocrosslinkable methacrylated gelatin (GelMA) is a photopolymerizable gelatin‑based bio‑
material produced bymethacrylation of lysine residues in the gelatin backbone. This mod‑
ification enhances the mechanical strength and stability of gelatin, while retaining its ex‑
cellent biocompatibility and biodegradability, making GelMA a widely used material in
tissue engineering and biomedical applications [27–31]. Accordingly, GelMA has been ex‑
tensively investigated for its potential applications in tissue engineering and drug delivery,
given its ability to maintain structural stability [27,28].

The regulation of early postoperative inflammation is critical for preventing perineu‑
ral adhesion and supporting peripheral nerve repair [29]. Beyond acting as a physical
barrier, an ideal anti‑adhesion strategy should also modulate the inflammatory microen‑
vironment, because excessive and prolonged inflammation after nerve injury aggravates
secondary tissue damage andpromotes fibroblast andmyofibroblast activation, thereby ac‑
celerating fibrotic scar formation [5,6]. In this regard, pharmacological intervention offers
a direct advantage by suppressing pro‑inflammatory signaling cascades at the injury site,
which can reduce downstreamfibrosis and adhesion. Glucocorticoids have long been used
to control detrimental inflammatory responses, and dexamethasone, a synthetic glucocor‑
ticoid, effectively inhibits pro‑inflammatory pathways in activated macrophages and mi‑
croglia, attenuating early inflammation and pain [30–32]. Furthermore, downregulation of
cytokines such as IL‑1, IL‑6, IL‑8, and TNF‑α is associated with reduced inflammatory bur‑
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den and diminished fibrotic responses, which may translate into improved anti‑adhesion
outcomes [33,34]. Therefore, incorporating an anti‑inflammatory drug component, partic‑
ularly via localized delivery, can complement physical barrier function by targeting the
biological drivers of adhesion formation while potentially minimizing systemic exposure.

In this study, we aimed to develop a hydrogel‑based anti‑inflammatory barrier
that overcomes the rapid degradation and low mechanical stability of conventional anti‑
adhesion materials, thereby effectively preventing postoperative peripheral nerve adhe‑
sions. GelMA, a photocrosslinkable derivative of gelatin, was used to enhance the me‑
chanical strength and stability of the barrier while maintaining excellent biocompatibil‑
ity. To impart anti‑inflammatory functionality, dexamethasone was incorporated into
the GelMA matrix to suppress postoperative swelling and early inflammatory responses
in nerve tissues. Consequently, a photo‑crosslinked, drug‑releasing membrane system,
termed dexamethasone‑loaded GelMA (Dexa‑GelMA), was fabricated to simultaneously
inhibit perineural adhesion and modulate neuroinflammation. The biocompatibility, anti‑
adhesion performance, and anti‑inflammatory efficacy of the Dexa‑GelMA hydrogel were
systematically investigated in vitro and in vivo to validate its potential as an anti‑adhesion
and anti‑inflammatory barrier and to determine whether it can create a microenvironment
conducive to subsequent nerve repair.

2. Materials and Methods
2.1. Materials

Gelatin was obtained from Dae‑Jung Co. (Siheung, Republic of Korea). Chemicals and
reagents, including methacrylic anhydride (MA) and dexamethasone, were purchased from
Sigma‑Aldrich (St. Louis, MO, USA). Dialysis membranes with a molecular weight cutoff
of 12–14 kDa were purchased from Spectrum Laboratories, Inc. (Rancho Dominguez, CA,
USA). The B35, C6, andNIH‑3T3 cell lines used in this studywere purchased from theKorean
Cell Line Bank (Seoul, Republic of Korea). Dulbecco’s Modified Eagle’s Medium (DMEM),
Roswell Park Memorial Institute Medium 1640, fetal bovine serum (FBS), and penicillin–
streptomycin (P/S) were obtained from Gibco Invitrogen (Grand Island, NY, USA).

2.2. Synthesis of Gelatin‑Methacrylic Anhydride

Gelatin methacryloyl (GelMA) was synthesized according to a previously described
method [35]. Briefly, gelatin (5 g) was dissolved in 100 mL distilled water at 35 ◦C for 3 h.
Methacrylic anhydride (3.75 mL) was added dropwise to the gelatin solution, and the mix‑
ture was stirred continuously at 35 ◦C for 24 h. After stirring for 24 h, the reaction mixture
was dialyzed using a dialysis membrane with a molecular weight cut‑off of 12–14 kDa and
lyophilized for 3 days to obtain purified GelMA powder.

2.3. Characterization of GelMA

The chemical structure of the lyophilized GelMA was characterized using Fourier
transform infrared spectroscopy (FT‑IR). To verify chemical modification, both gelatin and
GelMA samples were ground with potassium bromide (KBr) and compressed into pel‑
lets. FT‑IR spectra were recorded using a Spectrum Two LiTa spectrometer (PerkinElmer,
Waltham, MA, USA) over a wavenumber range of 4000–400 cm−1 All measurements were
performed in quintuplicate to ensure reproducibility. The degree of GelMA methacryla‑
tion was determined using 1H nuclear magnetic resonance (1H NMR) spectroscopy. For
analysis, 20 mg of GelMA powder was dissolved in 0.75 mL of D2O, and the spectra were
acquired at 500 MHz. The extent of substitution in the methacrylamide‑modified gelatin
was quantified by calculating the peak area ratio between the methacrylate vinyl protons
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(C=C bond) and the methylene protons adjacent to the primary amines (–CH–NH bond).
The degree of substitution was calculated using the following equation:

Degree of substitution (DS) =
Modified amino groups
Primary amino groups

× 100%

2.4. Preparation of GelMA or Dexa‑GelMA Hydrogel

To prepare the GelMA hydrogel, 5 g of the GelMA powder was dissolved in 100 mL
of distilled water. A dexamethasone stock solution was prepared by dissolving dexam‑
ethasone in sterile distilled water at a concentration of 1 mg/mL. Dexa‑GelMA hydrogel
was then obtained by incorporating dexamethasone into a 5% (w/v) GelMA solution to
achieve a final concentration of 200 µg/mL. To prepare photocurable hydrogels, 0.1% (w/v)
Irgacure 2959 (Sigma) as photoinitiator (PI) was added to 5%GelMA and 5%Dexa‑GelMA
solutions. The PI‑containing GelMA and Dexa‑GelMA prepolymer solutions were pho‑
tocrosslinked using a UV spotlight source (Hamamatsu LIGHTNINGCURE, L9588‑01;
365 nm, −01A type, Hamamatsu Photonics K.K., Hamamatsu, Japan) positioned 5 cm
above the samples for 1 min. Crosslinking was performed without a plate lid, and the
irradiation conditions were kept identical for all samples. In addition, the same type of
plate and an identical sample arrangement were used across all groups to ensure a consis‑
tent irradiation environment.

2.5. Analysis of GelMA Hydrogels Loaded with Dexamethasone

For rheological analysis, 5% GelMA and 5% Dexa‑GelMA hydrogels were prepared by
dissolving dexamethasone (200 µg/mL) in a 5 wt% GelMA aqueous solution. The prepoly‑
mer solutions were mixed with 0.01% PI, cast into cylindrical molds (1.5× 1.5× 0.15 mm3),
and subsequently photocrosslinked. Rheological measurements were performed using
a Kinexus Prime lab+ rheometer (NETZSCH Korea Co., Ltd., Paju, Republic of Korea)
equippedwith a 1.5 mm parallel plate geometry and a 0.15 mm gap. Oscillatory frequency
sweep tests were conducted over a range of 0.01–1 Hz at 25 ◦C to determine the storage
modulus (G′) and loss modulus (G′′).

To examine the microstructural morphology, the crosslinked hydrogels were freeze‑
dried at −80 ◦C to obtain sponge‑like structures. The dried samples were sectioned to
expose their internal architecture, sputter‑coated with gold, and examined under a scan‑
ning electron microscope (SEM; Hitachi S‑4800, Tokyo, Japan).

2.6. Swelling Property

The swelling behavior of the hydrogels was evaluated by monitoring their weight
changes in phosphate‑buffered saline (PBS, pH 7.4) at 37 ◦C. The initial weight of the
as‑prepared hydrogels (W0) was recorded, and the samples were immersed in PBS in
sealed containers. At predetermined time intervals (1, 3, and 7 days), the hydrogels were
removed from the solution, and their wet weight (Wt) was recorded after gently blot‑
ting excess surface water with filter paper. The swelling ratio was calculated using the
following formula [36]:

Swelling ratio (%) =
Wt − W0

W0
× 100

2.7. Release Behavior of Dexamethasone from GelMA Hydrogel

To evaluate the in vitro release profile of dexamethasone, the dexamethasone‑loaded
hydrogels (100 µL volume, containing 200 µg/mL of dexamethasone) were incubated in
0.5 mL of phosphate‑buffered saline (PBS; pH 7.4) at 37 ◦C with gentle shaking at 100 rpm
for 6 days. At predetermined time points (1, 3, and 6 h; and 1, 2, 3, 4, 5, and 6 days), the
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release medium (0.5 mL) was collected and immediately replaced with an equal volume
of fresh PBS (pH 7.4) [36]. The collected samples were filtered through a 0.45 µm syringe
filter (Whatman, Cytiva, Maidstone, UK) prior to analysis. Dexamethasone concentrations
in PBS were quantified using high‑performance liquid chromatography (HPLC; Jasco LC‑
4000, Tokyo, Japan). The mobile phase consisted of acetonitrile and water (70:30, v/v) at
an isocratic flow rate of 1.0 mL/min. The injection volume was 20 µL, and the column
temperature was maintained at 30 ◦C. Dexamethasone was detected at 239 nm using a C18
column (4.6 mm× 250 mm× 5 µm). The mass released at time t (Mt) was calculated using
the following equation [37,38].

Mt = CtV + ∑ Ct−1Vs

where Ct is the concentration of drug in the release solution at time t, V is the total volume
of release solution (0.5 mL) and Vs is the sample volume (0.5 mL).

2.8. Biocompatibility Assessment

B35, C6, and NIH‑3T3 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplementedwith 10% fetal bovine serum (FBS) and 1%penicillin–streptomycin
(P/S) in a humidified incubator at 37 ◦C with 5% CO2. The culture medium was refreshed
every other day.

The cytotoxicity of 5% GelMA and 5%Dexa‑GelMA hydrogels was evaluated using a
CCK‑8 assay. Briefly, cells were seeded at a density of 2 × 104 cells/well in 24‑well plates
and cultured overnight. The culture medium was replaced with fresh medium, and vary‑
ing amounts of GelMA or Dexa‑GelMA hydrogels (10 mg or 50 mg) were added to the
wells containing medium supplemented with 10% FBS. The cells were incubated with hy‑
drogels at 37 ◦C for 1 or 3 days. Themediumwas removed, and the cells werewashedwith
PBS. Subsequently, fresh medium containing the CCK‑8 solution was added, followed by
incubation for 4 h at 37 ◦C. Absorbance was measured at 450 nm, and cell viability (%) was
calculated using the following equation

Cell viability(%) =
Absorbance of hydrogel sample

Absorbance of control
× 100

2.9. In Vitro Anti‑Adhesion Analysis

To assess cell proliferation and adhesion on hydrogels, 200 mg of 5% GelMA or 5%
Dexa‑GelMA hydrogel was dispensed onto the center of a confocal culture dish and pho‑
tocrosslinked. After washing the crosslinked gels with PBS to remove residual impurities,
B35, C6, and NIH‑3T3 cells were seeded at a density of 5 × 104 cells/well. Three days after
seeding, cell proliferation and adhesion were assessed by adding 200 µL of thiazolyl blue
tetrazolium bromide (MTT; Sigma‑Aldrich) solution (2 mg/mL in PBS) to each well.

2.10. Establishment of Sciatic Nerve Injury Model

Healthy 6‑week‑old male Sprague‑Dawley (SD) rats (n = 27) were purchased from
Samtaco (Korea). The rats were housed in pairs under controlled temperature (22 ± 2 ◦C),
humidity (50 ± 10%), and a 12 h light/dark cycle, with free access to food and water. An‑
imal care and experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of Wonkwang University (approval no. WKU22‑119). A
compression injury of the sciatic nervewas induced using an 8mmmicroclamp to evaluate
peripheral nerve adhesions and inflammation. After exposure of the sciatic nerve through
an incision of the biceps femoris muscle, a vascular clip exerting 60 g of force (Micro Ser‑
refines; Fine Science Tools, North Vancouver, BC, Canada) was applied 10mmproximal to
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the trifurcation for 2 min. Rats were randomly assigned to three groups: Control, GelMA,
and Dexa‑GelMA. In the control group, the incision was closed by suturing after nerve
compression. In the GelMA and Dexa‑GelMA groups, after nerve compression, the UV‑
crosslinked GelMA or Dexa‑GelMA hydrogel was wrapped around the nerve injury site
and sutured. After injury, the muscles and skin were closed using a 3‑0 silk suture (AILEE,
Busan, Republic of Korea). Body temperature wasmaintained at 37 ◦C using a heating pad
throughout the surgery and recovery periods. Postoperatively, cefazolin (25 mg/kg; Chong
KunDang, Seoul, Republic of Korea) was administered twice daily for 5 days. The animals
were sacrificed using a CO2 chamber, and the sciatic nerves were harvested for dialysis.

2.11. Anti‑Inflammatory Effects of Dexa‑GelMA Hydrogel

For histological analysis, rats were sacrificed by CO2 exposure oneweek after surgery.
Nerve adhesions were evaluated seven days post‑surgery. The degree of nerve adhesion
was assessed according to the following grading system [6,39]: Grade 1 indicated no nerve
adhesion or a condition in which separation could be achieved with minimal dissection;
Grade 2 indicated cases requiring moderate dissection to separate the nerve from sur‑
rounding tissues; and Grade 3 indicated severe adhesion requiring sharp dissection using
a scalpel and forceps to separate the nerve from the surrounding tissues. Adhesion scores
were recorded and analyzed for each experimental group.

For immunofluorescence analysis, the peripheral nerve injury site was excised and
fixed in 4% paraformaldehyde solution. The fixed tissues were embedded in O.C.T. com‑
pound, sectioned at a thickness of 10 µm, and mounted on positively charged glass slides.

Sections were stained using the primary anti‑macrophage/monocyte antibody, clone
ED‑1 (1:200; MerckMillipore Ltd., Darmstadt, Germany), followed by 2dAlexa Fluor® 488‑
conjugated anti‑mouse IgG (H + L) (1:200; Immunoresearch Laboratories, West Grove, PA,
USA). Stained sections were then digitally imaged using an ECLIPSE Ti2‑U fluorescence
microscope (Nikon, Tokyo, Japan).

Western blotting was performed to assess inflammatory responses in peripheral
nerves treated with GelMA and Dexa‑GelMA (n = 3). Peripheral nerve tissue was lysed us‑
ing RIPA lysis buffer and centrifuged at 13,000× g for 5 min at 4 ◦C to remove tissue debris.
Total protein concentrationwas determinedusing a BCAprotein assay reagent kit (SMART
BCA, iNtRON Biotechnology, Inc., Gyeonggi‑do, Republic of Korea). Protein samples
(30 µg/lane) were electrophoresed on a 10% sodium dodecyl sulfate–polyacrylamide gel
and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% nonfat dry milk in PBS containing 0.1% Triton X‑100 for 1 h at room tem‑
perature and then incubated overnight at 4 ◦Cwith a primary anti‑macrophage/monocyte
antibody (clone ED‑1; 1:10,000; Merck Millipore Ltd.). After washing, the membranes
were incubated for 2 h at room temperaturewith a horseradish‑peroxidase‑conjugated goat
anti‑mouse IgG (H + L) secondary antibody (1:10,000; Bioss, Woburn, MA, USA). Protein
expression levels were normalized to β‑actin using a monoclonal antibody (Invitrogen,
Carlsbad, CA, USA). Finally, the membranes were incubated with an ECL solution (West‑
save ECL, AbFrontier, Gyeonggi‑do, Republic of Korea) and visualized using a chemilu‑
minescence and fluorescence Western blot analyzer (FUSION SOLO 6X, Vilber Lourmat,
Collégien, France).

2.12. Statistical Analysis

Comparisons among three or more groups were performed using a one‑way ANOVA
or the Kruskal–Wallis H test, as appropriate. In all analyses, statistical significance was de‑
fined as a p‑value <0.05. All quantitative data are presented as mean± standard deviation.
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3. Results
3.1. Synthesis and Characterization of GelMA Hydrogel

Gelatin is a collagen‑derived polypeptide bearing abundant reactive functional groups,
including primary amine, hydroxyl, and carboxyl moieties, which enable chemical modifi‑
cation. GelMA is obtained by reacting gelatin with MA, thereby introducing methacryloyl
substituents onto primary amines. Following photocrosslinking, GelMAhydrogels exhibit
mechanical and physicochemical properties that can be tuned by adjusting the degree of
methacrylation, polymer concentration, and curing conditions [40,41]. Figure 1 shows the
FT‑IR spectra of gelatin and GelMA, highlighting peaks corresponding to the character‑
istic functional groups. The broad associated with O‑H and N‑H stretching (Amide A)
was located around 3426 cm−1, while the C‑H stretching peak appeared at 2928 cm−1.
These peaks were observed for both the pure gelatin and GelMA. The GelMA spectrum
shows an amide II band (N‑H modification) at 1547 cm−1 (nearly identical to the pure
gelatin peak). Notably, GelMAexhibited a robust and dominant peak at 1658 cm−1, shifted
from the 1638 cm−1 (Amide I) peak in pure gelatin. This shift reflects the critical over‑
lap of the Amide I (C=O) band with the C=C double bond from the methacryloyl group,
thereby confirming the successful synthesis of GelMA. The chemical transformation from
gelatin to GelMA was confirmed using 1H‑NMR (Figure 1B). In GelMA, increased sig‑
nals at δ = 1.9 ppm and δ = 5.4–5.7 ppm, corresponding to methyl and vinyl protons of the
methacrylate group, were observed. The methylene proton signal of lysine at δ = 2.9 ppm
decreased following methacrylation. The increase and decrease in peak intensities indi‑
cate the functionalization of gelatin by MA groups. To determine the extent of methacry‑
lation, we compared the proton signals at δ = 2.9 ppm for gelatin and GelMA. The degree
of methacrylation substitution was approximately 33%.

 
(A) (B) 

8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

GelMA
Gelatin

Figure 1.Characterization of GelMA synthesis. (A) FT‑IR spectra and (B) H‑NMR Spectroscopy.

3.2. Rheological Properties of Dexa‑GelMA Hydrogel

GelMA hydrogels were formed via photochemical crosslinking of methacryloyl groups
on the GelMA backbone in the presence of a photoinitiator (PI) (Figure 1A). Figure 2
demonstrates the photocrosslinking behavior of GelMA and Dexa‑GelMA hydrogels un‑
der identical UV irradiation conditions (365 nm; Hamamatsu LIGHTNINGCURE L9588‑
01; 5 cm; 60 s; no lid; see Methods). In the absence of UV exposure (0 min), neither for‑
mulation exhibited gelation despite the presence of PI. In contrast, both prepolymer solu‑
tions rapidly formed stable hydrogels after 1 min of UV exposure, confirming successful
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photocrosslinking. Notably, although the irradiation conditions were kept constant, the
apparent gel stiffness differed depending on the hydrogel composition, suggesting that
dexamethasone incorporation influences network formation and/or hydrogel structure.

 

(A) (B) 

Figure 2. Photocrosslinking and rheological properties of GelMA and Dexa‑GelMA hydrogels.
(A) Photocrosslinking behavior of GelMA and Dexa‑GelMA hydrogels before and after UV expo‑
sure (0 and 1 min). Photocrosslinking was performed using a 365 nm UV spotlight (Hamamatsu
L9588‑01) positioned 5 cm above the samples for 60 s at 25 ◦C. (B) Rheological analysis showing
frequency‑dependent changes in storage (G′) and loss (G′′) moduli of GelMA and Dexa‑GelMA hy‑
drogels, indicating the effect of dexamethasone incorporation on viscoelastic properties.

To quantitatively validate these findings, rheological analysis was performed, reveal‑
ing distinct differences in the storage (G′) and loss (G′′) moduli between 5% GelMA and
5% Dexa‑GelMA hydrogels (Figure 2B). These results indicate that the differences in gel
strength induced by photocrosslinking influence the viscoelastic properties of hydrogels.
The viscoelastic properties of the hydrogels are characterized by the storage modulus (G′)
and loss modulus (G′′), which represent the elastic and viscous responses, respectively. A
gel state is defined by a dominance of the storage modulus (G′ > G′′), whereas a sol state
occurs when the loss modulus exceeds the storage modulus (G′ < G′′). Both 5% GelMA
and 5% Dexa‑GelMA hydrogels showed solid‑like behavior after photocrosslinking, with
storage moduli (G′) exceeding loss moduli (G′′) across the tested frequency range, indi‑
cating successful gel formation. However, Dexa‑GelMA exhibited lower G′ values than
GelMA, suggesting reduced mechanical stiffness upon drug incorporation. The lower G′

of Dexa‑GelMA may be attributed to formulation‑dependent changes in network forma‑
tion, including a reduced effective crosslink density and increased hydration/plasticization
of the matrix. Reduced crosslink density generally lowers the elastic response of hydrogel
networks, while hydration can plasticize polymer matrices by weakening interpolymer
interactions and enhancing chain mobility, leading to decreased stiffness. To evaluate the
viscoelastic properties of the hydrogel under physiological (body‑temperature) conditions,
rheological measurements were additionally conducted at 25 ◦C and 37 ◦C (Figure S1). At
representative frequencies (0.1, 1, and 5 Hz), Dexa‑GelMA consistently exhibited higher
storage moduli (G′) than loss moduli (G′′) at both temperatures, confirming a predom‑
inantly solid‑like (gel) state. Notably, the G′ values at 37 ◦C were maintained or slightly
increased comparedwith those at 25 ◦C, indicating that the hydrogel preservesmechanical
integrity at body temperature.
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3.3. SEM Analysis of Hydrogel

The surface and internal morphologies of GelMA and Dexa‑GelMA hydrogels were
subsequently examined, as dexamethasone incorporation may influence the hydrogel mi‑
crostructure. Figure 3A shows the surface morphology of Dexa‑GelMA hydrogel and
GelMA hydrogel. To evaluate the internal structure, cross‑sections of the freeze‑dried
hydrogels were observed using SEM. Both Dexa‑GelMA hydrogel and GelMA hydrogel
exhibited overall similar porous architectures, with pores uniformly distributed and in‑
terconnected throughout the samples. The pore sizes were 24.7 ± 4 µm for Dexa‑GelMA
hydrogel and 20.9± 4 µm for GelMAhydrogel, and the difference between the groupswas
not statistically significant (Figure 3B). This interconnected porous network is expected to
facilitate the diffusion of oxygen, nutrients, and drugs, thereby supporting the survival
and functional maintenance of nerve cells.

 
(A) 

  
(B) (C) 

 

 
(D) (E) 

Figure 3. Surface morphology and drug release behavior of GelMA and Dexa‑GelMA hydrogels.
(A) Representative SEM images of the porous microstructure of photocrosslined GelMA and Dexa‑
GelMA hydrogels (Scale bar: 100 um). (B) Quantification of average pore size for GelMA and Dexa‑
GelMA hydrogels. Cumulative dexamethasone release profile from Dexa‑GelMA hydrogel in PBS
at 37 ◦C (C) 144 h and (D) the first 6 h. (E) Quantitative analysis of the swelling ratio of GelMA and
Dexa‑GelMA hydrogels over time (n = 4).
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3.4. Swelling Kinetics and Drug Release Behavior of Dexa‑GelMA Hydrogels

The drug release behavior of the hydrogels was further evaluated using dexametha‑
sone as a model drug. Using dexamethasone as a model drug, the release study revealed
that approximately 70% of the loaded drug was released within 24 h in PBS (pH 7.4)
(Figure 3C,D) [42]. As shown in Figure 3E, the swelling ratio of the GelMA hydrogel (5%)
was 0% on day 0, 38.31± 2.57% on day 1, 39.78± 4.34% on day 3, and 39.25± 3.89% on day
7. Also, Dexa‑GelMA hydrogel was 0% on day 0, 37.77 ± 1.43% on day 1, 38.53 ± 2.53%
on day 3, and 38.16 ± 4.25% on day 7. Both hydrogel groups exhibited rapid water up‑
take within the first 24 h and maintained a stable equilibrium swelling state up to 7 days.
No significant difference was observed between the two groups, indicating that the low
concentration of dexamethasone had no significant effect on the swelling behavior of the
GelMA hydrogel (Figures 3E and S2). The swelling behavior of hydrogels is strongly gov‑
erned by the physicochemical properties of encapsulated drugs. Hydrophilic and ionic
compounds, such as cefazolin, increase swelling by enhancing water uptake through ion–
dipole interactions and associated hydration effects [43]. In contrast, hydrophobic drugs,
including dexamethasone, often reduce swelling by increasing the overall hydrophobic‑
ity of the polymer matrix and limiting water penetration. In the present study, however,
the low dose of dexamethasone did not significantly alter the swelling behavior relative to
the control group, indicating that the incorporated amount was insufficient to measurably
affect the hydrophilic network structure of the GelMA hydrogels [36,43].

3.5. Biocompatibility of Dexa‑Loaded GelMA Hydrogels

The biocompatibility of GelMA and Dexa‑GelMA hydrogels was evaluated at two
mass (10 mg and 50 mg) using B35, C6, and NIH 3T3 cells. On day 1, no significant differ‑
ences in cell viability were observed among the control, GelMA, and Dexa‑GelMA groups,
nor between B35, C6 and NIH3T3 cells (Figure 4A,B). On day 3, the NIH/3T3 cells treated
with 50 mg of hydrogel exhibited a slight reduction in viability compared with B35 and C6
cells (Figure 4C); however, this decrease was not statistically significant relative to the con‑
trol. After 7 days of culture, the cell viability was 94% for B35, 95% for C6, and 94% forNIH
3T3 cells, which were comparable to those of the control group. These results indicate that
there were no significant differences in cell viability between the GelMA and Dexa‑GelMA
hydrogels compared with the control group, demonstrating that both hydrogels possess
excellent biocompatibility.

3.6. Anti‑Adhesion Effect of Dexa‑GelMA Hydrogel In Vitro

Figure 5 provides an overall view of initial cell attachment on GelMA‑based hydro‑
gels following cell culture and staining. In particular, Figure 5A shows the concentration‑
dependent attachment on GelMA hydrogels (5, 10, 15, and 20%, w/v). The control group
(tissue culture polystyrene, TCPS) exhibited broad, intense purple staining, indicating a
high level of cell attachment. In contrast, all GelMA hydrogel surfaces displayedmarkedly
lower staining intensity, suggesting reduced cell attachment compared to the control. No‑
tably, at the lowest concentration (5% GelMA), cell attachment was minimal. However,
as the GelMA concentration increased to 10, 15, and 20% (w/v), the density of attached
cells on the hydrogel surfaces progressively increased. These observations are consistent
with previous reports showing that increasing GelMA concentration typically leads to
higher crosslinking density and mechanical stiffness, thereby providing a microenviron‑
ment more conducive to cell adhesion and spreading [44].
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Figure 4. Biocompatibility of GelMA and Dexa‑GelMA hydrogels. Cell viability of (A) B35, (B) C6,
and (C) NIH 3T3 cells cultured with GelMA or Dexa‑GelMA hydrogels for 1, 3, and 7 days.
(* p ≤ 0.05, ** p ≤ 0.01, NS ≥ 0.05).

We evaluated the anti‑adhesion performance of GelMA and Dexa‑GelMA hydrogels
using B35, C6, and NIH/3T3 cell lines. The hydrogels were reproducibly positioned at the
center of culture dishes, and cells were seeded onto the hydrogel‑covered regions and incu‑
bated for 3 days prior toMTT staining. As shown in Figure 5, B35 cells (Figure 5B), C6 cells
(Figure 5C), andNIH/ 3T3 cells (Figure 5D), all three cell lines displayedweaker staining on
hydrogel‑covered regions than on the uncovered TCPS regions within the same wells, in‑
dicating reduced cell attachment/coverage on the hydrogels. In these images, purple stain‑
ing represents metabolically active cells remaining on the surface. Notably, Dexa‑GelMA
consistently exhibited lower staining intensity than pristine GelMA, suggesting enhanced
anti‑adhesive performance upon dexamethasone loading. Collectively, these results indi‑
cate that GelMA‑based hydrogels reduce cell attachment in vitro, and that dexamethasone
incorporation further enhances this anti‑adhesion effect.

3.7. Anti‑Adhesion Effect of Dexa‑GelMA Hydrogel in Peripheral Nerve Injury

To evaluate perineural adhesion and inflammatory responses in surrounding tis‑
sues after peripheral nerve injury, a sciatic nerve compression model was established
(Figure 6A). Animals were divided into three experimental groups: an untreated injury
control group, a GelMA hydrogel‑treated group, and a Dexa‑GelMA hydrogel‑treated
group. At 7 days post‑injury, marked adhesions between the sciatic nerve and adjacent
tissues were observed in the untreated injury control group (Figure 6B, left). In contrast,
in the GelMA hydrogel‑treated group, the extent of adhesion was visibly reduced com‑
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pared with the untreated group (Figure 6B, middle). Most notably, adhesions were mini‑
mal in the Dexa‑GelMA hydrogel‑treated group (Figure 6B, right), indicating themost pro‑
nounced reduction in adhesion formation among the groups. Figure 6C presents the semi‑
quantitative adhesion scores for each group. Perineural adhesion severity was graded on a
1–3 scale based on the ease of separating the sciatic nerve from surrounding tissues [6,45],
adapting established protocols for rat sciatic nerve adhesion models: A score of 1 indi‑
cated no adhesion or mild adhesion separable by minimal blunt dissection; score 2 indi‑
cated moderate adhesion requiring vigorous blunt dissection; and score 3 indicated se‑
vere adhesion requiring sharp dissection for separation. Each condition was evaluated in
three SD rats (n = 5). The untreated injury group exhibited the highest adhesion score (3.0).
The GelMA hydrogel‑treated group showed a lower score (2.3 ± 0.5). Notably, the Dexa‑
GelMA hydrogel‑treated group presented the lowest adhesion score (1.3 ± 0.57), indicat‑
ing significantly reduced adhesion formation compared with both the injury and GelMA
hydrogel‑treated groups.

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 5. (A) NIH 3T3 cells cultured on GelMA hydrogel (A) NIH 3T3 cells cultured on GelMA
hydrogels with different polymer concentrations (5, 10, 15, and 20%, w/v) for 3 days to evalu‑
ate concentration‑dependent cell adhesion. Cell adhesion on GelMA and Dexa‑GelMA hydrogels.
(B) B35, (C) C6, and (D) NIH 3T3 cells cultured on control, GelMA, and Dexa‑GelMA hydrogels
for 3 days. Cell adhesion assessed byMTT staining showing reduced attachment to hydrogel‑coated
regions, with Dexa‑GelMAhydrogel exhibiting stronger anti‑adhesive effects than GelMAhydrogel.
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(A) 

 

(B) 

 

(C) 

Figure 6. Effects of Dexa‑GelMA hydrogel on anti‑adhesion in a peripheral nerve injury model
(A) Generation of a rat sciatic nerve injurymodel. (B) Representative gross images of tissue adhesion
one week after hydrogel implantation in the sciatic nerve injury model. The arrows indicate the site
of sciatic nerve injury site (C) Adhesion scoring of Nerve Tissues. *** p ≤ 0.001.

3.8. Anti‑Inflammatory Effect of Dexa‑GelMA Hydrogel in Peripheral Nerve Injury

To evaluate the anti‑inflammatory efficacy of the Dexa‑GelMA hydrogel following
peripheral nerve injury, nerve tissues were harvested 7 days post‑surgery and subjected
to immunofluorescence staining and Western blot analysis. Macrophage/monocyte infil‑
tration was assessed using ED‑1 immunostaining (Figure 7), and pro‑inflammatory sig‑
naling was evaluated by quantifying TNF‑α expression (Supplementary Figure S3). As de‑
picted in Figure 7A and Supplementary Figure S3, the untreated injury control andGelMA‑
treated groups exhibited strong ED‑1 immunoreactivity and elevated TNF‑α levels, indi‑
cating pronounced inflammatory cell infiltration and activity within the injured region.
In contrast, the Dexa‑GelMA‑treated group exhibited markedly fewer ED‑1‑positive cells
and reduced TNF‑α expression, suggesting attenuation of macrophage‑associated inflam‑
matory responses at the injury site. Collectively, these results support that local delivery
of dexamethasone via the Dexa‑GelMA hydrogel can mitigate early postoperative inflam‑
mation, which may contribute to its enhanced anti‑adhesion performance.

Western blot analysis was performed to evaluate the anti‑inflammatory effects of dex‑
amethasone released from the Dexa‑GelMA hydrogel, with β‑actin used as a loading con‑
trol for protein normalization (Figure 7B). ED‑1 protein expression was highest in the un‑
treated injury group, while only a modest reduction was observed in the GelMA‑treated
group. Notably, ED‑1 expression was markedly decreased in the Dexa‑GelMA‑treated
group. Quantitative densitometric analysis using ImageJ (v1.53t, National Institutes of

https://doi.org/10.3390/polym18050628

https://doi.org/10.3390/polym18050628


Polymers 2026, 18, 628 14 of 20

Health, Bethesda, MD, USA), with β‑actin as the loading control, showed relative ED‑1
expression levels of 0.78 and 0.13 in the GelMA‑ and Dexa‑GelMA‑treated groups, respec‑
tively, compared with the injury group normalized to 1.0 (Figure 7C).

 
(A) 

 

(B) (C) 

Figure 7. Effects of Dexa‑GelMA hydrogel on anti‑inflammation in a peripheral nerve injury model
(A) Immunofluorescence staining of ED‑1 (green) and nuclei (DAPI, blue) in injured, GelMA‑, and
Dexa‑GelMA‑treated nerves, showing reduced macrophage infiltration in the Dexa‑GelMA group.
(B)Western blot analysis of ED‑1 protein expression (n = 3). (C) Quantitative analysis of ED‑1/β‑actin
ratio. *** p ≤ 0.001. Scale bar 400 µm.

4. Discussion
Peripheral nerve adhesions remain a major obstacle to recovery after nerve injury

and surgery, driven by rapid inflammation and fibrotic remodeling that lead to perineu‑
ral scarring [4,5]. The pathogenesis of nerve adhesions involves macrophage recruitment,
fibroblast activation, and collagen synthesis, processes that collectively impede axonal re‑
generation and functional nerve recovery [5–7]. Although currently available commercial
anti‑adhesion materials function primarily as passive physical separators, they often fail
to adequately control the underlying inflammatory fibrotic cascade, especially during the
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critical early postoperative period. Moreover, the clinical efficacy of these materials is fre‑
quently limited by practical drawbacks, including poor handling characteristics, short res‑
idence time due to rapid degradation, and the potential to elicit foreign‑body reactions.
Furthermore, their barrier function may be eventually compromised by fibroblast infiltra‑
tion [14,15]. However, the application of active, drug‑eluting hydrogel systems specifically
designed for the demanding peripheral nerve microenvironment of peripheral nerves re‑
mains underexplored. In this study, we developed a photocurable, dexamethasone‑eluting
Dexa‑GelMA hydrogel as an anti‑adhesion barrier that combines conformal physical sepa‑
ration with early local immunomodulation. Specifically, the rapid initial release of dexam‑
ethasone from the hydrogel effectively attenuates early postoperative inflammation at the
injury site. Because it enables photocrosslinking, Dexa‑GelMAcan be polymerized directly
on moist, irregular nerve surfaces to form a conformal coating; this feature overcomes the
handling limitations of preformed membranes while ensuring prolonged in situ retention
during the critical window of adhesion initiation.

To achieve therapeutic efficacy, the structural characteristics of the carrier are crucial.
Various drug delivery systems, including nanoparticles, liposomes, and hydrogels, have
been developed to improve therapeutic outcomes [46,47]. Among these, hydrogels are
widely regarded as promising biomaterials due to their high biocompatibility, adjustable
physicochemical characteristics, and versatility in biomedical and tissue engineering ap‑
plications. The microstructures of the GelMA hydrogel with and without dexamethasone
are shown in Figure 3A. SEM analysis revealed a crosslinked three‑dimensional network
with a relatively uniform pore distribution. This porous architecture facilitates nutrient
diffusion and provides pathways for the controlled transport of therapeutic molecules,
validating the use of GelMA as a localized drug–delivery matrix. Moreover, this highly in‑
terconnected network enables the efficient incorporation and retention of bioactive agents,
thereby allowing local modulation of the immune microenvironment and potentially sup‑
porting peripheral nerve repair and regeneration [48].

We evaluated the biological safety of the fabricated hydrogels using in vitro models.
Both GelMA and Dexa‑GelMA demonstrated excellent cytocompatibility across neuronal
(C6, B35) and fibroblast (NIH 3T3) cell lines. Specifically, cells maintained normal mor‑
phology, and CCK‑8 assays confirmed comparable viability trends across all groups, in‑
dicating no cytotoxic effects. In addition, minimal cellular attachment on the hydrogel
surface (Figure 5) supports the interpretation that these materials can act not only as bio‑
compatible matrices but also as low‑adhesion interfaces that limit postoperative cellular
colonization. Collectively, these data demonstrate that Dexa‑GelMA preserves the intrin‑
sic cytocompatibility of the GelMA platform while conferring functional properties mech‑
anistically relevant to the mitigation of perineural adhesion. Consequently, both GelMA
and Dexa‑GelMA demonstrated excellent cytocompatibility, inducing no detectable cyto‑
toxic effects. Beyond its biological safety, Dexa‑GelMA served as a conformal and me‑
chanically compliant physical barrier, ensuring stable coverage over moist and irregular
nerve surfaces. This structural integrity contributes to the reduction of postoperative ad‑
hesions by impeding fibrous tissue overgrowth while permitting essential nutrient diffu‑
sion [49,50]. Notably, this nerve‑specific design addresses critical limitations of conven‑
tional barriers, which frequently suffer from insufficient interfacial retention and mechan‑
ical mismatch under the continuous gliding and micromotion characteristic of the periph‑
eral nerve microenvironment.

Dexamethasone is a potent anti‑inflammatory agent that effectively suppresses
inflammation‑induced gene expression. It exerts anti‑inflammatory and immunosup‑
pressive effects through glucocorticoid receptors (GRs), which regulate gene transcrip‑
tion. Upon activation, GRs suppress inflammatory cell activity and inhibit the expres‑
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sion of pro‑inflammatory cytokines (e.g., TNF and interleukins) and related genes, such
as cyclooxygenase‑2 (COX‑2) and inducible nitric oxide synthase (iNOS) [51]. The re‑
lease of dexamethasone from various delivery systems, including self‑assembling peptide
nanofiber gels and lipid‑based carriers, has been shown to maintain its anti‑inflammatory
activity in vitro and substantially reduce inflammatory cell infiltration in vivo, indicat‑
ing that continuous local delivery of dexamethasone effectively suppresses inflamma‑
tion [48,52,53]. Dexamethasone inhibits the expression of lipopolysaccharide‑induced
genes by approximately 43–98% andmarkedly suppresses the expression of COX‑2, IL‑1α,
IL‑1β, and IFN‑γ, primarily through the inhibition of p38MAPK signaling [54]. Postopera‑
tive adhesions result from dysregulated inflammatory responses and fibrosis triggered by
surgical injuries. The infiltration of inflammatory cells and fibrin deposition at the injury
site activate fibroblasts and promote collagen accumulation, leading to the formation of ab‑
normal intertissue connections (adhesions) between adjacent tissues [55]. In this study, the
Dexa‑GelMA hydrogel released approximately 65% of the incorporated dexamethasone
within the first 24 h, followed by release up to 7 days. This initial burst was primarily at‑
tributed to the rapid diffusion of the drug loosely entrapped near the hydrogel surface and
within easily accessible pores as the GelMA network swelled. This results in a high early
local therapeutic concentration, which is strategic for suppressing acute inflammation and
early fibroblast activation associated with the onset of perineural adhesion [56,57]. This
release profile is particularly aligned with the temporal biology of perineural adhesion, in
which the earliest postoperative phase is dominated by inflammatory cell recruitment and
cytokine signaling that subsequently drives fibroblast expansion and collagen deposition.

The Dexa–GelMA hydrogel demonstrated significant efficacy in preventing postoper‑
ative perineural adhesion in a rat sciatic nerve injury model, with potential as an advanced
anti‑adhesion material for peripheral nerve repair. Notably, the hydrogel remained struc‑
turally intact at the implantation site for up to one week post‑surgery, indicating suffi‑
cient in vivo stability during the critical adhesion‑prone period. This sustained GelMA
matrix enabled the continuous local release of dexamethasone, which effectively atten‑
uated early inflammatory responses by suppressing macrophage infiltration (ED‑1) and
reducing pro‑inflammatory cytokine (TNF‑α) expression. Consequently, fibroblast prolif‑
eration and subsequent scar tissue formation around the injured nerve were effectively
minimized (Figure 6). Despite the availability of several commercial anti‑adhesion agents,
their clinical effectiveness remains limited. Most currently used barriers, such as collagen
membranes, hyaluronic acid films, and PEG‑based hydrogels, primarily function as pas‑
sive physical separators and do not actively modulate inflammatory or fibrotic responses.
In addition, thesematerials often show inadequatemechanical stability and poor retention
on irregular or moist tissue surfaces, which are able to compromise sustained postopera‑
tive protection. Some formulations may also degrade unpredictably in vivo, potentially
increasing the risk of postoperative complications, whereas others fail to remain at the
wound site long enough to provide prolonged anti‑adhesion effects [14,15]. Liu et al. re‑
ported a Janus hydrogel adhesive with tissue‑adhesive and anti‑adhesive faces; however,
the duration of its adhesive performance was not reported [58]. To address these limita‑
tions, Dexa‑GelMA hydrogel represents a promising anti‑adhesionmaterial that combines
anti‑inflammatory drug delivery with conformal barrier function, thereby creating a more
favorable microenvironment for peripheral nerve regeneration. In particular, the in situ
photocrosslinked GelMA network enables tunable mechanical stiffness and elasticity, al‑
lowing the hydrogel to act as a soft, conformal sheath that minimizes mechanical irrita‑
tion and stress concentration on the nerve while sustaining a continuous separation layer
that resists displacement and fibroblast invasion during the adhesion‑prone period. These
findings are consistent with prior reports showing that conformal, mechanically compli‑
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ant hydrogel barriers with sustained local anti‑inflammatory delivery reduce postopera‑
tive adhesion by limiting early inflammatory amplification and fibroblast‑driven matrix
deposition [59,60].

Importantly, while prior GelMA‑ or dexamethasone‑based anti‑adhesion strategies
have been predominantly investigated in intraperitoneal/peritoneal settings, our work
demonstrates an active, photocurable hydrogel barrier specifically tailored for peripheral
nerves, where early inflammation is a critical upstream driver of fibroblast activation and
perineural scarring. In an SD ratmodel of peripheral nerve injury, this study demonstrates
that Dexa‑GelMA exerts anti‑inflammatory and anti‑adhesion effects at an early postoper‑
ative time point, with the in vivo evaluation intentionally focused on short‑term (1 week)
outcomes capturing acute inflammation and initial perineural adhesion formation. Consis‑
tent with the temporal biology of adhesion formation, local dexamethasone delivery from
Dexa‑GelMA effectively mitigated early postoperative inflammation, thereby contributing
to reduced fibrotic encapsulation and a more permissive microenvironment for peripheral
nerve recovery. In future studies, we plan to investigate perform long‑term in vivo exper‑
iments, including ISO‑recommended cytotoxicity tests, axonal regeneration analyses, and
sciatic functional index measurements, to systematically verify its efficacy for nerve regen‑
eration. Collectively, these results suggest that the Dexa‑GelMA hydrogel is a promising
and biocompatible material for peripheral nerve regeneration and the prevention of post‑
operative adhesion.

5. Conclusions
In conclusion, theDexa‑GelMAhydrogel robustly attenuated early post‑injury inflam‑

mation by reducing macrophage activation and infiltration at the injury site. The signifi‑
cantly decreased ED‑1 expression further indicates that Dexa‑GelMA provides enhanced
local immunomodulation compared with GelMA. Moreover, considering that peripheral
nerves undergo continuous gliding and micromotion, the conformal coverage and inter‑
facial retention capability afforded by in situ photocrosslinking offer a significant transla‑
tional advantage for maintaining barrier function during the adhesion‑prone early healing
phase. Collectively, these results suggest that Dexa‑GelMA is a promising therapeutic
platform for mitigating the early inflammatory cascade that precedes fibrotic remodeling,
therebyminimizing perineural adhesion formation and creating amore favorablemicroen‑
vironment for peripheral nerve regeneration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym18050628/s1, Figure S1: Frequency‑dependent viscoelastic
properties of the Dexa‑GelMA hydrogel. Storage modulus (G′) and loss modulus (G′′) were mea‑
sured at 25 ◦C and 37 ◦C during a frequency sweep (0.1, 1, and 5 Hz); Figure S2: Swelling charac‑
teristics of GelMA and Dexa‑GelMA hydrogels. Representative optical images of pure 5% GelMA
and Dexa‑loaded 5% GelMA hydrogels before swelling (Day 0) and after incubation in PBS at 37 ◦C
for 7 days; Figure S3: Anti‑inflammatory effects of Dexa‑GelMA in a peripheral nerve injury model.
Representative immunofluorescence images of TNF‑α (red) and nuclei (DAPI, blue) in injured nerves
from the Injury, GelMA, and Dexa‑GelMA‑treated groups. Merged images are shown in the right
column. TNF‑α immunoreactivity wasmarkedly reduced in the Dexa‑GelMA group comparedwith
the Injury and GelMA groups, indicating attenuated pro‑inflammatory signaling at the injury site.
Scale bars indicate 200 µm.
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