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ABSTRACT
The development of multifunctional injectable biomaterials that serve as frameworks for tissue neo-deposition and promote 
dentin regeneration through resident dental pulp cells represents an innovative approach in regenerative dentistry. This study 
presents an injectable system based on a photocrosslinkable hydrogel, functionalized with a drug release system to deliver bio-
active doses of the biomineralizing drug simvastatin. Chitosan microspheres (MSCH) loaded with 2%, 5%, or 10% simvastatin 
(MSCHSV) were prepared and incorporated into gelatin methacryloyl (GelMA) to create a hybrid hydrogel activated by LED 
light. Characterizations, including Fourier transform infrared (FTIR), scanning electron microscopy (SEM), pore size, porosity, 
and swelling capacity, confirmed the inclusion of particles and creation of a 3D biomaterial. The inclusion of microspheres did 
not alter the hydrogel's degradability under enzymatic action. Biostimulation of human dental pulp cells (HDPCs) on the hydro-
gel was evaluated through cell viability and mineralized matrix assays. Results showed no cytotoxic effects, with significant cell 
proliferation over time. HDPCs displayed an increase in mineralization nodules when cultured with GelMA functionalized with 
MSCH containing 2%, 5%, and 10% simvastatin. However, only the 10% concentration resulted in a significant increase. Thus, 
incorporating chitosan microspheres with 10% simvastatin into GelMA creates a controlled release system with high potential 
for direct pulp capping.

1   |   Introduction

Minimally Invasive Dentistry emphasizes the preservation 
of dental tissues to maintain the vitality and homeostasis of 
the dentin-pulp complex. Vital pulp therapy (VPT) aims to 
preserve this complex even in challenging clinical situations 

[1, 2]. In cases of exposed pulp tissue with regenerative po-
tential, the goal is to apply a biomaterial that induces the for-
mation of a mineralized barrier by resident pulp cells, thereby 
sealing the complex and maintaining pulp viability [3]. While 
alkaline cements like calcium hydroxide and calcium silicate 
are commonly used for this purpose, they have limitations, 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). Journal of Applied Polymer Science published by Wiley Periodicals LLC.

https://doi.org/10.1002/app.57284
https://doi.org/10.1002/app.57284
https://orcid.org/0000-0002-9273-9421
https://orcid.org/0000-0003-2000-2671
https://orcid.org/0000-0002-4178-5794
https://orcid.org/0000-0001-5290-7614
https://orcid.org/0000-0002-3069-5216
https://orcid.org/0000-0003-0677-8895
https://orcid.org/0009-0004-0626-1719
https://orcid.org/0000-0001-5363-6481
https://orcid.org/0000-0002-7455-6867
https://orcid.org/0000-0002-7734-4069
mailto:
https://orcid.org/0000-0002-1485-6104
mailto:dianasoares@fob.usp.br
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.57284&domain=pdf&date_stamp=2025-05-05


2 of 15 Journal of Applied Polymer Science, 2025

including high solubility, poor sealing, and induction of tis-
sue necrosis and inflammation. Moreover, their application is 
complicated by the need for proper coverage and contact with 
the tissue [3, 4].

These challenges have led researchers to explore alternative 
clinical solutions that facilitate application and enhance re-
pair by resident mesenchymal stem cells without local toxicity. 
Translating tissue engineering strategies into regenerative den-
tistry offers a promising approach for developing safe and reli-
able biomaterials to regenerate the dentin-pulp complex [5–7]. 
Injectable biomimetic scaffolds are particularly advantageous as 
they easily adapt to defects, providing a simpler clinical appli-
cation [8, 9].

One biomaterial gaining significant attention in dentin tissue 
engineering is methacrylated gelatin hydrogel (GelMA), derived 
from the modification of gelatin's amine groups with methacry-
late groups [10]. GelMA is a protein substance extracted from 
the collagen of bovine or porcine skin or bone, consisting of 
denatured and partially hydrolyzed native collagen, primarily 
type I collagen [11]. Despite being denatured, it retains bioac-
tive collagen sequences, such as arginine-glycine-aspartic acid 
(RGD) peptides, which promote cell adhesion, as well as matrix 
metalloproteinase (MMP) target sites, crucial for tissue remod-
eling [12]. A significant advantage of using GelMA for dentin 
repair applications is its ability to combine with a photoinitiator 
activated under visible light, such as Lithium acylphosphinate 
(LAP), enabling defect-specific injection and in situ photopoly-
merization using LED devices available in dental offices [13]. 
Furthermore, the physicochemical and mechanical properties 
of GelMA can be easily modulated by adjusting the polymer and 
LAP concentration, as well as the photopolymerization time, op-
timizing both the material's properties and the tissue response 
[14, 15].

In the context of dentin tissue engineering, cell homing has 
been a natural choice, as pulp stem cells would be mobilized 
towards the scaffold, and the porous architecture would allow 
cells to infiltrate the scaffold structure  [16]. Therefore, the 
incorporation of bioactive cues is essential to improve che-
motaxis, cell recognition, proliferation, and differentiation, 
thereby promoting mineralized tissue. Our group has focused 
on strategies based on simvastatin-loaded scaffolds for dentin 
tissue engineering, due to their potential as chemoattractants 
for precursor pulp-tissue cells, leading the cells to express an 
odontoblastic phenotype and deposit a mineralized matrix 
in vitro [17–19]. A bioactive dosage ranging from 0.1 to 0.01 
uM has been selected, and we have already observed that a 
chitosan scaffold incorporated with simvastatin has been 
shown to be a highly bioactive biomaterial for dentin tissue 
engineering. Nevertheless, a bulk scaffold does not seem ade-
quate for application on dental pulp exposure due to the need 
for biomaterial adaptation, and the incorporation method 
leads to a burst release within 24 h.

To address this concern, chitosan microspheres encapsulated 
with simvastatin were developed by Bronze-Uhle et al. (2025) 
[20], which were able to release bioactive dosages of this drug 
in a sustained manner. When applied in direct contact with 
a 3D culture of human dental pulp cells, these microspheres 

led to increased mineralized matrix deposition by 2.3 to 2.6 
times compared to the negative control. Nevertheless, the di-
rect in situ application of microspheres carries the same dis-
advantage as the cements used in clinical scenarios for direct 
pulp capping: controlling their application on exposed dental 
pulp and ensuring complete tissue coverage. Previous studies 
[21] also suggested that when applied in  vivo, microspheres 
may be eliminated or migrate away from the implantation site 
[22, 23].

Since the hydrophobic nature of simvastatin impairs its homo-
geneous distribution in the hydrophilic matrix of hydrogels, 
leading to rapid drug release and low bioavailability through 
surrounding tissues [22, 24, 25], and encapsulating simvastatin 
into microspheres improves its dispersion in hydrophilic bio-
materials and creates a sustained delivery system [26–30], in 
this study, we propose incorporating chitosan-simvastatin mi-
crospheres into GelMA to create hybrid superstructures. The 
potential of hybrid hydrogels based on GelMA and chitosan 
has been explored in the literature, leveraging the mechanical 
properties, injectability, in situ photopolymerization, and local 
stability associated with the surrounding hydrogel, providing 
a multifunctional platform for mineralized tissue regeneration 
[31, 32].

2   |   Materials and Methods

2.1   |   Synthesis and Characterization of Chitosan 
(MSCH) and Chitosan-Simvastatin (MSCHSV) 
Microspheres

A chitosan solution (low molecular weight in 2% v:v acetic acid 
solution; Sigma-Aldrich, St. Louis, MO, USA) was subjected 
to a water-in-oil emulsion in liquid paraffin (Merck KGaA, 
Darmstadt, Germany) containing span 80 surfactant (Sigma-
Aldrich, St. Louis, MO, USA) at 2000 rpm for 5 min (Polytron 
homogenizer, Kinematica Littau/Lucerne, Switzerland). To 
encapsulate simvastatin (Sigma-Aldrich, St. Louis, MO, USA), 
solutions at 2%, 5%, and 10% (w:w relative to the chitosan mass) 
were prepared in pure ethanol Sigma-Aldrich, St. Louis, MO, 
USA and mixed with the chitosan solution (500 rpm, 5 min) 
prior to emulsification. Then, glutaraldehyde (Exodo Cientifica, 
Sumare, SP, Brazil) was incorporated at 2000 rpm for 20 min at 
37°C to form the crosslinking and microspheres. Afterward, 
the solutions were incubated for 30 min at room temperature. 
Microspheres were collected by successive washing in acetone 
and water followed by centrifugation at 12,000 rpm for 10 min 
(Z 326 Hermle Labortechnik GmbH, Wehingen, Germany). The 
remaining water solution was freeze-dried (Alpha 1–2 LD plus, 
GmbH, Osterode am Harz, Germany) for 48 h. The following 
microspheres were prepared: MSCH—chitosan microspheres, 
MSCHSV2%—chitosan microspheres encapsulated with 2% 
simvastatin, MSCHSV5%—chitosan microspheres encapsulated 
with 5% simvastatin, and MSCHSV10%—chitosan microspheres 
encapsulated with 10% simvastatin. Simvastatin concentrations 
were determined based on the work of Bronze-Uhle et al. (2025) 
[20], which demonstrated the creation of round microspheres 
with a smooth surface capable of releasing simvastatin in a sus-
tained manner. These MSCHSV concentrations also featured 
bioactivity with dental pulp cells in direct contact with them. 
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In pilot experiments performed by our group, at higher concen-
trations of simvastatin, no microspheres were formed (data not 
shown).

2.1.1   |   Morphological and Particle Size 
Characterization

The collected microspheres after lyophilization were ana-
lyzed by Scanning Electron Microscopy (SEM) on an EVO 
LS15 equipment (Carl Zeiss, Jena, Germany) after placement 
onto carbon adhesive film and coating with a gold jet (Q150R 
Plus—Rotary Pumped Coater, Quorum, Laughton, England). 
Particle size was analyzed using Image J software (NIH, 
Bethesda, MD, USA) immediately after microsphere synthe-
sis. A total of 100 structures were measured in 3 samples for 
each formulation.

2.2   |   Synthesis of Gelatin Methacryloyl (GelMA 
Precursor)

Type A porcine skin gelatin (Sigma-Aldrich, St. Louis, MO, USA) 
10% (w/v) was solubilized in 100 mL of phosphate-buffered sa-
line (PBS; pH 7.4, Gibco, Invitrogen, Carlsbad, CA, USA) at 
50°C. After complete dissolution, 8 mL of methacrylic anhy-
dride (Sigma-Aldrich, St. Louis, MO, USA) was slowly added 
and stirred for 2 h. To stop the reaction, 100 mL of PBS (Gibco, 
Invitrogen, Carlsbad, CA, USA) at 50°C was added and stirred 
for 15 min. The solution was dialyzed for 5 days at 40°C in de-
ionized water using a 12–14 kDa dialysis membrane (Spectro/
Por molecular porous membrane tubing, MWCO 12–14,000, 
SpectrumLabs Inc., Rancho Dominguez, CA, USA) to remove 
the excess of methacrylic acid and any residual monomers. The 
solution was filtered and frozen at −80°C for 24 h and freeze-
dried at −56°C (150 × 10−3 Mbar; Liotop, Liobras, São Carlos, SP, 
Brazil) for 7 days to generate a porous white foam, which was 
stored at −20°C.

2.3   |   Preparation of GelMA-MSCH 
and GelMA-MSCHSV Hybrid Structures

Freeze-dried GelMA precursor (15% w/v) was dissolved in 
sterile PBS 1× (pH 7.4, Gibco, Invitrogen, Carlsbad, CA, 
USA) containing 0.075% (w/w) of the Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate salt as a photoinitiator 
(LAP, Sigma—Aldrich) at 40°C. The MSCH, MSCHSV2%, 
MSCHSV5%, and MSCHSV10% were each added in a propor-
tion of 2.5 mg/mL (w/v) to the GelMA solution and homog-
enized in a vortex at 37°C. This concentration was selected 
based on a pilot experiment, as higher concentrations of sim-
vastatin resulted in the leachable components of the micro-
spheres being toxic to dental pulp cells (Figure S1). Afterward, 
100 μL of plain and hybrid solutions were pipetted into a 
96-well plate and exposed to 1200 mW/cm2 LED light (385–
515 nm, Bluephase N, Ivoclar-Vivadent, Buffalo, NY, USA) 
for 30 s to complete polymerization and formation of the hy-
brid 3D hydrogel [15]. The following groups were established: 
GelMA-MSCH, GelMA-MSCHSV2%, GelMA-MSCHSV5%, 
and GelMA-MSCHSV10%.

2.4   |   Physical–Chemical Characterization 
and Properties of Hybrid Hydrogels

2.4.1   |   Spectral Analysis of Chemical Interactions

Fourier transform infrared spectroscopy (FTIR) was performed 
to determine the synthesis of microspheres, GelMA, and chemi-
cal interactions after microsphere incorporation. Before analysis, 
the hydrogel samples (n = 3) were freeze-dried for 24 h at −56°C 
(150 × 10−3 Mbar; FreeZone, Labconco Corporation, Kansas 
City, MO, USA). The spectra were obtained in attenuated total 
reflection mode (ATR mode) using an IR PRESTIGE-21 equip-
ment (Shimadzu, Kyoto, Japan) in the range of 400 to 4000 cm−1 
at 4 cm−1 resolution (32 scans).

2.4.2   |   Morphology Assessment

The surface morphology of the 3D hydrogels was evaluated using 
SEM (EVO LS15, Carl Zeiss, Jena, Germany). Samples were 
prepared, stored for 14 days at −20°C, and lyophilized for 24 h 
at −56°C (150 × 10−3 Mbar; FreeZone, Labconco Corporation, 
Kansas City, MO, USA). The different materials were fixed to 
an electrical adhesive film (carbon) and coated with a gold jet 
(Q150R Plus—Rotary Pumped Coater, Quorum, Laughton, 
England). Pore size and porosity were evaluated under SEM 
employing Image J software, using 6 images per sample (n = 3) 
(NIH, Bethesda, MD, USA). Microsphere particle size was an-
alyzed using ImageJ software (NIH, Bethesda, MD, USA). A 
total of 40 particles from three samples of each formulation 
were measured. Agglomerates were highlighted in blue using 
Pixelmator Pro 2 software (Vilnius, Lithuania).

2.4.3   |   Swelling Properties

The swelling capacity of the hydrogels was evaluated imme-
diately after polymerization in a 96-well plate (6 mm in diam-
eter × 2 mm in thickness, n = 5). The hydrogels were incubated 
in PBS (Gibco, Invitrogen, Carlsbad, CA, USA) at 37°C for 24 h 
to reach the equilibrium swelling state. After the period, they 
were dried on paper (Kimberly-Clark, Irving, TX, USA) and 
weighed on an analytical balance to obtain wet weights (Ww). 
They were then lyophilized (24 h at −56°C, 150 × 10−3 Mbar; 
Liotop), and their dry weight (Wd) and swollen weight (Ws) were 
recorded. The swelling ratio (%) was calculated by [(Ws—Wd)/
Wd] × 100% [33].

2.4.4   |   Enzymatic Degradability

For degradation profiles, specimens freshly prepared by po-
lymerization (6 mm in diameter × 2 mm in thickness, n = 7) 
were placed in a 48-well plate containing 1 mL of sterile PBS 
1× (Gibco, Invitrogen, Carlsbad, CA, USA) for 24 h to achieve 
swelling balance (Wt0). Then, the type I collagenase enzyme 
(Sigma-Aldrich) was added at a proportion of 1 U/mL in PBS 
and kept at 37°C. Freshly prepared solution containing colla-
genase was changed every 72 h to maintain enzymatic activ-
ity [16]. At specific time intervals (1, 3, 7, and 14 days), samples 
were removed from the collagenase solution, washed with 
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deionized water (2x), and dried on paper (Kimberly-Clark, 
Irving, TX, USA). Weight (Wt) was determined on an analyt-
ical balance (BelEngineerin, Monza, MI, Italy). The degra-
dation rate was calculated according to the equation: [(Wt/
Wt0) × 100%] [33, 34].

2.4.5   |   Simvastatin Release

To observe the simvastatin release through microspheres 
into the hydrogel, samples measuring 16 mm in diameter and 
2 mm in thickness were prepared in 24-well plates and incu-
bated with 1 U/mL type I collagenase solution in ultra-pure 
water (Thermo Fisher Scientific) and kept at 37°C. Then, the 
supernatant was collected after 1, 3, 5, and 7 days. The samples 
were lyophilized (Alpha 1–2 LD plus, Martin Christ GmbH, 
Osterode am Harz, Germany), resuspended in 500 μL ethanol, 
and filtered (0.45 mm, Kasvi, São José dos Pinhais, PR, Brazil) 
for absorbance measurement at 230 nm (Synergy H1, BioTek, 
Winooski, VT, USA). Cumulative release was calculated using 
a standard curve [26], and data was normalized by scaffold 
volume (mm3).

2.4.6   |   Injectability and Volume Measurements

The injectability of the hydrogels was assessed by extrud-
ing them through a 3 mL syringe with a 22-gauge needle. The 
assay was performed using a piston-based extrusion bioprinter 
(TissueStart 3D Bioprinter, TissueLabs Sagl, Switzerland) in ex-
trude mode [15]. A pressure of 101.8 kPa was applied, and the 
extruded mass was measured (n = 6). Given that GelMA under-
goes thermogelation, the assay was standardized at room tem-
perature (20°C). For volume measurements, 2 mL of hydrogels 
was placed in 1.1 cm radius (r) cylindrical flasks and subjected to 
photopolymerization. The height (h) of the hydrogels was mea-
sured at three points, and volume was calculated using the for-
mula v = πr2.h (n = 6). Representative images of GelMA viscosity 
at 37°C, 20°C, and after photoactivation were captured with a 
digital camera, as well as during the injectability assay.

2.5   |   In Vitro Biological Evaluation

2.5.1   |   Cell Culture on Hydrogels

The primary culture of human dental pulp cells (HDPCs) was 
cultivated with complete α-MEM (alpha Minimum Essential 
Medium, supplemented with 10% fetal bovine serum [FBS], L-
glutamine, and 1% penicillin–streptomycin, 1% anti-anti; Gibco 
by Thermo Fisher Scientific, Waltham, MA, USA) and main-
tained at 37°C and 5% CO2 until confluence. The HDPCs used 
for this experiment were obtained by the enzymatic disaggrega-
tion method from sound third molars collected from four young 
patients (18–20 years) after approval by the ethics committee, 
and each patient signed a consent form (Human Research 
Ethics Committee—Bauru School of Dentistry, University of 
São Paulo—USP—CAAE protocol # 53489421.9.0000.5417). 
The cells were obtained according to the protocols established 
by Soares et al. (2018) [17], and the pool of cells between pas-
sages 4–7 was used.

A volume of 100 μL of sterile hydrogels was applied to 96-well 
plates (Kasvi), followed by photopolymerization for 30 s, as pre-
viously described, creating samples with 6 mm in diameter x 
2 mm in thickness. Then, the cells were trypsinized, counted, 
and suspended in the culture medium at a concentration of 
1 × 104 cells/100 μL to be added to the hydrogels. This set was 
incubated at 37°C and 5% CO2, with the culture medium being 
changed every 48 h.

2.5.2   |   Live/Dead Assay

The viability of HDPCs was qualitatively evaluated in hydro-
gels using the Live/Dead viability/cytotoxicity kit (Invitrogen, 
Thermo Fisher Scientific, Eugene, OR, USA) for 1, 3, 7, and 
14 days (n = 3). Calcein AM and Ethyl Homodimer-(Live/Dead 
cell viability/cytotoxicity kit; Invitrogen, Waltham, MA, USA) 
in the ratio of 0.25:1.0:1000 (v/v/v) respectively, for 2 min, were 
used as markers of live (green) and dead (red) cells, respectively. 
Fluorescence microscopy (EVOS Cell Imaging Systems, Life 
Technologies, Carlsbad, CA, USA) was used to evaluate the im-
ages on the surface of the GelMA derivatives.

2.5.3   |   Cell Viability

The quantitative assessment of cell viability, expressed by cel-
lular metabolic activity, was performed using the Alamar Blue 
assay (Life Technologies, Carlsbad, CA, USA) at 1, 3, 7, and 
14 days (n = 6). For the analyses, 3D hydrogels were incubated 
for 3 h at 37°C and 5% CO2, with a 10% solution (v/v) Alamar 
Blue in an α-MEM solution (without FBS). Afterward, the fluo-
rescence of the solution was measured at 540 nm excitation and 
590 nm emission in a microplate reader (Synergy H1, Biotek, 
Winooski, VT, USA).

2.5.4   |   Alkaline Phosphatase (ALP) Activity

ALP activity was measured after 14 days of cell/hydrogel culture 
in osteogenic medium (α-MEM with 50 μg/mL ascorbic acid 
and 10 mM β-glycerophosphate). The Alkaline Phosphatase—
Endpoint Assay kit (Labtest, Lagoa Santa, MG, Brazil) was used. 
Samples were incubated in 0.1% sodium lauryl sulfate solution, 
then centrifuged, and the supernatant was mixed with thymol-
phthalein monophosphate substrate and incubated at 37°C for 
15 min. After adding the color reagent, absorbance was mea-
sured at 590 nm. Total protein was quantified using Lowry 
Reagent (Sigma-Aldrich), and absorbance was read at 655 nm 
(Synergy H1, Biotek). ALP activity was normalized to total pro-
tein, and data was converted to percentage based on the negative 
control group.

2.5.5   |   Collagen Expression

Extracellular soluble collagen expression (n = 6) was as-
sessed using a fluorescence assay with the Collagen Assay 
Kit MAK322 (Sigma-Aldrich). Constructs were cultured in 
osteogenic medium for 7 days, with medium collected every 
72 h. Samples underwent enzymatic digestion, followed by 
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the reaction of N-terminal glycine peptides with a fluores-
cent probe. Quantification was performed by measuring flu-
orescence (375 nm excitation; 465 nm emission; Synergy H1, 
Biotek), using a standard curve to determine collagen concen-
tration, and data was converted to the percentage of the neg-
ative control.

2.5.6   |   Mineralized Matrix Deposition

The mineralization nodules deposition was evaluated after 
21 days (n = 10) in an osteogenic medium. The samples were 
fixed with 70% ethanol for 1 h at 4°C and washed with deion-
ized water (1×). Subsequently, they were incubated in alizarin 
red solution (40 mM, pH 4.2; Sigma Chemical, Sigma-Aldrich) 
for 15 min and washed with deionized water (3×). The stained 
hydrogels were photographed with a digital camera, and the 
stain was dissolved in 200 μL of 10% cetylpyridine chloride 
solution (Sigma-Aldrich, St. Louis, MO, USA). Quantitative 
analysis was obtained through absorbance in a microplate 
reader (Synergy H1, BioTek, Winooski, VT, USA) at 570 nm. 
Hydrogels with no cells were used as a blank for background 
control.

2.6   |   Statistical Analysis

Three independent experiments were performed for quan-
titative assays. Data was compiled and analyzed by one or 
two-way ANOVA, complemented by the Tukey test, using 
GraphPad 10.2.1. software. Significant differences were con-
sidered at 5%.

3   |   Results and Discussion

3.1   |   Synthesis and Characterization 
of Microspheres and Hybrid Structures

SEM images of microspheres and hydrogels, along with bar 
graphs of porosity degree, pore size, and particle diameter mea-
surements on hydrogels are depicted in Figure 1. The MSCH and 
MSCHSV2%, MSCHSV5%, and MSCHSV10%, processed by the 
emulsion-crosslinking method, were round and had mean sizes 
of 1.7 ± 0.2 μm; 1.05 ± 0.15 μm; 1.3 ± 0.2 μm; and 0.85 ± 0.3 μm, 
respectively (Figure  1a). The characterization of microspheres 
was previously reported by Bronze-Uhle et al. (2025) [20]. These 
microspheres presented a round and smooth surface with a 
percentage yield above 88% and drug encapsulation efficiency 
above 84%. The presence of simvastatin was confirmed by FTIR, 
and a sustained release proportional to simvastatin concentra-
tion was observed throughout 30 days.

The morphological properties of hydrogels are illustrated in 
Figure 1b. SEM images of GelMA hydrogels confirm the macro-
porous morphology. An irregular porous architecture was ob-
served for the formulations incorporated with microspheres 
tested in this stage. The microspheres were present throughout 
GelMA with a tendency to form agglomerates. Those seemed 
to be higher as simvastatin concentration on microspheres 
was increased. These agglomerates can be observed on high 

magnification SEM images of Figure  1b, highlighted in blue. 
Figure  1c presents a dispersion graph encompassing the mea-
surement of microspheres on GelMA. It is possible to note that 
all groups present variations in the diameter of particles mea-
sured, with GelMA-MSCHSV10% featuring aggregates with 
higher diameters. Nevertheless, no significant differences were 
observed among groups when mean values were compared. 
The overall porosity (Figure  1d) significantly increased with 
the inclusion of MSCHSV compared to plain GelMA regard-
less of simvastatin concentration. Statistically similar pore sizes 
were obtained for the hydrogels GelMA (30.0 ± 5.4), GelMA-
MSCH (24.2 ± 2.2), GelMA-MSCHSV2% (26.4 ± 2.4), and GelM-
MSCHSV5% (30.6 ± 2.7). Nevertheless, GelMA-MSCHSV10% 
featured significantly higher pore size (53.2 ± 11.8) than the 
other groups (Figure 1e).

The morphology, pore size, and porosity of biomaterials are 
important factors to evaluate in the synthesis process of novel 
biomaterials, as they influence mechanical properties and cel-
lular response. Pore architecture, interconnectivity, and size 
are crucial in the regeneration processes, allowing local cell 
adhesion, proliferation, and angiogenesis, as they are closely 
associated with oxygen diffusion, nutrient transport, and cel-
lular vascularization [7, 16]. The introduction of microspheres 
changes the proportions of covalent and physical bonds in the 
3D matrix. Physical particle-polymer bonds between hydro-
philic groups originating from chitosan and GelMA increase 
crosslinking, which may affect pore size [35, 36]. In the pres-
ence of a high dosage of simvastatin in GelMA-MSCHSV10%, 
the energy balance of the interactions involved probably in-
creased the polymer-particle distance, thus increasing the pore 
size [35, 37]. In addition, Moghimikheirabadi et al. (2021) [35] 
report that the miscibility and good dispersion of nanoparticles 
within the polymer matrix are often associated with the effec-
tive nanoparticle-polymer attraction strength. Furthermore, 
hydrophobic modifications affect the microstructure of the hy-
drogel, as they lead to the formation of larger polymeric crowns 
around particles, increasing the hydrodynamic radius and the 
polymer-particle distance [38, 39]. Therefore, the higher simvas-
tatin concentration in MSCHSV10% may have provoked higher 
aggregates, leading to hydrogel structure expansion due to the 
hydrophobic nature of those aggregates.

The FTIR spectrum of hydrogels is presented in Figure  2. 
GelMA exhibits characteristic absorption bands in its struc-
ture  [40–42]. The band at 3290 cm−1 refers to the stretching 
of   OH groups of hydroxyproline present in the structure. The 
other absorption bands are relative to 3200–3400 cm−1 (N  H 
stretching of peptide bonds), 2945 and 2934 cm−1 (symmetric 
and asymmetric stretching of amides and C  H groups of alkyl 
chains, respectively), 1650 cm−1 (C  O stretching of amide I), 
1639 and 1539 cm−1 (C  O stretching of amide I and angular 
N  H deformations of amide II), 1500–1570 cm−1 (angular defor-
mations of   N  H groups of amide II), and 1240 cm−1 (angular 
deformations of N  H groups and C  N stretching of amide III). 
Characteristic absorption bands of amides are observed due to 
the presence of methacryloyl groups [42]. The FTIR analyses of 
GelMA-MSCH and GelMA-MSCHSV (2%, 5%, and 10%) demon-
strate changes in intensity and displacement that corroborate the 
inclusion of the spheres in the hydrogel. The increase in bands 
in the 2911–2854 cm−1 and 1070–1030 cm−1 regions indicates the 
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insertion of MSCH and MSCHSV into the hydrogel structure. 
Subtle changes in intensity and displacement in the regions 
3400–3300 cm−1 and 1650–1370 cm−1 indicate interactions (elec-
trostatic and hydrogen bonds) between functional groups on the 
surface of the chitosan microparticle with functional groups in 
the GelMA structural network [40, 43].

The FTIR performed for microspheres confirmed the incorpora-
tion of simvastatin for those formulations, as previously demon-
strated by Bronze-Uhle et al. (2025) [20]. MSCH and MSCHSV 
present absorption bands in the regions of 3500–3100 cm−1 
(  OH and   NH stretches), 2922 and 2854 cm−1 (asymmetric 
and symmetric   C  H stretches), 1650 cm−1 (relative to the C  O 
stretching of amide groups I), 1638 and 1560 cm−1 (angular vi-
brations of   NH2) and 1312 cm−1 (relative to the C  N stretching 
bands), 1452 and 1303 cm−1 (relative to the deformations of   CH 

and   OH), 1373 cm−1 (related to angular deformations of   C  H 
groups), 1180–900 cm−1 (related to symmetric and asymmetric 
stretching vibrations of   C  O groups [C  O  C]), and 893 cm−1 
(characteristic of the saccharide structure of chitosan). Bands 
at 1644 cm−1 refer to stretching vibrations of   C  N   groups, 
and bands at 1558 cm−1 refer to amides and ethylenic bonds 
(  C  C  ), both arising from crosslinking with glutaraldehyde 
and   NH2 groups of chitosan to form the microsphere. The 
characteristic band of the aldehyde group (  HC  O) appears at 
1714 cm−1, indicating the insertion of glutaraldehyde and chain 
elongation due to intermolecular crosslinking related to the for-
mation of chitosan microspheres. The insertion of simvastatin 
is confirmed by changes in the amino groups (  NH2) and/or 
hydroxyls (  OH) and aldehydes (CH  O) present in the micro-
spheres. The small absorption band at 1708 cm−1 is related to the 
C  O groups of simvastatin [44–46].

FIGURE 1    |    (a) SEM images (2.00 K X magnification) of microspheres. (b) SEM images (500 X and 750 X magnification) of hydrogels. Note micro-
spheres agglomerates in blue. (c) Dispersion graph of particle diameter measurement on SEM images (500 X). Representative bar graph of porosity 
(d), and pore size (e) for hydrogels. Numbers are mean values. Different letters indicate significant differences among groups (One-way ANOVA; 
Tukey's test. p < 0.05).
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3.2   |   Physical Characterizations and Drug 
Release Assay

Figure  3a shows the swelling ratio for formulated hydrogels. 
The swelling rate slightly increased with the inclusion of micro-
spheres, with significant differences being observed between the 
GelMA-MSCHSV groups in comparison to GelMA. However, 
no significant differences were observed among the groups of 
GelMA incorporated with microspheres. The higher swelling of 
GelMA in the presence of chitosan microspheres may be associ-
ated with the hydrophilicity arising from NH2 and OH groups 
in the chitosan polymer chains [47]. However, the lack of a sig-
nificant difference between the GelMA-MSCHSV2%, GelMA-
MSCHSV5%, and GelMA-MSCHSV10% groups indicates that 
the presence of hydrophobic simvastatin was not enough to 
change the extension properties of the polymer chains [40, 48]. 
The expansion of the hydrophilic polymeric network occurred 
due to the absorption of the surrounding medium, affecting 
rigidity, surface mobility, and solute diffusion. For example, 
greater absorptive capacity can decrease mechanical properties 

but could facilitate nutrient transport and oxygen diffusion to 
cells and stimulate cell migration and proliferation [33, 49].

The in vitro degradation rate of the hydrogels in the presence of 
collagenase is shown in Figure 3b. The results demonstrate that 
the degradation rate of hydrogels was not significantly different 
among tested formulations. The biomaterials had a mass loss 
of 38.3% ± 3.1% after 3 days, and at 7 days, all groups had a very 
small mass that could not be measured. Therefore, the incorpo-
ration of chitosan microspheres into the hydrogel matrix before 
photopolymerization did not alter the chemical degradability 
sites associated with collagenase [34]. Numerous articles re-
ported in the literature found degradation results ranging from 
hours to days, depending on the physicochemical properties of 
GelMA hydrogels; therefore, controlling degradation is an im-
portant factor in the synthesis of 3D hydrogels to support tissue 
repair and regeneration [40, 50, 51]. In addition to the influence 
of the type and number of cross-links, degradability is related to 
the amino acid sequences in the gelatin structure, such as amino 
groups (from lysine and hydroxylysine residues), hydroxyls (from 

FIGURE 2    |    FTIR spectra for (a) GelMA, MSCH, and GelMA-MSCH; (b) GelMA, MSCHSV2%, and GelMA-MSCHSV2%; (c) GelMA, MSCHSV5%, 
and GelMA-MSCHSV5%; (d) GelMA, MSCHSV10%, and GelMA-MSCHSV10%. [Color figure can be viewed at wileyonlinelibrary.com]
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threonine, serine, and hydroxyproline residues), and carboxylic 
acids (from aspartic acid and glutamic acid residues) [52]. The 
chemical structure of GelMA contains natural degradation sites 
for collagenases and metalloproteinases in the extracellular ma-
trix that can be altered in the synthetic process, especially with 
the inclusion of particles [53–55].

The drug release was also analyzed under enzymatic challenge 
(Figure  3c) to observe the presence of released simvastatin 
through GelMA structure from microspheres, such as proposed 
by Miyazawa et al. (2015) [53]. Simvastatin release in a cumula-
tive pattern was detected throughout the 7 days of analysis, which 
agrees with degradability studies in the same conditions. As 
shown in Figure 3c, the hybrid hydrogels GelMA-MSCHSV2%, 
GelMA-MSCHSV5%, and GelMA-MSCHSV10% presented sim-
ilar simvastatin release results in the range of 0.45–1.3 μmolar/
mm3, demonstrating the release of the drug in the hydrogel ma-
trix 3D, within the bioactive dose ranges [17, 56–59]. These re-
sults confirm those reported by Bronze-Uhle et al. (2025), which 
demonstrated sustained release of simvastatin from chitosan 
microspheres and show that the release continues throughout 
the GelMA structure. A similar result was found by Miyazawa 
et  al. (2015) [30]. A controlled release system for simvastatin 
was developed by creating gelatin micelles grafted with L-lactic 
acid oligomers (LAo) to allow simvastatin water solubilization. 
This system was incorporated into gelatin hydrogel, followed 
by chemical crosslinking. A sustained release was observed for 

up to 7 days, followed by burst release, coinciding with hydrogel 
degradation under enzymatic challenge.

The injectability of the proposed formulations was confirmed, 
as all hydrogels were injectable through a 22G syringe, as shown 
in Figure 4a,b. Previous studies with GelMA indicated that this 
hydrogel is injectable at room temperature (20°C to 22°C), as 
it achieves a more favorable rheological characteristic for con-
trolled injection [15]. In the presence of MSCHSV, hydrogel 
flow slightly increased, leading to a higher mass being injected 
through the syringe. The low viscosity of GelMA incorporated 
with MSCHSV can also be observed in the images of Figure 4c, 
in comparison to plain GelMA and GelMA-MSCH. This en-
hanced injectability can be correlated with swelling results and 
may be due to the increased hydrophilicity of GelMA in the 
presence of chitosan. However, this low viscosity may reduce 
the mechanical characteristics of GelMA. Nevertheless, our re-
sults show a similar degree of degradability under challenging 
conditions, indicating that, despite the viscosity change, GelMA 
incorporated with MSCHSV does not significantly alter its phys-
icochemical properties.

The volume of hydrogels following photopolymerization is 
shown in Figure  4c. A significant increase in hydrogel vol-
ume was observed for compositions containing microspheres, 
with the greatest increase seen in the presence of simvastatin. 
The GelMA-MSCHSV10% formulation exhibited the highest 

FIGURE 3    |    (a) Swelling ratio, (b) Enzymatic degradability of the hydrogels: GelMA, GelMA-MSCH, GelMA-MSCHSV2%, GelMA-MSCHSV5%, 
and GelMA-MSCHSV10%, and (c) Simvastatin cumulative release from GelMA hydrogel with collagenase. Different letters indicate significant dif-
ferences among groups (One-way ANOVA; Tukey's test. p < 0.05. n = 6). [Color figure can be viewed at wileyonlinelibrary.com]
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volume. The images in Figure  4d illustrate the differences in 
hydrogel volume and viscosity among the formulations at var-
ious temperatures. GelMA undergoes thermogelation due to 
the presence of gelatin in its composition, meaning its viscosity 
decreases at higher temperatures. After photopolymerization, 
all formulations reached a stable form, with higher volumes ob-
served in those containing microspheres.

3.3   |   In Vitro Biological Evaluation

Cell viability and proliferation were assessed to evaluate the 
cytocompatibility of the formulated hydrogels. As shown in 
Figure 5a, live HDPCs were observed within the hydrogel struc-
tures across all compositions. The number of cells within the 
hydrogels increased over time, with cells covering nearly the 
entire hydrogel structure by day 14. These findings were further 
supported by the alamar blue assay data (Figure 5b), which mea-
sures cell metabolism and indirectly reflects cell viability and 
proliferation over time. No significant differences in cell viabil-
ity were observed among the groups at any of the time points. 
However, a significant increase in cell viability was observed 
over time when comparing different time points. The only ex-
ception was between the 3 and 7-day time points, where no sig-
nificant differences were found.

The cell viability results indicate that the hydrogels were cy-
tocompatible, with a high number of live cells observed at 
all time points. Therefore, it can be concluded that incorpo-
rating MSCHSV at concentrations of 2%, 5%, or 10% did not 

induce cytotoxic effects on HDPCs due to the release of low-
dose simvastatin, which has previously been shown to be cy-
tocompatible with dental pulp cells [17, 29, 60, 61]. Previous 
studies have demonstrated that the effects of simvastatin are 
concentration-dependent. Concentrations exceeding 5 μM 
have been shown to negatively affect cell viability. At higher 
concentrations, simvastatin exhibits anti-proliferative, pro-
apoptotic, anti-angiogenic, and anti-invasive properties, and 
has been widely studied for its ability to inhibit cancer cell 
proliferation/viability. These effects are directly related to 
the inhibition of the mevalonate pathway. However, at these 
higher dosages, a reduction in cell viability has been observed 
in normal cells, with no bioactive effects reported. Therefore, 
determining the optimal simvastatin dosage for mineralized 
tissue regeneration is crucial, and the release pattern of bio-
materials should be designed to avoid a burst release of toxic 
concentrations [62, 63].

The odontoblastic differentiation capacity of HDPCs in  vitro 
was evaluated by evaluating the expression of specific bio-
markers. As shown in Figure 6, all biomarkers were positively 
modulated by GelMA in the presence of simvastatin-loaded 
microspheres. For both collagen expression and ALP activity, 
biostimulation showed a trend of being proportional to the sim-
vastatin concentration in the microspheres, with MSCHSV10% 
exhibiting the highest expressions. However, no significant 
differences were observed between GelMA-MSCHSV10% and 
GelMA-MSCHSV5%. The deposition of the mineralized matrix 
was significantly increased when HDPCs were cultured with 
GelMA functionalized with MSCHSV2% (59.6%), MSCHSV5% 

FIGURE 4    |    Hydrogel Injectability and volume measurements. (a) Representative images of hydrogels being extruded through a 22 gauge syringe. 
(b) Mass of extruded hydrogel. (c) Hydrogels volume after photopolymerization. (d) Representative images of hydrogels viscosity at different tempera-
tures and following photopolymerization. Different letters indicate significant differences among groups (One-way ANOVA; Tukey's test. p < 0.05. 
n = 6). [Color figure can be viewed at wileyonlinelibrary.com]
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(54.4%), and MSCHSV10% (68.2%), compared to plain GelMA. 
Nonetheless, only GelMA-MSCHSV10% showed a significant 
increase in comparison to GelMA-MSCH. The increase in 
red staining (indicating a calcium-rich matrix) in Figure  6d 

illustrates the presence of MSCHSV in the hydrogels. It is im-
portant to note that the hydrogel itself also stains, even in the 
absence of cells, and was used as the background for the quanti-
tative calculations in Figure 6c.

FIGURE 5    |    (a) Fluorescence images of the live/dead assay for GelMA, GelMA-MSCH, GelMA-MSCH2%, GelMA-MSCH5%, and GelMA-
MSCH10% at periods of 1, 3, 7, and 14 days. Green (live cells) and red (dead cells) staining. (b) Quantitative cell viability using the Alamar Blue 
metabolic assay (1, 3, 7, and 14 days). Bar graph of mean values of cell metabolism. Capital letters allow comparisons between time points for each 
group; lowercase letters allow comparisons among groups in each time point. Different letters indicate statistically significant differences (Two-way 
ANOVA with repeated measures/Tukey. p < 0.05. n = 6). [Color figure can be viewed at wileyonlinelibrary.com]
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The positive effect on inducing collagen, ALP activity, and 
calcium-rich extracellular matrix by HDPCs observed in the 
present investigation has been associated with simvastatin dif-
fusion through the cell membrane and activation of traditional 
pathways, such as ERK1/2, Smad 1, and BMP-2 pathways, in 
a mechanism that seems to be independent of the mevalonate 
pathway, leading to upregulation of BMP-2 and dentin sialo-
phosphoprotein (DSPP), which in turn induce an odontoblastic 
phenotype [18, 64]. This result corroborates those of Bronze-
Uhle et al. (2025) [20], in which the 2%, 5%, and 10% MSCHSV 
in direct contact with a 3D culture of HDPCs lead to a signifi-
cant increase in mineralized matrix deposition, demonstrating 
that the concentration of released simvastatin was within the 
bioactive range.

A number of in vitro and in vivo studies have shown that 3D 
biomaterials associated with simvastatin promote bone tissue 
regeneration [65–68]. In these studies, the authors demonstrated 
that the effects of simvastatin on regeneration processes are dose 
dependent. Although the biomineralizing effect of simvastatin 
was observed when low doses of this drug (0.01 to 1 μM) were 

continuously used for a specific treatment [17]. In a previous 
study from our group, bulk scaffolds capable of releasing around 
0.1 μM simvastatin had significantly increased bioactive poten-
tial on HDPCs. Using a realistic in vitro model of dental pulp 
exposure, the authors showed that this low amount of simvasta-
tin released from the scaffolds induced the migration of HDPCs 
from a 3D culture into the permeable biomaterial [17]. Migrating 
cells expressed an odontogenic phenotype that was upregulated 
by simvastatin [18]. The positive effect of those simvastatin-
enriched scaffolds was confirmed by a cell-free system in cal-
varia defects created in rats. In the presence of simvastatin, bone 
regeneration occurred faster and more intensely. Nevertheless, 
the previously developed system did not sustain the release of 
simvastatin. Conversely, simvastatin experienced a burst effect 
within 4 h and was completely released in the first 24 h [18].

Other researchers have attempted to create a direct pulp cap-
ping cement by simply mixing simvastatin at a high dosage in 
ceramic-based cements. The results found on human premolars 
and rat molars were similar, with a slightly higher rate of chronic 
inflammation and no significant differences in dentin bridge 

FIGURE 6    |    Bar graph of mean values of (a) collagen quantification (7 days), (b) ALP activity (14 days), and (c) alizarin red assay (21 days). Different 
letters indicate statistically significant differences (One-way ANOVA/Tukey. p < 0.05. n = 6). (d) Images of calcium nodules stained with alizarin red 
at 21 days, acquired by digital camera, in the presence and absence of cells (background). [Color figure can be viewed at wileyonlinelibrary.com]
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deposition compared to the control (plain ceramic cement) 
[69, 70]. These results may be a consequence of the burst release 
of simvastatin at high concentration, with no bioactive potential. 
On the other hand, when biomaterials able to promote a more 
controlled simvastatin release at lower dosages were tested, an 
improved dentin bridge deposition was achieved in canine teeth 
(74,75). The controlled release system for simvastatin developed 
in a gelatin hydrogel [30] positively influenced alkaline phospha-
tase (ALP) activity, calcium deposition, and bone morphogenic 
protein-2 expression by human dental pulp stem cells in  vitro 
and led to ectopic calcium deposition and dentin sialoprotein ex-
pression after subcutaneous implantation into mice.

Based on the discussion above, the effective use of simvastatin 
in tissue engineering for promoting mineralized tissue forma-
tion likely requires a system that ensures local, sustained release 
at bioactive dosages. The hydrogel formulated in this study rep-
resents a significant advancement in the development of bioma-
terials suitable for clinical applications in exposed dental pulp 
treatments. This hybrid system enables in  situ photopolymer-
ization, creating a cytocompatible network capable of releasing 
bioactive doses of simvastatin. However, there are several lim-
itations to this study that should be addressed in future work, 
including testing additional GelMA concentrations and incor-
porating a higher quantity of microspheres into the hydrogel to 
enhance the biomineralization effect. Moreover, in vivo studies 
are essential to validate the bioactive potential of these formula-
tions in promoting mineralized tissue deposition, with the goal 
of achieving results comparable to or exceeding those of cur-
rently used biomaterials in clinical practice.

4   |   Conclusions

The incorporation of simvastatin-loaded chitosan microspheres 
into the GelMA hydrogel resulted in minimal changes to chem-
ical bonds and interactions between the polymer and particles, 
without affecting swelling or degradability, and preserving 
injectability. This system enabled the controlled release of bio-
active doses of simvastatin throughout the hydrogel, creating 
a cytocompatible 3D network capable of promoting the deposi-
tion of a mineralized extracellular matrix. Overall, the GelMA-
MSCHSV10% formulation exhibited the highest bioactivity 
and mineralization effects, suggesting its potential for further 
development as an injectable system for direct pulp capping 
procedures.
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