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Abstract

This study aimed to evaluate the effects of Gelatin methacryloyl/Aloe vera (GelMA/AV) scaffolds, both alone and in combina-
tion with mineral trioxide aggregate (MTA), on pulp inflammatory response and mineralized tissue formation in a rat model
of pulp exposure. GelMA/AV nanofibers (70:30) were fabricated via electrospinning and photocrosslinked. Twenty-four
rats were randomly assigned to three groups (n =38/ group): GeIMA/AV, GelMA/AV + MTA, and MTA (control). Following
pulp exposure of the first upper molars (n =2/animal), the materials were placed over the exposed pulp as the pulp capping
agent, and MTA was applied or not, depending on the group. The cavities were then sealed with glass ionomer. Animals
were euthanized at 7 or 28 days post-procedure for histological, immunohistochemical, and micro-computed tomography
(micro-CT) analyses. Data were analyzed using one-way or two-way ANOVA at a 5% significance level. Micro-CT analy-
sis at 28 days revealed new hard tissue formation in the pulp chamber across all groups. GeIMA/AV + MTA demonstrated
comparable mineralized volume and tissue mineral density to MTA. Histologically, the GeIMA/AV + MTA group exhibited
a significantly lower cell count than the MTA and GelMA/AV groups at 28 days. However, for macrophage polarization, the
GelMA/AV +MTA exhibited a similar expression of CD163-positive (M2) and iNOS-positive (M1) cells compared to the
MTA. Lastly, GeIMA/AV +MTA also showed expression of nestin and DMP1 at 28 days, indicating active mineralization.
In conclusion, a thin GeIMA/AYV sublayer beneath MTA preserves MTA-driven mineralization but does not reduce pulp
inflammation or enhance mineralization beyond MTA in this model. Optimization of AV dosing/formulation and longer
follow-up are necessary before clinical translation.
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Introduction

Direct pulp capping (DPC), a key vital pulp therapy (VPT)
approach, involves placing a biocompatible, bioactive mate-
rial over the exposed pulp to stimulate tertiary (reparative)
dentin formation, thus creating a dentin bridge that maintains
< Renan Dal-Fabbro tooth vitality [1, 2]. Calcium silicate cements (CSCs), such

renandf @umich.edu as mineral trioxide aggregate (MTA) and Biodentine (BD),
are considered the gold standard for DPC due to their excel-
lent sealing ability, biocompatibility, and capacity to induce
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explain why regenerative outcomes are not uniformly ideal in
every case [4-6].

The prolonged release of inflammatory mediators can dis-
rupt the stem cell microenvironment, hindering regenerative
processes [7, 8]. To overcome these challenges, regenerative
endodontics has increasingly explored novel local biomateri-
als with anti-inflammatory properties to create a conducive
environment that favors regenerative responses. In parallel,
recent research has focused on natural compounds and plant-
based substances to address the shortcomings of commonly
used synthetic drugs, such as inactivity over time, drug resist-
ance, potential cytotoxicity, and adverse effects on dentin [9].

Aloe vera (AV), derived from Aloe barbadensis Miller, has
emerged as a promising natural compound for tissue engineer-
ing applications due to its broad-spectrum antibacterial, anti-
inflammatory, immunomodulatory, and low-toxicity properties
[10-12]. AV has been shown to exert its anti-inflammatory
activity by suppressing pro-inflammatory cytokines, including
TNF-a, IL-6, IL-1p, and MMP-9, as well as reducing neu-
trophil migration, edema formation, and tissue destruction.
The anti-inflammatory effects of AV on lipopolysaccharide
(LPS)-activated human macrophages have also been investi-
gated, demonstrating significant downregulation of IL-1f via
suppression of the NF-kB signaling pathway [13].

Gelatin methacryloyl (GelMA) has been widely used in
fabricating scaffolds for pulp regeneration due to its cytocom-
patibility, hydrophilicity, and cell adhesion properties [14].
Building on these advantages, a photocrosslinkable GeIMA
nanofiber scaffold incorporating AV (GelMA/AV) has recently
been developed as a stable platform for the controlled delivery
of AV’s bioactive components. In vitro, GeIMA/AV (70:30)
nanofibers exhibited significant antimicrobial activity against
E. faecalis, sustained biofilm reduction, minimal cytotoxicity,
and immunomodulatory effects favoring anti-inflammatory
macrophage (M2) polarization, suggesting potential for man-
aging chronic inflammation in pulpitis [9]. Here, these find-
ings were examined in vivo using GelMA/AV alone and in
combination with mineral trioxide aggregate (MTA) in a well-
established rat pulp capping model. The central hypothesis
is that a thin GeIMA/AV scaffold placed beneath MTA will
deliver localized anti-inflammatory/immunomodulatory cues,
while MTA provides a mineralizing stimulus and coronal seal,
together, fostering a pro-healing immune milieu and promoting
a more continuous dentin bridge, improving clinically relevant
outcomes.

Materials and methods
GelMA/AV scaffold preparation

GelMA was synthesized using Type A gelatin from porcine
skin (SLBM9945V, Sigma-Aldrich, St. Louis, MO, USA)
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and methacrylic anhydride (276,685, Sigma-Aldrich) as
previously described [9]. Commercially available aloe vera
gel powder (Minature™, Batch #00823Marudhar Impex,
Ahmedabad, India) was incorporated into GeIMA at a 70:30
ratio (GeIMA/AV). Nanofibers were fabricated via electro-
spinning, followed by photocrosslinking to ensure stability.
The resulting GeIMA/AV (70:30) scaffolds were UV steri-
lized (30 min on each side) and stored under sterile condi-
tions until use.

Animal model and experimental design

All animal procedures were conducted in accordance with
Institutional Animal Care and Use Committee guidelines
(PRO00010911). The sample size was calculated based on
previous studies [15]. Twenty-four rats were randomly allo-
cated to three experimental conditions (n =8 per group): (1)
GelMA/AV nanofiber scaffold, (2) GeIMA/AV scaffold over-
laid with mineral trioxide aggregate (GeIMA/AV +MTA),
and (3) MTA alone (control). Under general anesthesia,
induced by an intraperitoneal injection of ketamine (50 mg/
kg; Hospira, Lake Forest, IL, USA) and xylazine (5 mg/kg;
Akorn, Lake Forest, IL, USA), standardized pulp exposures
were prepared in the first maxillary molars (occlusal surface)
using a No. ¥2 dental round burr (Kavo Kerr Group, USA),
ensuring the exposure matched the bur’s full diameter. The
assigned capping material was applied immediately using
an endodontic explorer and compacted with sterile paper
points (Absorbent paper points, DENTSPLY Maillefer,
Tulsa, OK, USA): in group 1, GeIMA/AV nanofibers were
directly applied to the exposure site; in group 2, the scaffold
was covered with a thin MTA layer (MTA Angelus White,
Londrina, PR, Brazil); and in group 3, only MTA was used.
Each cavity was then sealed with a glass ionomer restorative
(Ketac Molar; 3 M, Seefeld, Germany). Animals were eutha-
nized by CO, overdose at either 7 or 28 days post-treatment.

Micro-CT analysis

At the 28 day time point, the maxillary segments were
harvested, fixed in 10% neutral-buffered formalin for 24 h,
and then transferred to 70% ethanol. Specimens were
scanned using a high-resolution micro-CT system (Scanco
CT 100 system, Scanco Medical AG, 70 kV, 114 pA, 8 um
voxel size). An experienced examiner quantified the hard
tissue formation (mm?) and tissue mineral density (TMD,
g/cm?) within the newly formed hard tissue occupying the
pulp chamber. The region of interest (ROI) was defined
as the pulp chamber volume extending from immediately
beneath the capping material apically to the cervical third
(the level at which the canal orifices begin), distant from
the chamber and root dentin walls, to exclude pre-exist-
ing dentin. Within this ROI, only voxels falling within
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a dentin-equivalent density window were quantified as
dentin-like tissue. This segmentation isolates mineraliza-
tion arising from the capped exposure rather than native
dentin surfaces and reflects a widely adopted micro-CT
approach. A global threshold of 320-600 grayscale units
was applied uniformly to all samples, thereby excluding
MTA’s intrinsic radiopacity and allowing quantification of
only the neoformed dentin [15, 16].

Histological and immunohistochemical analysis

Specimens harvested at 7 and 28 days were immersed
in 10% neutral-buffered formalin for 24 h, then decalci-
fied in 10% EDTA (pH 7.4) for 6 weeks. After routine
dehydration and paraffin embedding, 5 um sections were
prepared. Hematoxylin—eosin staining was used to evalu-
ate inflammatory infiltrates. At 100 X magnification (Echo
Revolve, Discover Echo Inc., San Diego, CA, USA),
inflammatory cells were quantified in ImageJ by applying
a binary threshold (10-130), circularity filter (0.3-1.0),
and a size range of 10-30 pum. Cell counts were normal-
ized to pulp chamber area (cells/mm?) obtained from the
same images. Immunofluorescence was performed on
28 day sections to assess mineralization and macrophage
phenotype. Slides were incubated overnight at 4 °C with
the following primary antibodies (1:100): anti-DMP1
(PA5-47,621, Invitrogen) and anti-Nestin (19,483—-1-AP,
Proteintech) for mineralization, and anti-iNOS (ab283655,
Abcam) and anti-CD163 (ab182422, Abcam) for M1 and
M2 macrophage markers, respectively. The correspond-
ing secondary antibodies were applied for 1 h at room
temperature: Goat Anti-Mouse IgG Alexa Fluor 488 for
Nestin and CD163, and Goat Anti-Mouse IgG Alexa Fluor
594 for iNOS and DMP1, followed by VECTASHIELD
with DAPI (Vector Laboratories) for nuclear counterstain-
ing. Fluorescent images captured at 100 X were processed
in ImageJ by channel separation, threshold adjustment,
and area normalization to calculate the density of marker-
positive cells [15, 17, 18].

Statistical analysis

Data are reported as mean + standard deviation. Normal-
ity was assessed for each dataset; variables that satisfied
normality assumptions were analyzed with one-way or
two-way ANOVA, followed by Tukey’s post hoc test.
When normality was not met, the Kruskal-Wallis test with
Dunn’s post hoc correction was applied. All analyses were
performed in GraphPad Prism v10.4.2 (GraphPad Soft-
ware, San Diego, CA). Statistical significance was set at
p<0.05.

Results
Micro-CT analysis of hard tissue formation

Micro-CT evaluation at day 28 confirmed hard tissue
deposition within the pulp chambers of every treatment
group (Fig. 1A). The most significant hard tissue forma-
tion was recorded in the MTA-only group (0.090+0.021
mm?), closely followed by the GelMA/AV + MTA
group (0.086+0.029 mm?); these values were statisti-
cally similar (p=0.961). Animals treated with GeIMA/
AV alone generated significantly less mineralized tissue
(0.023+£0.018 mm?; p<0.05 vs. both MTA-containing
groups; Fig. 1B). Tissue mineral density (TMD) showed
the same pattern: MTA (1002 +73 g/cm®) and GelMA/
AV +MTA (1042 + 37 g/cm®) were comparable (p=0.396),
whereas GeIMA/AV presented a significantly lower TMD
(973 £26 g/lcm®; p <0.05 vs. either MTA group; Fig. 1C).

Histological evaluation of inflammatory response

H&E sections at 7 days revealed a moderate inflammatory
infiltrate in every group, ranging from roughly 1600 to
1850 cells/mm?, with no significant inter-group differences
(p>0.05; Figs. 1D and 2). By 28 days, however, inflamma-
tion had subsided most markedly in the GeIMA/AV +MTA
specimens, which showed only 875 + 573 cells/mm?, sig-
nificantly fewer than either the MTA group (1721 +338
cells mm?, p=0.006) or the GelMA/AV group (1921 +356
cells mm?, p=0.0008; Figs. 1D and 3). The cell density
in GeIMA/AV-treated animals did not differ from that in
MTA alone (p=0.806). On qualitative assessment of the
histological findings, vacuolar degeneration was similar
across groups and decreased over time, from mild at 7 days
to slight at 28 days, likely reflecting inherent features of
the animal pulp model. By 28 days, specimens treated with
MTA alone exhibited greater pulp hyperemia than those in
which GelMA/AV was applied underneath.

Immunohistochemical analysis of mineralization
and macrophage polarization

By day 28, immunostaining for the odontogenic markers
nestin and DMP1 showed the superior mineralizing activ-
ity of the MTA-containing treatments. Both the MTA-only
and GeIMA/AV +MTA groups displayed strong labeling
for these proteins, with the MTA group showing approxi-
mately twice the positive area of the combined treatment;
however, the difference was not statistically significant (nes-
tin, p=0.084; DMP1, p=0.517). In contrast, the GeIMA/
AV scaffold alone produced only limited nestin signal
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«Fig. 1 Micro-CT evaluation of hard tissue formation 28 days after
pulp capping. A 3-D reconstructions of the pulp chamber from three
orthogonal views; newly deposited dentin-like tissue is highlighted by
yellow arrowheads. Scale bar: 1 mm. B Hard tissue in mm?, and C
tissue mineral density (TMD, g/cm®) were compared across experi-
mental groups using one-way ANOVA followed by Tukey’s post hoc
test. D Inflammatory cell infiltrate was quantified and analyzed by
two-way ANOVA with Sidak’s multiple-comparison test

(0.14£0.03%) and no detectable DMP1, indicating minimal
mineralization potential (p =0.0047 and 0.0190 vs. MTA
for nestin and DMP1, respectively). Regarding macrophage
phenotype, at day 28, immunofluorescence analysis revealed
a clear, though statistically non-significant, expression when
MTA was applied over the GeIMA/AV scaffold. Specifically,
the GeIMA/AV +MTA group exhibited the smallest iNOS-
positive (M1) area, indicating the lowest pro-inflammatory
activity. This benefit, however, was accompanied by a con-
comitant decrease in CD163-positive (M2) staining, sug-
gesting a reduction in the presence of anti-inflammatory
macrophages as well (Fig. 4).

Discussion

In this in vivo study, a photocrosslinkable GelMA nanofiber
scaffold loaded with aloe vera (GeIMA/AV) as a pulp cap-
ping biomaterial, applied either by itself or as a base layer
beneath MTA in rat molars with standardized pulp expo-
sures, was examined. The combined strategy, GeIMA/AV
followed by MTA, noticeably

preserved the robust mineralization classically associated
with MTA and reduced overall cellular density at 28 days;
however, this metric does not, by itself, equate to reduced
inflammation. Consistent with that, macrophage immu-
nophenotyping (iNOS/M1 and CD163/M2) showed direc-
tional trends without statistical significance, indicating no
demonstrable anti-inflammatory effect of the GeIMA/AV
sublayer under the conditions tested.

Vital pulp therapy, particularly pulp capping, aims to
preserve the tooth’s pulp vitality after exposure by creating
conditions for repair and a protective hard tissue barrier to
form. The MTA is widely used for this purpose because it
strongly promotes hard tissue formation and is highly bio-
compatible with pulp tissue [19, 20]. However, a key limita-
tion of MTA is that it causes early-stage pulpal inflamma-
tion [21]. This limitation provides the rationale for adjunct
strategies, such as placing an anti-inflammatory GeIMA/AV
scaffold beneath the MTA, which pairs the MTA’s reparative
strengths with improved inflammatory control to create a
more favorable healing environment.

GelMA scaffolds provide an excellent cell-adhesive
matrix and are readily degraded by the matrix metallopro-
teinases that surge after pulp exposure. Yet, in its native

form, it neither reduces inflammation nor promotes miner-
alization, limiting its use as a stand-alone capping agent. To
provide a scaffold with antimicrobial and immunomodula-
tory activity without introducing antibiotics that could foster
resistance, a GelMA nanofibers embedded with aloe vera
have been developed. In earlier work, this GeIMA/AV scaf-
fold suppressed E. faecalis biofilms and shifted macrophages
toward an M2 profile when implanted in rats’ subcutaneous
tissue [9]. In the present in vivo study, placing the GelMA/
AV membrane beneath MTA significantly reduced the cellu-
lar infiltrate by day 28 compared with either material applied
alone. Immunohistochemical data, however, showed that the
composite did not alter macrophage polarization toward an
M2 phenotype further. Thus, while GelMA/AV appears to
reduce cellular density, its capacity to modulate the mac-
rophage phenotype was not evidenced.

Micro-CT assessment revealed that the GeIMA/AV scaf-
fold alone produced the least mineralized repair, displaying
the lowest hard tissue formation and TMD. In contrast, both
MTA-containing groups generated markedly more hard tis-
sue, reaffirming MTA’s status as the benchmark material for
direct pulp capping [20, 22, 23]. The hard tissue formation
and TMD values for the GeIMA/AV + MTA combination
were statistically similar to those of MTA alone, showing
that the GeIMA/AV layer neither enhances nor compromises
MTA-driven mineralization. Interestingly, the combination
group trended toward slightly lower hard tissue formation
but higher TMD than MTA alone; although not significant,
this pattern may reflect a slower, more orderly mineral depo-
sition promoted by the scaffold’s anti-inflammatory effect,
potentially yielding a denser and better-organized calcific
bridge.

Nestin and DMP1 are biomarkers of the pulp’s miner-
alization response. Specifically, nestin, an intermediate fila-
ment protein, is widely recognized as a marker of odonto-
blast differentiation and reparative dentinogenesis. In healthy
mature teeth, nestin is largely confined to fully differentiated,
functioning odontoblasts, but it is re-expressed in pulp stem
cells when new odontoblast-like cells form in response to
injury, such as during tertiary dentin formation after pulp
capping. This makes nestin a sensitive indicator that a pulp
capping material has stimulated odontoblastic differentiation
at the exposure site [24-27]. Moreover, DMP1 is a non-
collagenous extracellular matrix protein crucial for dentin
mineralization, recognized for its calcium-binding ability
and its role in hydroxyapatite deposition within the collagen
matrix. It is highly expressed in dentin, indicating mineral-
izing matrix and regulating odontoblast activity and mineral
deposition [28, 29].

Nestin and DMP1 served as markers to evaluate whether
the GeIMA/AV scaffold enhances MTA’s innate miner-
alizing capacity. Quantitative analysis revealed that the
sequential GeIMA/AV + MTA treatment did not elevate

@ Springer
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7 Days - In Vivo Pulp Capping — Hematoxylin & Eosin

GelMA/AV

GelMA/AV+MTA

Fig.2 H&E staining 7 days after pulp capping shows the inflamma-
tory cell infiltrate at three magnifications (4x, 10X, and 20X) for
GelMA/AV, MTA, and GelMA/AV +MTA treatments. A similar

either marker above the levels achieved by MTA alone,
indicating that the scaffold layer neither enhanced nor
inhibited MTA-driven mineralization. Conversely, teeth
capped with GelMA/AV without MTA exhibited virtually

@ Springer

inflammatory profile and density can be observed in the pulp chamber
for all groups. Scale bar: 200 pm for 4 X, 100 pm for 10X, and 50 pm
for 20 x

no DMP1 and only minimal nestin labeling, emphasizing
the limited odontogenic potential of the AV-loaded scaf-
fold on its own. These findings contrast with an earlier
report in which acemannan, an AV-derived compound,
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28 Days - In Vivo Pulp Capping — Hematoxylin & Eosin

GelMA/AV

Fig.3 H&E staining 28 days after pulp capping shows the inflam-
matory cell infiltrate at three magnifications (4x, 10x, and 20X)
for GeIMA/AV, MTA, and GelMA/AV +MTA treatments. Observe

was applied directly to exposed pulps and produced a
homogeneous calcified bridge [30]. The discrepancy likely
reflects differences in formulation and delivery: in the pre-
sent work, AV was embedded within crosslinked GeIMA

a diminished cell density when GelMA/AV was applied beneath the
MTA layer. Scale bar: 200 pm for 4%, 100 pm for 10X, and 50 pm
for 20 x

nanofibers, whereas the prior study applied the soluble
extract directly to the tissue, potentially yielding higher
local concentrations and faster interaction with dental pulp
cells.

@ Springer
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Fig.4 Immunohistochemical evaluation of pulpal tissue 28 days after
pulp capping. Representative 10Xximages (scale bar, 50 um) show-
ing staining for Nestin, DMP1, iNOS, and CD163 across the treat-
ment groups. Quantitative analysis of each marker, expressed as the

This study has important limitations. The rat model, while
useful for screening, does not fully recapitulate the micro-
bial complexity or chronicity of human pulpitis. The single
28-day endpoint captures early repair rather than long-term
dentin bridge stability [31]. Finally, only one aloe vera con-
centration and delivery approach was tested; more potent or
better-timed immunomodulation may require formulation
refinement. Future work should include earlier and longer

@ Springer

CD163 10x

CD163 10%

g
©
e
©
&
2 0.4
©
Q
O 0.2
0.0-
D &«
SR
N
& \§
\éé
(’0

mean+SD percentage of positively labeled area. Statistical tests:
Nestin, iNOS, and CD163: one-way ANOVA with Tukey’s multiple-
comparison post-test; DMP1: Kruskal-Wallis test with Dunn’s post-
test

follow-ups, expanded immunolabeling, and systematic vari-
ation of AV dose/chemistry (and/or added bioactives), all
within workflows that preserve the simplicity of calcium sili-
cate cement-based VPT. In summary, placing a thin GeIMA/
AV sublayer beneath MTA preserved MTA’s characteristic
mineralization and showed suggestive, but not definitive,
signs of an improved inflammatory milieu at 28 days. These
findings are hypothesis generating rather than confirmatory
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and warrant further investigation before any consideration
of clinical adoption.
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