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Balancing pulp tissue inflammation and dentin regeneration is essential for maintaining tooth responsiveness and
reparative ability in vital pulp therapy (VPT). Here, we describe a photocrosslinkable gelatin methacryloyl
(GelMA) biomaterial electrospun into a bilayer fibrous scaffold with clinically relevant functions. It comprises a
10 % (w/v) GelMA layer loaded with ibuprofen (IBP, 10 % or 20 % w/w) for immunomodulation, and a 20 %
GelMA layer containing amorphous magnesium phosphate (AMP, 5 % or 15 % w/w) to promote biominerali-
zation. Fiber morphology, chemical composition, mechanical properties, swelling, enzymatic degradation, and
release kinetics of IBP and Mg2'/PO3 " ions were evaluated. Bioactivity was assessed with human dental pulp
stem cells (DPSCs), macrophages, an LPS-challenged artificial pulp chamber (APC) model, and subcutaneous
implantation. All fibers were bead-free and porous, and photocrosslinking yielded pulp-like stiffness. IBP-loaded
fibers showed an initial burst followed by sustained release over 14 days; AMP fibers released ions continuously
for 7 days. IBP layer reduced IL-1a, TNF-a, and IL-6 secretion, inhibiting NF-kB activation without cytotoxicity.
AMP layer increased ALP activity, mineral deposition, and expression of COL1A1, RUNX2, and ALPL. In the APC
model, the bilayer scaffold downregulated IL1A, IL1B, and TNF within 3 h; after 14 days, it upregulated ALPL,
DSPP, and OCN compared to controls under LPS. Subcutaneous implantation confirmed biocompatibility: IBP
decreased M1 polarization, while AMP induced transient RUNX-2 followed by ALP and osteocalcin, indicating
ongoing mineralization. The dual functionality of this bilayer scaffold suggests it may serve as a promising next-
generation VPT biomaterial capable of controlling inflammation and guiding dentin-like tissue regeneration.

1. Introduction

Pulpitis is often caused by the diffusion of bacteria and their me-
tabolites through the dentinal tubules into the pulp space as carious
lesions progress [1]. Initially, inflammatory mediators stimulate denti-
nogenesis by recruiting underlying odontoblasts and mesenchymal stem
cells to replace lost odontoblasts, thereby restoring the dynamics of the

dentin-pulp complex [1]. However, if inflammation is not suppressed,
the pulp tissue will degenerate and must be removed [1]. Vital pulp
therapy (VPT) represents the proper balance between inflammation and
dentin regeneration [2], potentially preserving the tooth’s intrinsic
responsiveness and reparative mechanisms, while avoiding the disad-
vantages of conventional root canal therapy (e.g., tooth brittleness,
discoloration, and reinfection) [2].
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Calcium hydroxide and calcium silicate formulations are currently
available for VPT, with high clinical success rates [3,4]. Despite their
undeniable ability to induce tertiary dentin deposition, mostly by
dystrophic calcification, these materials cannot resolve pulp tissue
inflammation [5,6], limiting their current application to asymptomatic,
reversible pulpitis conditions only. However, given the intrinsic regen-
erative potential of the pulp, VPT could be considered as a treatment
independent of a diagnosis of reversible or irreversible pulpitis [7].
Therefore, next-generation materials for VPT should leverage
biomaterial-driven therapeutic platforms that can rapidly suppress
inflammation and stimulate dentin-like tissue deposition by progenitor
cells [8].

Polymeric nanofibers offer a highly biomimetic pulp-like native ar-
chitecture that facilitates cell adhesion, proliferation, and differentiation
[9]. Gelatin methacryloyl (GelMA) has been highlighted as a versatile
material for tissue regeneration in inflammatory environments, as it
degrades when exposed to matrix metalloproteinases, effectively
releasing entrapped therapeutic cargo [10]. Reports show that photo-
crosslinkable GelMA nanofibers have been investigated for bone
regeneration and the prevention of microbial infections [11,12]. For
VPT, beta-tricalcium phosphate-laden GelMA fibers supported odonto-
genic differentiation of human dental pulp stem cells (DPSCs) and
mineralized tissue formation in vivo [13].

Given the slow resorption of traditional calcium phosphates (e.g.,
hydroxyapatite), exploring novel bioceramic alternatives may lead to
enhanced mineralization outcomes [14]. Notably, recent studies have
highlighted the use of magnesium (Mg?") as a substitute for calcium
(Ca®") due to its higher biodegradability [15,16]. Indeed, amorphous
magnesium phosphate (AMP) has been shown to induce pre-osteoblast
differentiation and enhance osteoclast and osteoblast metabolism due
to its high solubility and local Mg?" release [17]. Meanwhile, AMP
presentation within bioprinted extracellular matrix-based hydrogel
constructs laden with DPSCs results in enhanced mineralized matrix
secretion [18]. Therefore, in this study, we first tested the hypothesis
that incorporating AMP into GelMA fibers would benefit DPSC differ-
entiation, promoting dentin-like tissue regeneration.

Due to its low cost and easy availability, Ibuprofen (IBP) is one of the
most widely used nonsteroidal anti-inflammatory drugs. Clinically, IBP
has been shown to decrease levels of the proinflammatory cytokines
PGE-2, IL-6, TNF-a, and IFN-y in human dental pulp when taken orally in
teeth with irreversible pulpitis [19]. However, there is evidence that IBP
can increase the stemness of DPSCs and decrease the mineralization
potential of mesenchymal stem cells in a dose-dependent manner
[20,21]. Therefore, our second hypothesis was that incorporating IBP
into GelMA fibers would effectively reduce the levels of inflammatory
mediators. [22]. Based on its clinical anti-inflammatory effect but
recognizing its potential to reduce stem cell mineralization in a dose-
dependent manner, we hypothesized that incorporating IBP into
GelMA fibers could attenuate inflammatory mediators while maintain-
ing DPSC viability. In parallel, AMP incorporation was expected to
enhance odontogenic differentiation. Therefore, we designed a bilayer
scaffold combining both strategies to address inflammation and regen-
eration simultaneously.

2. Materials and methods

2.1. Fabrication of photocrosslinkable GelMA fibers containing IBP or
AMP

GelMA was synthesized from Type-A Gelatin derived from porcine
skin (SLBM9945V, Sigma-Aldrich, St. Louis, MO, USA). Initially, type-A
Gelatin was dissolved (10 %; w/v) in Dulbecco’s phosphate-buffered
saline (DPBS, 14190144, Thermo Fisher Scientific, Waltham, MA,
USA). Following that, methacrylic anhydride (8 mL) was added to the
dissolved gel using an automatic pump (0.5 mL/min) under stirring
conditions at 60 °C. It was allowed to react for 2 h. The reaction was
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stopped by doubling the amount of DPBS in the solution. Lastly, the
mixture was dialyzed in deionized water to remove any unreacted
monomers using a 12-14 kDa dialysis tube at 45 + 5 °C for 7 days,
refreshed twice daily. The prepared solution was frozen at —80 °C for at
least 2 days and then lyophilized (Labconco FreeZone 2.5 L, Labconco
Corporation, Kansas City, MO, USA) for 7 days.

Next, we fabricated electrospun fibers composed of GelMA loaded
with either IBP or AMP. Two concentrations of Ge]MA were established:
10 % (w/v) for IBP-loaded fibers and 20 % (w/v) for AMP-incorporated
fibers based on their faster and slower degradation profiles, respectively.
Our lyophilized GelMA was dissolved in acetic acid under continuous
stirring at 60 °C for 12 h. After complete dissolution, IBP was added at
concentrations of 0 %, 10 %, and 20 % (w/w), and AMP was added at
concentrations of 0 %, 5 %, and 15 % (w/w), followed by additional
stirring. Approximately 1 h before electrospinning, lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, TCI America Inc., Portland,
OR, USA) was added as a photoinitiator at a final concentration of 0.075
% (w/v). Electrospinning was conducted using a 27-gauge needle with
an applied voltage of 18-20 kV, a flow rate of 1.3-1.8 mL/h, and a
distance of 14 cm between the needle and the rotating collector
(120-160 rpm).

2.1.1. Morphological and chemical characterization of the processed fibers

The morphological characterization of the individual electrospun
fibrous layers was performed using scanning electron microscopy (SEM;
TESCAN MIRA3 FEG-SEM, Brno, Czech Republic). For this, six speci-
mens (10 x 10 mm?) were prepared for each group (GelMA 10 %,
GelMA 10 % + 10 % IBP, GelMA 10 % -+ 20 % IBP, GelMA 20 %, GelMA
20 % + 5 % AMP, and GelMA 20 % + 15 % AMP). Three specimens from
each group were submitted to the photocrosslinking process (cross-
linked fibers), while the others remained uncrosslinked. The samples
were then mounted on aluminum stubs, sputter-coated with gold, and
scanned at 5000x magnification. We analyzed fiber diameter and fre-
quency distribution using the ImageJ software (National Institute of
Health, NIH, Bethesda, MD, USA) by measuring 50 fibers across the
three distinct fibrous layers (total number of fibers = 150) [23].

The GelMA-based fibers incorporated with AMP were subjected to
elemental composition analysis using Energy-dispersive X-ray spec-
troscopy (EDS) coupled with SEM, generating elemental mapping im-
ages and the mass percentage of each detected element (Kratos
Analytical Ltd., Axis Ultra XPS, Shimadzu Corporation, Manchester, UK)
[13]. The chemical characterization of all formulated fibers was assessed
by Fourier Transform Infrared Spectroscopy (FTIR) (ATR-FTIR, Nicolet
iS50, Thermo Fisher Scientific). Three samples of each group (10 x 10
mm?) were prepared, crosslinked, and evaluated regarding their
composition. The spectra of each group, along with as-received IBP and
AMP powders, were obtained within a spectral range of 4000-400 cm ™,
with a resolution of 4 cm™! and 16 scans [23].

2.1.2. Mechanical characterization

To assess the mechanical properties of all electrospun fibers,
including the bilayer formulation (GelMA 10 % + 10 % IBP / GeIMA 20
% + 5 % AMP), rectangular samples (25 mm x 3 mm, n = 6/group) were
prepared and subjected to photocrosslinking. Their thickness was then
measured at three different locations using a digital caliper (Mitutoyo
Digimatic Caliper; Mitutoyo Corporation, Tokyo, Japan) to obtain an
average thickness. Uniaxial tensile testing was then carried out using an
eXpert 5601 machine (ADMET, Inc., Norwood, MA, USA) at a crosshead
speed of 1 mm/min to determine Young’s modulus (kPa), elongation at
break (%), and tensile strength (kPa) [13].

2.1.3. Swelling ratio and degradation profile

All electrospun fibers were cut (10 x 10 mm?, n = 6/group), cross-
linked, and their initial weight (W) was obtained. Subsequently, the
samples were placed in vials containing 2 mL of PBS (Gibco, Carlsbad,
CA, USA), followed by incubation at 37 °C in a Heratherm Incubator
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IGS60 (Thermo Fisher Scientific, Waltham, MA, USA). At predefined
time-points (1, 3, 6, and 24 h), the samples were removed, gently blotted
using low-lint Kimwipes papers (Kimberly-Clark, Irving, TX, USA), and
reweighed (Wt). The swelling ratio was calculated using the following
equation [13]:

Swelling (%) = [(Wt—Wo)/Wo] x 100

For the degradation profile analysis, fibers of the distinct composi-
tions (n = 3/group) were prepared as previously described, and their
initial weight (Wo) was recorded before placing the samples in vials
containing 2 mL of collagenase type A solution (1 U/mL; Collagenase
from Clostridium histolyticum, Sigma-Aldrich) in PBS (Gibco). The vials
were incubated at 37 °C (Heratherm Incubator IGS60) for up to 21 days,
with the collagenase solution refreshed every 48 h. At predefined time-
points, the samples were washed twice with distilled water, dried in a
vacuum oven (Isotemp Vacuum Oven Model 281 A, Thermo Fisher
Scientific) at room temperature for 24 h, and reweighed (Wy). The
degradation ratio was calculated using the following equation:
Remaining mass (%) = (W / Wo) x 100 [13].

2.1.4. Ibuprofen and ion release analysis

We employed ultra-performance liquid chromatography (UPLC) to
quantify the release of ibuprofen from GelMA/ibuprofen electrospun
fibrous layers (n = 3/group) immersed in PBS (Gibco) at 37 °C. After 12
h, 24 h, 48 h, 72 h, 7 days, and 14 days, samples were vortexed, and the
supernatants were collected and stored at —20 °C until the analysis.
Analyses were carried out using a Waters Acquity UPLC BEH C18 col-
umn (1.7 pm, 2.1 x 50 mm) maintained at room temperature. The
mobile phase consisted of a 100 mM phosphate buffer (pH 6.8) and
acetonitrile mixed in a 65:35 (v/v) ratio, delivered at a flow rate of 0.5
mL/min. A 2 pL injection volume was used for each sample. The fluo-
rescence was detected at an excitation wavelength of 227 nm and an
emission wavelength of 276 nm. The total run time was 6 min. Before
analysis, samples were diluted in the mobile phase and filtered through a
0.22 pm PVDF syringe filter. To ensure measurements remained within
the linear range of detection, samples were diluted by factors of 5, 10,
50, 100, or 200, as appropriate.

The ion release of magnesium (Mg) and phosphate (PO) was
analyzed using inductively coupled plasma mass spectrometry (ICP-MS).
Electrospun fibers (10 x 10 rnmz), incorporated or not with AMP
(GelMA 20 %, GelMA 20 % + 5 % AMP, and GelMA 20 % + 15 % AMP),
were immersed in ultrapure water (Invitrogen, Carlsbad, CA, USA) at
37 °C. After 1, 3, and 7 days, the samples were vortexed, the total su-
pernatant was collected, and water was added to maintain a constant
volume of 1 mL. The collected supernatants were filtered through a 0.22
pm filter, diluted 1:500 to match the detection limits, and analyzed using
a NexION 300D ICP-MS (PerkinElmer, USA). The concentrations of ions
were determined using standardized calibration curves from standard
solutions. Internal standards (bismuth and yttrium) were used to correct
for matrix effects. Six replicates per sample were analyzed and averaged.
The results were reported in parts per billion (ppb) as mean + 95 %
confidence interval (CI).

2.2. Invitro cytocompatibility and bioactivity studies

2.2.1. Dental pulp stem cells — electrospun fibers interaction

Dental pulp stem cells (DPSCs; Lonza; #PT-5025, Walkersville, MD,
USA) were cultured in complete minimum essential alpha medium
(a-MEM; Gibco, Carlsbad, CA, USA) supplemented with 15 % fetal
bovine serum (FBS; Gibco) and 1 % penicillin/streptomycin (Gibco).
DPSCs at passages 4-8 were used for all experiments. The response of
DPSCs to direct contact with each electrospun fibrous layer was assessed
individually. Before cell seeding, fibrous layers corresponding to each
formulation were placed in 24-well plates (Corning, New York, NY,
USA) and disinfected with UV light for 1 h on each side. Samples were
then soaked in 70 % ethanol for 10 min, rinsed twice with PBS for 5 min,
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and incubated in complete a-MEM for 1 h. A single 20 pL drop of cell
suspension was placed in the center of each sample, with the cell density
adjusted according to the protocol described below.

2.2.2. DPSCs spreading, adhesion, and morphology

DPSCs (3 x 104) were cultured on the electrospun fibrous layers for
1, 3, 5, and 7 days in complete a-MEM. At each time point, cell-laden
constructs (n = 2) were fixed with 4 % buffered paraformaldehyde,
stained with a green fluorescence probe for actin filaments (1:20 in PBS;
ActinGreen 488 ReadyProbes; Invitrogen, Carlsbad, CA, USA), and
counterstained with DAPI (1:5000 in PBS; Invitrogen) for nuclei visu-
alization. We used a fluorescence microscope (Echo Revolve, BICO
Company, San Diego, CA, USA) to qualitatively analyze DPSC spreading
and adhesion on the electrospun fibers. Additionally, cell morphology
was evaluated after 1 and 3 days of culture. Briefly, following a PBS
wash, cells were fixed with 2.5 % glutaraldehyde and then dehydrated
using a graded ethanol series (30 %, 50 %, 70 %, 90 %, and absolute
ethanol). Final drying was achieved by overnight incubation with hex-
amethyldisilazane. The morphology of DPSCs on the electrospun fibrous
layers was then examined using a field emission scanning electron mi-
croscope (SEM, MIRA3, TESCAN Brno, Kohoutovice, Czech Republic).

2.2.3. DPSCs viability and proliferation

DPSCs (3 x 10*) were cultured on the electrospun fibrous layers in
complete a-MEM. At 1, 3, 5, and 7 days, samples were incubated with a
10 % alamarBlue solution (Invitrogen) in FBS-free a-MEM for 3 h at
37 °C. The fluorescence of the supernatant was collected and measured
at an excitation wavelength of 560 nm and an emission wavelength of
590 nm using a microplate reader (SpectraMax iD3, Molecular Devices
LLC, San Jose, CA, USA). The mean fluorescence obtained for the GelMA
10 % electrospun fibers on day 1 was used as the reference, representing
100 % cell viability. Cell proliferation was indirectly assessed by
comparing fluorescence values across different time points.

2.2.4. Anti-inflammatory effects of IBP-incorporated fibers on macrophages

The anti-inflammatory effects of the IBP-incorporated electrospun
fibrous layer were tested using extracts collected from respective sam-
ples incubated for 24 h in FBS-free DMEM (Gibco). These extracts were
then applied to RAW264.7 cells, which had been previously seeded (1 x
10%) in 24-well plates with Dulbecco’s Modified Eagle Medium (DMEM)
containing 10 % FBS and stimulated with 0.1 pg/mL E. coli LPS (Lipo-
polysaccharide; serotype O111:B4, Sigma-Aldrich). After 24 h, the
concentrations (pg/mL) of IL-1a, TNF-a, and IL-6 in the cell culture
supernatants were determined using ELISA kits (#433404, #431304,
and #430904, BioLegend, San Diego, CA, USA) according to the man-
ufacturer’s instructions. Additionally, the effects of the samples’ extracts
on the activation of the nuclear factor kappa B (NF-kB) signaling
pathway were evaluated using NF-kB Luciferase Stable RAW264.7 cells
(T3015, Applied Biological Materials Inc., Canada). These cells were
seeded (0.75 x 10°) in 96-well plates with DMEM containing 10 % FBS
(Gibco) and then cultured with the samples’ extracts in the presence of
0.1pg/mL E. coli LPS (serotype O111:B4, Sigma-Aldrich). NF-xB acti-
vation was assessed 6 h after stimulation using a luciferase assay system
(Promega Corporation, Madison, WA, USA), and luminescence intensity
was measured (SpectraMax iD3). For both experiments, the negative
control consisted of cells cultured in FBS-free DMEM without LPS, while
the positive control included cells cultured in FBS-free DMEM with LPS.

2.2.5. Odontogenic differentiation induction of AMP-incorporated fibers on
DPSCs

To quantify alkaline phosphatase (ALP) activity, DPSCs (5 x 10°)
were cultured on the electrospun fibers for 7 and 14 days. The cells were
maintained either in complete a-MEM (used as basal medium) or in an
osteogenic medium composed of a-MEM supplemented with 0.1 pM
dexamethasone, 10 mM f-glycerophosphate, and 50 pg/mL ascorbic
acid. At each time point, cell lysates were prepared using 300 pL of
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Triton X-100. The lysates were then centrifuged at 2500 xg for 10 min at
4 °C, and the resulting supernatants were collected for analysis of ALP
activity. ALP quantification was performed using the SensoLyte pNPP
ALP Assay Kit (AnaSpec Inc. & Eurogentec US, Fremont, CA, USA), ac-
cording to the manufacturer’s protocol. The reaction was initiated by
adding pNPP substrate to the samples, and after incubation for 1 h,
absorbance was measured at 405 nm (SpectraMax iD3). ALP concen-
trations were calculated based on a standard calibration curve and
expressed in ng/mg of protein.

Mineralized matrix formation was assessed using Alizarin Red
staining (40 mM, pH 4.2; Sigma-Aldrich). To do this, DPSCs (5 x 10%)
were seeded on the electrospun fibers and cultured under both basal and
osteogenic conditions for 14 and 21 days. To quantify the mineral de-
posits, a 10 mM solution of cetylpyridinium chloride (pH 7.0; Sigma-
Aldrich) was used to solubilize the stained nodules. The optical den-
sity of the extracted dye was measured at 560 nm (SpectraMax iD3).
Absorbance data were expressed as a percentage of the control group
(GelMA 20 %), which was set at 100 %. To normalize the results, elec-
trospun fibers without cells, but maintained under identical culture
conditions, were used as references.

For gene expression analysis, we used cells cultured under the same
experimental conditions. Total RNA was isolated using TRIzol reagent
and subsequently purified with an affinity column-based method,
following the manufacturer’s instructions (RNAqueous Micro Total
Isolation Kit; Invitrogen). After purification, the quantity and purity of
the RNA were assessed using spectrophotometric analysis. The 260/280
nm absorbance ratio served as a quality indicator (SpectraMax iD3).
Complementary DNA (cDNA) synthesis was performed from 600 ng of
RNA through reverse transcription, following the protocol provided
with the SuperScript™ II Reverse Transcriptase kit (Applied Biosystems,
Thermo Fisher Scientific, Foster City, CA, USA). Quantitative polymer-
ase chain reaction (qQPCR) was then carried out using 1 pL of cDNA per
reaction, with primer-probe sets at optimized concentrations (TagMan
Gene Expression Assays; Applied Biosystems). The target genes ampli-
fied included ALPL (Hs01029144_m1), COL1A1 (Hs00164004_m1), and
RUNX2 (Hs01047973_m1), while GAPDH (Hs02758991 _g1) served as
the reference gene. Expression levels were normalized to those of the
control group treated with GelMA 20 %, and fold changes were calcu-
lated using the 224 method.

2.2.6. Effect of bilayer scaffolds on DPSCs in a simulated inflammatory
environment

Artificial pulp chambers (APCs) containing three-dimensional cul-
tures of DPSCs, stimulated with lipopolysaccharide (LPS), were used to
simulate in vitro pulp exposure a clinical scenario of pulp exposure, as
described elsewhere [24]. Briefly, dentin discs with a central perforation
(0.5 x 7 mm) were placed between two silicone rings and mounted in
stainless-steel APCs to ensure proper sealing (Institutional Review Board
approval: HUM00154490, University of Michigan). DPSCs (1 x 10°)
were seeded in 3D collagen type I matrices (rat tail, 4.39 mg/mlL;
Corning, Discovery Labware Inc., Bedford, MA, USA) prepared with 10x
a-MEM (5:1; GIBCO, Invitrogen) and neutralized using 5 M sodium
hydroxide. To induce an inflammatory environment, cultures were
treated with 10 pg/mL E. coli LPS (Sigma-Aldrich) for 3 days prior to
APC assembly [25]. Following LPS treatment, the 3D cultures were
positioned on the pulpal side of the dentin discs, and scaffolds (3 mm
diameter) were placed over the perforation with the IBP-incorporated
layer facing the DPSC culture. For gene expression analysis, scaffolds
remained in contact with the 3D culture for either 3 h or 14 days. Culture
media were changed every 2 days. RNA extraction, purification, and
reverse transcription were performed as described in Section 2.2.5.
Quantitative PCR (qPCR) was performed using TagMan Gene Expression
Assays (Applied Biosystems) with gene-specific primers and hydrolysis
probes. Inflammatory markers ILIA (Hs00174092_ml), IL1B
(Hs01555410_m1), and TNF (Hs00174128_m1) were evaluated after 3
h. After 14 days, dentin-pulp regeneration markers ALPL
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(Hs01029144_m1), RUNX2 (Hs01047973_m1), DSPP
(Hs00171962 m1), and OCN (Hs01587814_g1) were analyzed. Gene
expression was normalized to GAPDH (Hs02758991_gl), and fold
changes were calculated using the 222°* method relative to the un-
treated control group.

2.3. In vivo subcutaneous model

Fifteen male Fischer 344 rats, 12 weeks old and weighing roughly
300 g, were obtained from Envigo RMS (Oxford, MI, USA) and randomly
assigned to post-operative intervals of 7, 14, or 21 days (five animals per
interval) under an approved Institutional Animal Care and Use Com-
mittee protocol (IACUC #PRO00012062). While under isoflurane
anesthesia, each rat had its dorsal hair clipped and skin disinfected with
povidone-iodine. Then, a 2 cm midline incision was made with a #15
blade, and blunt dissection then produced four subcutaneous pockets.
Sterile 10 mm x 10 mm electrospun fibrous samples (GelMA 10 %,
GelMA 10 % + 10 % IBP, GelMA 10 % + 20 % IBP, GelMA 20 %, or
GelMA 20 % + 5 % AMP) were implanted according to a randomization
scheme. This ensured that no single animal received more than one
ibuprofen dose, thereby avoiding systemic crossover. Incisions were
closed using coated Vicryl® (polyglactin-910) sutures (Ethicon Endo-
Surgery, Cincinnati, OH). The rats were monitored until full recovery,
and, at their designated time point, were humanely euthanized by CO-
overdose [26,27].

Following euthanasia, retrieved specimens were immersed overnight
in 10 % neutral-buffered formalin, processed for paraffin embedding,
and sectioned at 5 pm. Hematoxylin and eosin staining was used to
evaluate inflammatory infiltration and electrospun fiber degradation.
Meanwhile, immunofluorescence was carried out with primary anti-
bodies diluted 1:100 and incubated overnight at 4 °C: anti-osteocalcin
(#23418-1-AP, Proteintech), anti-RUNX2 (#ab92336, Abcam), anti-
alkaline phosphatase (#MA5-24845, Invitrogen) to monitor minerali-
zation in AMP-laden fibers, and anti-iNOS (#ab283655, Abcam) plus
anti-CD163 (#ab182422, Abcam) to probe macrophage polarization
induced by IBP-loaded electrospun fibers. Secondary detection
employed Goat Anti-Rabbit IgG conjugated to Alexa Fluor 488
(#ab150077, Abcam) for OCN, iNOS, and CD163, and Alexa Fluor 594
(#A-11012, Invitrogen) for RUNX2 and ALP, each at 1:100 for 2 h at
room temperature; nuclei were counterstained with VECTASHIELD®-
mounted DAPI. Images were acquired at 10x magnification using an
ECHO Revolve microscope (BICO) and quantified in ImageJ by
analyzing six randomly selected fields per group, separating the colour
channels, and calculating the proportion of the field occupied by posi-
tive fluorescence [11,28].

2.4. Statistical analysis

Statistical analyses were performed using SPSS version 20.0 (IBM
Corp., Chicago, IL, USA) and GraphPad Prism 10.0 software (GraphPad
Software, Inc., San Diego, CA, USA), with a significance level of 5 %. The
distribution of each dataset was assessed using the Shapiro-Wilk test,
and homogeneity of variances was verified via the Levene test. Based on
the number of independent variables, data were analyzed using either
one-way or two-way ANOVA, followed by appropriate post hoc tests such
as Tukey’s, Games-Howell’s, or Sidak’s when indicated. Swelling,
degradation, and drug release data were inferred using a 95 % confi-
dence interval.

3. Results and discussion
3.1. Morphological, chemical, and mechanical characterizations
The morphological analysis of the electrospun fibers by SEM

revealed a three-dimensional porous network with no beads and
randomly oriented fibers for all formulations. The electrospun fibers
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Fig. 1. Representative SEM images at 5000 x magnification of the electrospun fibers before and after cross-linking with the respective fiber diameter frequency
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powders (n = 3). Scale bar = 20 pm.

processed with GelMA 10 % (w/v) exhibited, on average, smaller fiber
diameters compared to GelMA 20 % (w/v) fibers, as higher solution
concentrations lead to larger fiber diameters due to increased viscosity,
which reduces jet elongation during electrospinning (Fig. 1A-B) [29].
Furthermore, all electrospun formulations exhibited an increase in fiber
diameter after crosslinking, a result also observed in previous studies
[13,23]. This can be explained by the photocrosslinking process, which
involves wetting the fibers with isopropyl alcohol before light exposure,

leading to water uptake and causing the fibers to swell (Fig. 1A-B).
Electrospun GelMA incorporated with AMP displayed a customary
three-dimensional porous network consisting of randomly oriented fi-
bers. However, after crosslinking, AMP-incorporated fibers also dis-
played noticeable swelling, as previously explained (Fig. 1B).
Importantly, EDS analysis confirmed the integration of AMP particles
within the fibers, detecting the primary elements of AMP, such as
magnesium (Mg), phosphorus (P), and oxygen (O) [30]. As expected,
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electrospun fibers containing 15 % AMP displayed higher mass per-
centages of Mg and P compared to those with 5 % AMP (Fig. 1C). The
chemical composition of the electrospun fibers was analyzed by FTIR,
revealing the characteristic peaks of GelMA, such as C=O stretching
(amide I) and C=C stretching of the methacrylate groups (~1600 em™)
[13,23]. Pure IBP and AMP powders were also analyzed individually,
showing their characteristic peaks: C=O stretching of the carbonyl
group from the carboxylic acid functional group (~1700 cm™?) for IBP
[31,32], and PO}~ stretching of the phosphate group (~1040 cm™!) for
AMP [16]. These peaks were more prominent in fibers incorporating
higher concentrations of these compounds (GelMA 10 % + 20 % IBP and
GelMA 20 % + 15 % AMP) (Fig. 1D).

The evaluation of the electrospun fibers’ mechanical properties
demonstrated that the incorporation of IBP and AMP influenced the
material stiffness (Young’s modulus), as well as resistance to break
under tension. At the same time, no significant effects were observed on
their ductility (elongation at break) (Fig. 2A-C). A significant decrease in
Young’s modulus values was observed for all groups containing IBP, as
well as for the GelMA 20 % groups, regardless of AMP incorporation,
compared to the GelMA 10 % group (p < 0.05) (Fig. 2A). Lower tensile
strength values were observed in the GelMA 10 % + 20 % IBP and
GelMA 20 % groups (with or without AMP) compared to the GeIMA 10
% and GelMA 10 % + 10 % IBP groups; however, no statistical differ-
ences were detected between these groups (p > 0.05), except for the
GelMA 10 % + 10 % IBP group, which exhibited significantly (p < 0.05)
higher tensile strength compared to the GelMA 20 % + 5 % AMP and
GelMA 20 % + 15 % AMP (Fig. 2C). The bilayer scaffold exhibited a
distinct mechanical performance, showing higher Young’s modulus,
statistically similar to the GelMA 10 % group (p > 0.05) (Fig. 2A), and
tensile strength values comparable to both the GelMA 10 % and GelMA
10 % + 10 % IBP groups (p > 0.05) (Fig. 2C).

Incorporating compounds, such as IBP and AMP, into electrospun
fibers can alter their mechanical properties by disrupting the polymer
network, potentially affecting fiber structure through interactions be-
tween the compounds and the polymer matrix, a phenomenon also re-
ported in previous studies [11,33]. Although the incorporation of IBP
and AMP affected the mechanical properties of the electrospun layers,

we found that all synthesized formulations, particularly the bilayer
scaffold, exhibited stiffness values compatible with those of human
dental pulp tissue, which ranges around 5.5 + 2.8 kPa [34]. Mimicking
the native pulp tissue’s stiffness is crucial, as it can modulate cell
behavior, such as adhesion, proliferation, and differentiation, while
providing the structural support necessary for tissue regeneration in VPT
strategies [35,36].

3.2. Swelling capacity and degradation behavior

All the fabricated GelMA-based fibers tend to absorb water in bio-
logical environments. To understand this critical aspect, we investigated
the distinct electrospun fiber formulations’ swelling capacity associated
with their hydrophilic nature [11]. Hydrophilic surfaces can enhance
cell adhesion to biomaterials, thereby promoting cell proliferation and
differentiation, which are essential for tissue regeneration [37]. All fiber
compositions exhibited similar swelling capacities, with a rapid increase
observed during the first hour of assessment. The swelling ratios reached
approximately 300 % for GelMA 10 %, GelMA 20 % + 5 % AMP, and
GelMA 20 % + 15 % AMP groups, ~ 275 % for GelMA 10 % + 10 % IBP,
~ 250 % for GelMA 10 % + 20 % IBP, and ~ 230 % for the bilayer
formulation, compared to the initial time point (0 h). After 3 h, the
bilayer formulation showed a slight increase in its swelling ratio (~240
%), while the other groups exhibited a slight reduction. From 6 to 24 h,
all groups demonstrated a steady profile, with swelling ratios of ~260 %
for GeIMA 10 % and GelMA 20 %, ~ 240 % for GelMA 10 % + 10 % IBP,
GelMA 20 % + 5 % AMP, and the bilayer formulation, ~ 220 % for
GelMA 10 % + 20 % IBP, and ~ 200 % for GelMA 20 % +15 % AMP
(Fig. 2D). Incorporating different compounds, such as drugs or inorganic
particles, into electrospun fibers can negatively affect their swelling
capacity, as observed in previous studies [23,27,38]. However, our
findings showed that incorporating IBP or AMP into the formulated
fibrous layers did not significantly affect their swelling capacity, as all
formulations demonstrated comparable swelling ratios.

We also evaluated electrospun fibers degradation, as their longevity
and the time available for cell attachment and proliferation should
ideally align with the rate of new tissue formation [35]. After 1 day, the
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highest degradation was observed for the GelMA10 % + 10 % IBP group,
with a mass loss of ~60 %. In contrast, lower mass losses were detected
for GelMA 10 % (~12 %), GelMA 10 % + 20 % IBP (~40 %), GelMA 20
% (~22 %), GelMA 20 % + 5 % AMP (~20 %), GeIMA 20 % + 15 % AMP
(~45 %), and the bilayer formulation (~30 %). This pattern continued
until day 21, except for the GelMA 10 % + 10 % IBP group, which was
almost completely degraded by day 7. At day 21, the remaining mass
was ~42 % for both 10 % and 20 % GelMA, ~82 % for GeIMA 10 % + 20
% IBP, ~83 % for GeIMA 20 % + 5 % AMP, and ~ 82 % for the bilayer
formulation. In comparison, the GelMA 20 % + 15 % AMP group un-
derwent complete degradation (Fig. 2E). This degradation profile cor-
responds closely to the timeline of dentin-like tissue formation by
progenitor cells, as previously demonstrated, where pulp capping with
calcium hydroxide led to the formation of a tubular dentin-like matrix
lined with odontoblast-like cells after 28 days [39].

3.3. Release kinetics (IBP and AMP)

The release of drugs or therapeutic ions from biomaterials can
directly influence their bioactivity by modulating molecular and cellular
behaviors such as signaling pathway activation, inflammatory re-
sponses, proliferation, and differentiation [35]. Since our electrospun
fibers were incorporated with IBP and AMP, assessing the release of IBP
as well as magnesium and phosphate ions over time is crucial to deter-
mine their bioactive potential. As expected, fibers containing 20 % IBP
released higher drug concentrations than those with 10 %, yet both
formulations ensured a sustained IBP release over 14 days (Fig. 3A).
Regardless of the initial IBP loading in GelMA, both IBP-loaded groups
exhibited a similar release efficiency, with each releasing more than 80
% of the incorporated drug within 14 days (Fig. 3D). This consistent
release underscores their potential to reduce the local inflammatory
response, promote quick resolution of inflammation, and improve the
regenerative process [40].

Additionally, fibers with AMP showed a gradual release of magne-
sium (Mg) and phosphate (P) ions over time, with higher concentrations
observed in fibers containing 15 % AMP compared to those with 5 %

(Fig. 3B-C). Although the 5 % AMP formulation released almost the
entire incorporated content (>80 %), the 15 % formulation liberated a
lower proportion of its theoretical load (Fig. 3E-F). This behavior is
consistent with the typical non-linear release observed in hydrogels
containing increasing amounts of inorganic fillers. Higher AMP loading
tends to promote particle aggregation, reduce effective surface area, and
form a denser GelMA network, limiting medium penetration and solute
diffusion [41,42]. Additionally, local accumulation of Mg and P around
AMP clusters may create a self-limiting microenvironment that prevents
further dissolution. This ongoing ion release can provide essential sig-
nals for cell differentiation and mineralization, potentially enhancing
dentin-like tissue formation by progenitor cells [18,35].

3.4. DPSC spreading, adhesion, and viability on the electrospun fibrous
layers

The ability of DPSCs to adhere, spread, and proliferate on bio-
materials is a critical factor for successful dentin-like tissue regenera-
tion. With fluorescence microscopy, we observed well-spread cells in the
GelMA-based electrospun fiber formulations, with actin filament stain-
ing indicating an organized cytoskeletal structure, suggesting firm cell
attachment (Fig. 4A). The affinity of DPSCs to GelMA is well-
documented, making it an excellent scaffold for regenerative dentistry
[13,43-48]. This can be attributed to its biomimetic extracellular
matrix-like composition, cell-adhesive features (e.g., Arg-Gly-Asp se-
quences), swelling, and mechanical properties that support cell attach-
ment, nutrition, and proliferation [44,48]. SEM analysis further
confirmed these findings, as cells exhibited extended filopodia actively
interacting with the fibrous networks (Fig. 4B). These interactions are
essential for cellular communication, migration, and differentiation,
which are key processes in dentin-pulp regeneration [49,50]. Incorpo-
rating IBP or AMP did not negatively impact these features. However, it
is possible to notice that the higher incorporated concentrations (i.e., 20
% IBP and 15 % AMP) presented fewer cytoplasmic extensions during
the first 3 days. This indicates an influence of the molecules on the early
cell-substrate interactions, possibly due to alterations in surface
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chemistry and ionic changes that could lead to transient effects on cell
adhesion signaling pathways. The higher IBP concentration may have
modulated integrin-mediated attachment by interfering with prosta-
glandin signaling, which can either promote or inhibit integrin expres-
sion and function through different signaling pathways [51,52]. On the

other hand, the high solubility of AMP could have led to localized ionic
modulation, increasing Mg?" availability and temporarily affecting the
migration, organization, spreading, and differentiation of mesenchymal
stem cells [53-55].

All electrospun fiber compositions increased DPSC metabolism over
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time (Fig. 4C). This confirms that the GelMA-based formulations pro-
vided a cytocompatible microenvironment, allowing cells to proliferate.
Interestingly, the presence of AMP increased cell metabolism compared
to the control group (pure GelMA fibers). The controlled release of MgZ*
may have modulated cell processes related to proliferation, including
cell cycle regulation, protein synthesis, and intracellular signaling
pathways [56-58]. Therefore, considering that pulp regeneration re-
quires active stem cell proliferation before differentiation, AMP incor-
poration could offer a clinical benefit by accelerating the early stages of
tissue repair [59,60].

On the other hand, IBP incorporation reduced DPSC viability after 3
days (Fig. 4C). However, after 7 days, cells cultured on the IBP-laden
fibers recovered metabolic activity compared to the control. We attri-
bute this effect to the dose-dependent action of NSAIDs on stem cell
behavior, as they modulate signaling pathways involved in apoptosis,
cell proliferation, differentiation, and extracellular matrix remodeling
[21,61,62]. Achieving a balance between inflammation and tissue
regeneration was a critical factor in scaffold design, especially given that
excessive suppression of inflammation could compromise the reparative
potential of progenitor cells [8,63]. Considering this, the burst release of
IBP may have influenced cell viability during the first few days, but this
was not detrimental over time, allowing for proper cell proliferation,
especially in the case of the GelMA 10 % + 10 % IBP formulation.

3.5. Anti-inflammatory effects of IBP-loaded electrospun layer on
macrophages

The IBP-laden layer was designed to regulate the immune response,

acknowledging the two-edged role of inflammation in pulp regenera-
tion. While acute inflammation is imperative for initiating tissue repair,
its persistence can lead to irreversible damage and necrosis [63]. In this
study, IBP-laden fibers markedly lowered IL-1a, TNF-a, and IL-6 pro-
duction in LPS-activated macrophages (Fig. 5A-C). Clinically, these are
among the initial cytokines released following microbial invasion. They
first recruit immune cells, but their prolonged overexpression leads to
tissue degradation, pain, and ultimately impairs healing in chronic
pulpitis [64,65].

The decline in NF-xB activity seen in the macrophage cultures
exposed to IBP-laden fibers (Fig. 5D) emphasizes the anti-inflammatory
effect of the GelMA-based fibers containing IBP. NF-kB is a master switch
in the bacterial-triggered inflammatory cascade: when cell receptors
detect endotoxins, such as LPS, NF-kB moves to the nucleus and triggers
the transcription of a wide array of pro-inflammatory cytokines [25,66].
Although IBP is best known for inhibiting cyclooxygenase (COX) en-
zymes, this COX blockade can also indirectly control NF-xB signaling.
Consequently, the sustained release of IBP from the fibers not only di-
minishes macrophage activation but also limits downstream NF-kB-
mediated cytokine production, thereby broadening its overall anti-
inflammatory effect [67,68].

It is essential to note that in our experiments, IBP did not completely
block NF-kB activity. This may be beneficial, given the previously dis-
cussed role of inflammation in recruiting progenitor cells and initiating
tissue repair [8,63]. The fibers containing higher IBP concentration
showed a less pronounced reduction in IL-6 synthesis. IL-6 plays pro-
inflammatory and regenerative roles in tissue regeneration, including
involvement in ECM remodeling, progenitor cell recruitment, and
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differentiation [64,69,70]. From a clinical perspective, these findings
suggest that IBP-laden fibers could be a promising treatment strategy for
managing pulpitis, where controlling inflammation is crucial for pre-
serving pulp vitality.

Current VPT materials, such as calcium hydroxide and calcium
silicate-based cements, stimulate reparative responses through dystro-
phic calcification but lack active control over inflammation [71-73].
Thus, an IBP-releasing scaffold could provide an immediate anti-
inflammatory effect while maintaining a microenvironment conducive
to regeneration. Supporting this, we found the IBP release profile
exhibited a sustained pattern, with an initial burst release in the first few
hours, followed by a gradual release over several days. This suggests that
the scaffold can provide immediate anti-inflammatory action during the
acute phase of pulp inflammation, while its sustained release may help
prevent secondary inflammatory events. The controlled release also
presents an advantage over oral NSAIDs, which require repeated dosing
and are associated with systemic side effects [74].

3.6. Odontogenic effects of AMP-incorporated electrospun layer on
DPCSs

To evaluate the odontogenic potential of the AMP-incorporated
layer, we evaluated ALP activity, mineralized matrix formation, and
gene expression of osteogenic markers over time. Alkaline phosphatase
(ALP) activity was quantified at 7 and 14 days (Fig. 6A). At 7 days, ALP
activity was significantly higher in the 5 % AMP group compared to pure
GelMA under both basal and osteogenic conditions (p < 0.005). By day
14, all AMP-incorporated groups presented higher ALP activity than the
control group. The increased ALP activity in AMP-containing fibers,
notably in the 5 % AMP group, highlights the intrinsic bioactivity of
AMP in promoting early odontogenic differentiation. Our findings sug-
gest that AMP actively modulates cell behavior through ionic dissolution
products (e.g., Mg2+ and PO?'(), which are known to stimulate osteo/
odontogenic pathways [18,30]. This is consistent with prior studies
demonstrating AMP’s capacity to enhance osteogenic gene expression
and mineral deposition without the need for external growth factors
[18]. The responsiveness under both basal and osteogenic conditions
shows AMP’s potential to act as a molecular signaling agent in the
proposed bilayer scaffold.

To assess the dentin regeneration potential, mineralized matrix for-
mation was evaluated via Alizarin Red staining at 14 and 21 days
(Fig. 6B). The 5 % AMP group under both basal and osteogenic condi-
tions demonstrated the highest mineral deposition at day 14 (p < 0.002),
which remained significantly elevated at day 21 (p < 0.0001), as
corroborated by exemplary staining images (Fig. 6C). Quantitative
analysis revealed that AMP-incorporated layer markedly outperformed
the control (pure GelMA fibers), supporting AMP’s pro-mineralizing
effect. This increased mineralization can be attributed to the amor-
phous nature of the magnesium phosphate. Unlike crystalline magne-
sium phosphate, which has limited resorption and bioavailability,
amorphous magnesium phosphate (AMP) offers enhanced ion release
kinetics, promoting cell-mediated biomineralization processes [30,75].
AMP’s rapid yet controlled dissolution leads to a sustained release of
ions, resulting in more extensive calcium phosphate deposition,
improved cellular adhesion, and higher mineralization rates compared
to conventional magnesium phosphate ceramics [75]. Altogether, these
findings highlight AMP’s intrinsic bioactivity, making it a promising
candidate for regenerating the dentin-pulp complex and other miner-
alized tissues.

Gene expression analyses at 14 and 21 days further supported the
odontogenic potential of AMP-containing fibers by demonstrating
upregulation of key osteogenic markers, including COL1A1, ALPL, and
RUNX2 (Fig. 6D-E). Under basal conditions at day 14, the AMP groups
exhibited increased COL1A1 and RUNX2 expression (p < 0.0011), sug-
gesting an early induction of the osteo/odontogenic phenotype. By day
21, this effect was amplified under osteogenic conditions, with RUNX2
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levels upregulated approximately 6-fold relative to baseline (p =
0.0007). Although COL1A1 expression was also upregulated, its increase
was more modest, aligning with its role in early matrix formation rather
than late-stage mineralization [76]. The sustained upregulation of
RUNX2, a master gene for osteogenic differentiation, and ALPL, which
drives matrix maturation and mineralization, indicates that AMP initi-
ates and then maintains odontogenic signaling toward dentin formation,
corroborating earlier findings of its bioactivity in dental pulp stem cells
[18].

The presence of inflammation in the pulp tissue can impair the for-
mation of mineralized matrix, leading to less effective outcomes in pulp
exposure repair and sealing. Based on the previous experiments, 10 %
IBP and 5 % AMP were selected for bilayer scaffold fabrication. We
evaluated our bilayer scaffold using an artificial pulp chamber model
with a 3D culture of DPSCs to simulate the release profile and its ther-
apeutic effects in contact with exposed tissue, first modulating inflam-
mation (IBP layer) and then inducing mineralized matrix formation
(AMP layer). Gene expression analysis at 3 h revealed that LPS stimu-
lation significantly upregulated pro-inflammatory cytokines IL1A, IL1B,
and TNF in all groups (Fig. 7B). Among LPS-treated samples, the bilayer
scaffold containing 10 % IBP and 5 % AMP downregulated IL1A, IL1B,
and TNF expression compared to the control (non-treated DPSC’s 3D
cultures) and GelMA bilayer (p < 0.0488). This result was expected
based on the anti-inflammatory role of IBP, as discussed earlier. The
downregulation of TNF observed in the GelMA group compared to the
untreated LPS-stimulated 3D culture was likely due to the immuno-
modulatory properties of the GelMA matrix. GelMA hydrogels can
sequester soluble TNF-a, reducing its bioavailability and consequently
disrupting the positive feedback loop necessary for sustained TNF gene
expression [77]. This suggests that, in addition to the action of IBP, the
scaffold’s base material may contribute to the attenuation of inflam-
mation, creating a more favorable environment for subsequent tissue
repair.

After 14 days of 3D culture, the expression of odontogenic and
osteogenic markers (ALPL, RUNX2, OCN, and DSPP) was significantly
upregulated in groups treated with the bilayer scaffold containing 10 %
IBP and 5 % AMP compared to the non-treated DPSC’s 3D cultures
(control) (Fig. 7C). Among all conditions, the bilayer scaffolds exhibited
the highest expression levels across all markers, with statistically sig-
nificant increases in ALPL, OCN, and DSPP transcripts under both
unstimulated and LPS-stimulated environments (p < 0.0088). Notably,
DSPP, a key marker of odontoblast differentiation [78], was most
elevated in the IBP and AMP-loaded group under inflammatory condi-
tions, suggesting that the bilayer-loaded scaffold maintains its odonto-
genic potential even in a pro-inflammatory microenvironment. This
response highlights the synergistic effect of the bilayer scaffold’s com-
ponents: the initial inflammatory modulation mediated by IBP appears
to create a favorable immunological niche, which, when combined with
AMP’s strong capacity for mineralization induction, enhances the
odontogenic differentiation cascade. Although the APC-3D culture
stimulated with LPS in vitro model represents an improvement in the
complexity of the DPSCs’ response [24], it cannot fully replicate the
complexity of the in vivo dentin-pulp interface or the dynamic immune
and mechanical environment of the oral cavity. A multifunctional
scaffold like the one presented here could shift the paradigm from using
passive filling materials to using biologically active platforms that sup-
port tissue regeneration, even in challenging clinical scenarios.

3.7. In vivo subcutaneous response to scaffold application

The rat subcutaneous implantation model is a straightforward and
cost-effective method for evaluating a scaffold’s biocompatibility and
immune response before it is tested at its target site or evaluated pre-
clinically. Because implants can be retrieved easily, this test has
become the standard initial screening method for new biomaterials
[11,26,79].
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Here, we implanted the two layers of our bilayer scaffold separately
to determine whether either one, AMP for mineralization or IBP for
inflammation control, provoked an excessive foreign-body reaction.
Fig. 8 combines histology, which shows how inflammatory cells accu-
mulate around each one of the scaffold layers over time, with a graph
that records the number of those cells for every group at each time point.
One week after implantation, every electrospun GelMA-based fibrous
sample triggered an acute inflammatory reaction, as evidenced by the
numerous small, dark nuclei, representing neutrophils, macrophages,
and other leukocytes surrounding the materials (Fig. 8A). The intensity,
however, depended on the layer’s composition. All GelMA 10 % elec-
trospun samples, with or without IBP, attracted similar numbers of

14

inflammatory cells. Increasing GelMA to 20 % reduced the response, but
adding 5 % AMP negated that benefit, resulting in the highest inflam-
matory cell count at day 7 (Fig. 8B). By two weeks, inflammation had
faded around all scaffolds, and early fibrous capsule tissue had started to
form. The reduction in inflammatory profile was higher in the IBP-
loaded samples (GelMA 10 % + 20 % IBP), indicating that the IBP
dose effectively reduced the response as healing progressed. The AMP-
laden GelMA 20 % layer, despite its severe reaction at day 7, also
showed a markedly lower cell count at day 14, indicating that the initial
spike was transient and not prolonged by the presence of AMP.

By three weeks, inflammation had essentially cleared in every group:
only a few immune cells remained, and fibrous tissue was maturing
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in inflammatory cell counts from day 7 to day 21, indicating normal
healing, with histology confirming the absence of chronic inflammation
in any sample, and highlighting the biocompatibility of every layer.

To determine whether IBP alters macrophage polarization, we
immunolabeled sections for iNOS (a marker of M1 macrophages) and
CD163 (a marker of M2 macrophages) (Fig. 9A). At day 7, the M1-
positive area did not differ among the three groups (p > 0.05). By day
21, the GelMA 10 % control still showed the same M1 level as at day 7,
whereas both IBP-loaded layers exhibited a significant decrease in M1
cells compared to their own day 7 values (p < 0.05) (Fig. 9B). M2
expression was low in every group at day 7, with no significant differ-
ences. By day 21, all groups showed a marked increase in CD163-
positive expression (p < 0.05 vs. their respective day 7 values), and
IBP did not noticeably amplify this M2 shift (Fig. 9B). Ibuprofen di-
minishes M1 macrophage activation by inhibiting key pro-inflammatory
pathways. As an NSAID anti-inflammatory drug, IBP blocks cyclo-
oxygenase (COX-1 and COX-2), reducing prostaglandin levels and
inhibiting upstream inflammatory signals. This leads to decreased acti-
vation of the NF-kB and JAK/STAT pathways in macrophages, thereby
restricting the expression of M1-associated cytokines, such as TNF-a and
IL-6, as we previously observed for this layer in vitro [80,81]. This shift
from M1 to M2 promotes a regenerative environment, as M2 macro-
phages release anti-inflammatory cytokines, such as IL-10 and TGF-g,
along with growth factors that support angiogenesis and tissue repair.
Therefore, in contexts like VPT, reducing the M1 inflammatory state to
lower its ratio relative to the anti-inflammatory M2 phenotype is crucial
for optimal tissue healing [8,82,83].

To determine if the AMP-containing scaffold layer triggered an
osteogenic response in vivo, sections were immunolabeled for RUNX2,
ALP, and OCN (Fig. 10). RUNX2 is a key regulator indicating early
osteoblast differentiation, ALP is an enzyme that supports extracellular
matrix mineralization, and OCN is a bone matrix protein produced by
mature osteoblasts. Since subcutaneous tissue is a non-bone (ectopic)
site, overall osteogenic activity was expected to be low. Therefore, we
assessed these markers qualitatively by noting the presence or absence
of staining rather than measuring them quantitatively. At both 7- and
21-day post-implantation, GelMA 20 % (without AMP) showed no
detectable RUNX2, ALP, or OCN staining, as expected for a material
lacking osteoinductive components. In contrast, the GelMA 20 % + 5 %
AMP layer induced an osteogenic marker response with a clear temporal
pattern. At 7 days, the AMP-containing group showed positive RUNX2
staining (indicating early osteogenic differentiation), whereas ALP and
OCN were largely absent at this early time point. By 21 days, RUNX2
staining in the AMP group had diminished to near-baseline levels, but
both ALP and OCN staining became much more pronounced. This in-
verse pattern is consistent with the roles these markers play in osteo-
genesis. RUNX2 is typically upregulated during the initial commitment
of progenitors and then downregulated as osteoblasts mature. At the
same time, ALP and osteocalcin are expressed later as cells progress
toward a mature, matrix-depositing osteoblastic phenotype. This sug-
gests that incorporating AMP into the scaffold promotes a noticeable
osteogenic differentiation response, even in a non-osseous environment,
initiating early osteogenic commitment and ultimately leading to
markers of matrix maturation and mineralization. Still, the subcutane-
ous implantation model does not fully reproduce the vascularized,
anatomically confined, and immunologically dynamic environment of
the dental pulp, particularly under inflammatory conditions. Thus,
future studies employing pulp exposure models and direct comparison
with standard materials will be valuable to further validate the trans-
lational potential of this bilayer scaffold.

4. Conclusion
This investigation demonstrates that a photocrosslinkable electro-

spun GelMA-based bilayer scaffold, comprising an ibuprofen-releasing
layer and an amorphous magnesium phosphate layer, can
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concurrently suppress inflammation and promote the formation of
mineralized tissue. It provides a rapid ibuprofen burst release followed
by a 14-day sustained IBP presentation, which significantly reduces NF-
kB activation and the pro-inflammatory cytokines IL-1a, TNF-a, and IL-6
in LPS-challenged macrophages. Meanwhile, the release of Mg?* and
PO3~ ions from AMP increases DPSC alkaline phosphatase activity,
mineral deposition, and odontogenic gene transcription. In a three-
dimensional, LPS-inflamed artificial pulp chamber, our novel bilayer
scaffold decreased IL1A, IL1B, and TNF within 3 h and, after 14 days,
increased the expression of ALPL, DSPP, and OCN compared to GelMA
controls, confirming its ability to coordinate early immunomodulation
with later mineralization signals. Ectopic rat implantation demonstrated
biocompatibility, accelerated the macrophage M1/M2 transition, and
showed expression of positive osteogenic markers indicative of pro-
gressing mineralization. In sum, our findings suggest that our bilayer
scaffold represents a user-friendly device that shows potential for future
clinical applications during vital pulp therapy.
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