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Abstract
Tooth loss is a widespread condition that significantly impacts quality of life, and 
effective functional treatments remain limited. Research in regenerative technologies 
is advancing toward solutions that are functional, customizable, and biologically 
integrative. Tooth-germ organoids – three-dimensional constructs cultured in vitro 
– hold promise for developing functional dental tissues. Hydrogel microparticles, 
selected for their structural support, resemblance to the natural extracellular matrix, and 
moldability, serve as carriers and scaffolds for organoid culture. Methacrylate gelatin 
microspheres (GelMA MS) have previously been identified as suitable scaffolds for dental 
organoids, as they support the composition of multiple cell types necessary for forming 
functional dental tissue. However, producing GelMA MS at a scale sufficient for tooth-
organoid research is time-consuming and suffers from limited reproducibility. This 
study aims to develop alternative gelatin-based carriers with simpler, more reproducible 
fabrication processes that provide equal or enhanced support for tooth-germ organoid 
formation. Two alternative carriers – gelatin microspheres (Gel MS) and micronized 
photo-crosslinked GelMA microparticles (GelMA MP) – were evaluated in comparison 
to GelMA MS and GelMA hydrogel. Both Gel MS and GelMA MP were found to be more 
cost-effective, easier to produce, and more reproducible than GelMA MS. To assess their 
effectiveness as cell carriers, the growth and osteogenic differentiation of human dental 
pulp stem cells (hDPSCs) were directly compared across all carriers. Results showed that 
hDPSCs demonstrated significant proliferation and formed organoid-like clusters on 
both Gel MS and GelMA MP, similar to GelMA MS. Cell viability was higher on GelMA MS, 
GelMA MP, and Gel MS than in GelMA hydrogel, a commonly used cell carrier. Among 
the four cell carriers, Gel MS provided the best support for the growth and osteogenic 
differentiation of hDPSCs. This study identifies viable alternatives to GelMA MS and 
highlights the superior performance of Gel MS as a cell carrier, advancing tooth-germ 
organoid research and developing potential therapeutic applications.
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1. Introduction
Dental interventions can partially restore tooth functionality, but the ultimate goal of 
dental repair is the regeneration of natural teeth and associated dental tissues.1 Among 
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indicate the ability of GelMA MS as a scaffolding material 
for the formation of tooth organoids.

While GelMA MS is promising for tooth organoid 
development, larger-scale studies, and pre-clinical animal 
models are needed to validate their efficacy. Producing 
GelMA MS in high quantities requires a scalable and 
reproducible method.7 The current production process is 
labor-intensive, involving high-speed mixing, temperature 
control, nitrogen purging, heat crosslinking, and extensive 
washing steps, resulting in microspheres of variable sizes 
and shapes that hinder reproducibility and scalability. 
Therefore, a simpler and more consistent production 
method is desired.

Given the photo-crosslinkable nature of GelMA, 
encapsulating single or multiple cell types within a three-
dimensional HG is achievable. However, while encapsulated 
cells in GelMA HG remain viable, limited nutrient and 
waste diffusion can reduce cell viability and functionality 
compared to cells cultured on HG surfaces.17,18 To increase 
surface area, photo-crosslinked GelMA HG can be 
micronized into GelMA microparticles (GelMA MP), 
which are easier to produce than GelMA MS. However, to 
evaluate the effectiveness of GelMA MP as a cell carrier, its 
ability to support cell growth and differentiation must be 
directly compared to that of GelMA MS.

Gelatin can also form microspheres (Gel MS), which 
have been shown to support human mesenchymal stem 
cell growth and functionality.18,19 The production process 
of Gel MS is simpler and more reproducible, allowing easy 
sorting by size.18

In this study, we generated three types of gelatin-based 
HG microparticles and compared hDPSCs cultured on 
these carriers to cells encapsulated in GelMA HG. We 
evaluated hDPSC growth and osteogenic differentiation 
across the different carriers. Similar to GelMA MS, both 
GelMA MP and Gel MS supported the formation of 
organoid-like structures. Among the four carriers, Gel 
MS was most effective at supporting cell growth and 
differentiation, highlighting its potential as a superior 
scaffold for tooth organoid formation.

2. Materials and methods
2.1. Synthesis of methacrylated gelatin

The synthesis and characterization of GelMA were 
previously described.7 The one-pot GelMA synthesis 
approach20 provides several notable benefits over 
conventional methods, such as reduced reaction and 
purification times, improved batch-to-batch uniformity, 
and increased process control. Briefly, type A gelatin from 
porcine skin (300 bloom, Sigma Aldrich, United States) was 

the various stem cells used in tooth regeneration research, 
dental pulp stem cells (DPSCs) are considered an optimal 
choice due to their self-renewal capabilities and potential 
for multilineage differentiation.2,3 DPSCs, derived from 
the pulp within the pulp chamber, play a crucial role in 
replenishing odontoblasts, contributing to dentin repair, 
and maintaining postnatal tooth homeostasis and repair.2,4,5

Recent advancements have highlighted tooth organoids 
– three-dimensional constructs containing multiple cell 
types, including DPSCs and dental epithelial cells – as 
a promising approach for tooth regeneration.6-8 Unlike 
traditional two-dimensional cell cultures, organoids mimic 
the in vivo environment by providing a three-dimensional 
structure that supports complex cellular and structural 
interactions essential for growth and differentiation.9 The 
three-dimensional nature of organoids allows the presence 
of structural properties and chemical signals that promote 
accurate cell differentiation, making them a powerful 
model for studying cellular behaviors outside of animal 
models.9 Through cell-cell interactions, organoids support 
self-assembly, wherein cells drive scaffold aggregation to 
form organoids, and self-organization, in which cellular 
interactions organize different cell types to mimic natural 
tissue structure, providing a functional representation of 
in vivo tissues (Figure 1E).10-12 Fine-tuning the scaffolding 
material is critical to successfully cultivating organoids that 
accurately replicate the structure and function of natural 
dental tissues.

Hydrogels (HG), biomaterials that mimic the natural 
cellular environment, are widely used in biomedical 
applications due to their crosslinked hydrophilic polymer 
networks, which allow them to retain large amounts 
of water within their three-dimensional networks.13-15 
Gelatin, derived from collagen (the most abundant 
protein in the extracellular matrix), interacts with 
cells and forms HG upon crosslinking. Methacrylate 
gelatin (GelMA), a derivative of gelatin modified with 
methacrylate anhydride, is photo-crosslinkable, allowing 
live cell encapsulation and crosslinking within GelMA 
HG.16 Due to their biocompatibility and tunability, gelatin-
based HG is frequently used in regenerative medicine, 
including tooth regeneration. Studies have shown that 
GelMA microspheres (GelMA MS) can be loaded with 
human DPSCs (hDPSCs) and injected into diseased dental 
pulp to support regeneration.5 In addition, GelMA MS 
have been shown to support the growth of hDPSCs and 
human dental epithelial cells (hDECs) into organoid-like 
structures. Co-culturing organoids formed from hDECs 
and hDPSCs resulted in fused organoids with cell-cell 
interactions occurring between different cell types, closely 
resembling the natural tissue environment.7 These results 
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Figure 1. Schematic illustration of the fabrication processes for various cell carriers and the application of dental organoids. Key steps in the fabrication of 
methacrylate gelatin (GelMA) microspheres (MS) (A), GelMA microparticles (MP) (B), GelMA hydrogels (HG) (C), and Gel MS (D) are shown. The use 
of organoids in tooth regeneration is highlighted (E). Progenitor cells, including dental pulp stem cells (bottom) and dental epithelial cells (top), are shown. 
Implantation may be performed in the mandible.
Abbreviations: APS: Ammonium persulfate; diH2O: Deionized water; LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; N2: Nitrogen gas; 
PDMS: Polydimethylsiloxane; rpm: Revolutions per minute.
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dissolved at 10% w/v in 100 mL of 0.25 M, pH 9.4 carbonate-
bicarbonate buffer (Sigma Aldrich, United States) at 55°C. 
The pH of the solution was adjusted to 9.4, and 0.938 mL 
methacrylic anhydride (Sigma Aldrich, United States) was 
added slowly under continuous magnetic stirring at 500 
revolutions per minute (rpm) to achieve a targeted 100% 
degree of substitution. The reaction was continued for 
1  h at 55°C and was stopped by lowering the pH to 7.4. 
After filtration, the solution was dialyzed for 2  days and 
lyophilized for use in subsequent experiments.

2.2. Preparation of methacrylated gelatin 
microspheres

Methacrylated gelatin microspheres were prepared as 
previously described.7 Briefly, lyophilized GelMA was fully 
dissolved at 10% w/w in 5 mL of deionized water (diH2O) 
at 37°C. Separately, 75 mL of mineral oil (Sigma Aldrich, 
United States) was heated to 37°C in a two-neck, 250-mL 
round-bottomed flask. To this, 1 mL of Tween 20 (Thermo 
Fisher Scientific, United States) was added and stirred at 
600 rpm for 5 min. The 10% GelMA solution was mixed 
with 14  mg (12.5 mM) ammonium persulfate (Sigma 
Aldrich, United States) and added dropwise to the oil 
phase. The oil-water emulsion was stirred at 400 rpm for 
5 min, and nitrogen gas was bubbled through the emulsion 
for 20  min at 45°C to purge oxygen. Under continuous 
stirring, the temperature was increased to 100°C for 40 min 
to allow for crosslinking.

After the reaction, the mixture was centrifuged 
at 2,500  rpm at 4°C to collect the GelMA MS pellet. 
The pellet was washed extensively with distilled water 
(diH2O; including one overnight wash to remove residual 
surfactant), followed by 50%, 70%, and 100% acetone 
washes to remove oil residuals. Following the acetone 
washes, the GelMA MS was washed three times in diH2O 
with a 15-min mixing before centrifugation to remove 
residual acetone (Figure  1A). The entire process took 
approximately 2  days. Finally, the pellet was lyophilized 
and stored at 4°C if not used immediately. The average size 
of rehydrated GelMA MS was determined by measuring 
the microsphere sizes using an optical light microscope 
(Echo Revolve, United States) and FIJI software (National 
Institute of Health [NIH ImageJ2 version:2.14.0/1.54f, 
USA).

2.3. Preparation of methacrylated gelatin 
microparticles

To prepare GelMA MP, a 10% (w/v) GelMA solution (10 mL) 
was prepared. A  1% stock solution of the photoinitiator 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 
Sigma Aldrich, United States) was added to the GelMA 
solution to achieve a final concentration of 0.05% (w/v). 

The mixture was transferred to a polydimethylsiloxane 
(PDMS)-coated 6-well plate. Light crosslinking (405 nm; 
Sovol, China) was performed at 20 mW/cm2 for 2 min at 
a distance of 13 cm from the top of each well, followed by 
flipping the gelled discs and repeating the light crosslinking 
on the opposite side of the GelMA HG discs. The solidified 
GelMA HG was cut into approximately 3 mm × 3 mm pieces 
and frozen at -80°C or in liquid nitrogen. Once frozen, the 
GelMA pieces were transferred to a pre-chilled pestle and 
mortar and ground into fine particles by repeated grinding 
motions (Figure  1B). This process took about 1  h. The 
particles were collected and lyophilized. The average size 
of rehydrated GelMA MP was determined by measuring 
the longest side of irregular shaped microparticles using an 
optical light microscope (Echo Revolve) and FIJI software 
(NIH ImageJ2).

2.4. Preparation of methacrylate gelatin hydrogel-
containing cells

Methacrylate gelatin hydrogels are widely used as cell 
carriers.21,22 In this study, GelMA HG-containing cells 
were used as the control. Briefly, 15 µL of 10  mg/mL 
LAP and 85 µL of culture media were added to 200 µL of 
15%  w/v GelMA solution containing 1.5 × 106 hDPSCs. 
After thorough mixing, 30 µL of this mixture (with a final 
GelMA concentration of 10%) was transferred to a PDMS 
mold (6 mm in diameter) and crosslinked for 40 s using 
a 405 nm light source (Sovol, China). The gelled GelMA 
HG discs contained 3 mg of GelMA (dry weight) per disc 
and 1.5 × 105  cells per disc. The GelMA HG discs were 
rinsed with PBS and cultured in a 48-well cell-repellent 
plate (Greiner Bio-One, Austria) in a cell culture medium. 
The entire process of preparing GelMA HG with cells took 
approximately 30 min (Figure 1C).

2.5. Preparation of gelatin microspheres

Gelatin microspheres were synthesized using a modified 
water-in-oil polymerization method as described 
previously.18 Briefly, two grams of porcine type A gelatin 
was dissolved in 10 mL of distilled water at 55°C to create 
a clear solution. The gelatin solution was then added 
dropwise to pre-heated olive oil (Ward’s Science, United 
States) at 40°C, under constant stirring at 500  rpm. The 
water-in-oil emulsion was mixed for 30 min at 40°C, then 
immediately cooled to 4°C. To crosslink, 20 mL of chilled 
acetone containing 200 µL of 25% glutaraldehyde was 
added slowly using a syringe, tubing, and an 18 G needle. 
After fixing at 4°C for 1  h, the oil and acetone phases 
were removed. The Gel MS pellets were washed with 
acetone, followed by centrifugation at 3,400 rpm at 4°C for 
5 min. After three washes with acetone, 20 mL of 10 mM 
glycine was added to the Gel MS to neutralize residual 
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glutaraldehyde. After glycine treatment, the Gel MS was 
washed three times with diH2O. The Gel MS mixture 
was passed through a 100 µm cell strainer (Corning Inc., 
United States) (Figure  1D). This process typically takes 
approximately 8  h. The filtered Gel MS (≤100 µm) was 
then lyophilized and stored at 4°C until use.

2.6. Culture of hDPSCs

The hDPSCs were kindly provided by Dr. Pamela Yelick and 
Dr.  Weibo Zhang from Tufts University.7 Cells (passages 
5 – 9) were cultured in minimum essential medium 
(MEM)-alpha (HyClone, United States) supplemented with 
10% fetal bovine serum (CPS Serum, United States) and 
25 µg/mL of gentamicin (Sigma-Aldrich, USA) in tissue 
culture-treated polystyrene plates (CELLTREAT, United 
States). Cells were sub-cultured when they reached 80% 
confluence, if not immediately used for experiments.

2.7. hDPSC seeding on different gelatin-based cell 
carriers

Three milligrams of lyophilized GelMA MS, GelMA HP, 
or GelMS were sterilized under ultraviolet light for 30 min 
(n=4 for each group). After sterilization, the samples were 
transferred to sterile Eppendorf tubes. Each tube was filled 
with 1 mL of MEM-alpha complete medium and centrifuged 
at room temperature for 1 – 2  h to facilitate rehydration. 
After rehydration, the medium was removed from each tube.

hDPSCs were trypsinized and collected after reaching 
80% confluence. One hundred µL of 1.5 × 106/mL hDPSC 
suspension (1.5 × 105 cells/sample) was added to each tube. 
The cells were mixed with the cell carriers using pipette 
tips and incubated in the tubes in a tissue culture incubator 
for 30  min, with gentle mixing every 10  min. Following 
the initial cell seeding, 200 µL of complete medium was 
added to each tube. The mixed cells and carriers were then 
transferred to the wells of a 48-well cell-repellent plate and 
cultured statically overnight. After 48  h, the culture was 
continued with gentle shaking (200 rpm) on a BT4500 CO2 
Orbi-Shaker (Benchmark Scientific, United States) in the 
tissue culture incubator. The medium was changed every 
3 days.

2.8. Viable cell staining with calcein acetoxymethyl 
ester

After 10 days of culture, cells on/in the carriers were stained 
with the live dye calcein, following the manufacturer’s 
instructions. Briefly, the samples were treated with calcein 
acetoxymethyl ester (AM; 1 μM in growth medium) 
(Corning Inc., United States) for 30 min in the cell culture 
incubator. After staining, the samples were washed with 
PBS and visualized using a fluorescence microscope (Echo 
Revolve, United States).

2.9. Cell viability monitoring using a metabolic 
activity assay

Cell viability on/in the cell carriers was assessed using the 
alamarBlue assay (Bio-Rad Laboratories, United States). 
After 10  days of culture, 0.3  mL of alamarBlue solution 
(complete growth medium + 10% alamarBlue reagent) was 
added to each well and incubated at 37°C for 30 min. After 
incubation, 0.1 mL of the supernatant was transferred to 
a 96-well plate, and fluorescence intensity was measured 
using a multimode microplate reader (Spark®, Tecan Life 
Sciences, Switzerland) at excitation/emission wavelengths 
of 540 nm/590 nm. The fluorescent intensity was reported 
in arbitrary units.

2.10. Deoxyribonucleic acid quantification

Cells were released from aggregates or HG by enzymatic 
digestion with 0.5  mg/mL collagenase in PBS for 2  h in 
a 37°C incubator shaking at 200  rpm. After digestion, 
samples were treated with a cell lysis buffer (Cell Signaling 
Technology, United States) containing 0.5% sodium 
dodecyl sulfate (Fisher Scientific, United States). The 
released deoxyribonucleic acid (DNA) from cells cultured 
on/in cell carriers was quantified using the Helixyte Green 
dsDNA Assay Kit (AAT Bioquest, Pleasanton, CA, USA) 
following the manufacturer’s protocol.

2.11. Osteogenic differentiation of hDPSCs on/in 
various cell carriers

After hDPSCs were cultured on GelMA MS, GelMA HP, 
Gel MS, or in GelMA HG for 10 days, one set of samples 
underwent osteogenic differentiation. Osteogenic medium 
(growth medium containing 10% fetal bovine serum, 
supplemented with 20 mM β-glycerophosphate, 50 µg/mL 
ascorbic acid, and 100 nM dexamethasone; Sigma-Aldrich, 
United States) was added to each well at a volume of 0.4 mL/
well.23 A control set was cultured in growth medium for 
the same duration. The induction or growth medium was 
changed every 3 days for a total of 10 days.

2.12. Staining and quantification of osteogenic 
differentiation

To evaluate osteogenic differentiation of hDPSCs on/in 
different carriers, samples were stained with 0.2 mL/well of 
alizarin red solution (EMD Millipore Corp., United States) 
for 5 min after 10 days of induction. Alizarin red stains the 
calcium deposits formed during osteogenic differentiation 
of stem cells. The stained samples were washed in excess 
water and examined under a light microscope. Color (red, 
green, blue [RGB]) images were captured using an Echo 
Revolve Microscope (Echo Revolve, United States) with 
a 10× objective. To quantify the intensity of red staining 
in each image, at least 15 images from each group were 
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analyzed using the NIH ImageJ software. The RGB_
Measure.java plugin java file was used to measure the red 
channel intensity of each sample. Data were then analyzed 
using GraphPad Prism version 10.3.1 (United States).

2.13. Statistical analysis

For each experiment, biological repeats (n ≥ 3) were used, 
and data are presented as mean ± standard deviation. 
One-way ANOVA with Tukey’s multiple comparisons 
test was performed to determine statistical significance, 
using GraphPad Prism version  10.3.1. Differences were 
considered significant at a P < 0.05.

3. Results and discussion
3.1. Fabrication and characterization of gelatin-
based cell carriers

To explore additional cell carrier options for culturing 
hDPSCs, four configurations of gelatin-based HG materials 
were prepared.

3.1.1. Methacrylate gelatin microspheres

Methacrylate gelatin microspheres were produced using 
a water-in-oil emulsion method, followed by ammonium 
persulfate-initiated thermal crosslinking.7 This process 
involves multiple high-temperature steps (e.g., 100°C) 
and requires the use of surfactants, nitrogen purging, and 
extensive washing (Figure  1A). It typically takes about 
2  days to obtain a clean batch ready for lyophilization. 
The labor-intensive, multi-step nature of this method 
contributes to significant batch-to-batch variability, 
presenting challenges for scaling up the process. The 
hydrated GelMA MS, which was measured to range from 
50 to 250 μm with an average size of 134.75 ± 69.2 μm, was 
used in this study (Figure 2A and E). This wide size range 
further underscores the challenges in producing large, 
uniform batches of GelMA MS, which could hinder the 
scalability required for larger studies. The characterization 
of these GelMA MS has been reported in our previous 
study.7 Once lyophilized, GelMA MS remain shelf-stable 
when stored at 4°C, allowing for off-the-shelf use.

Figure  2. Morphologies of various gelatin-based carriers. Lyophilized cell carriers were rehydrated in cell culture medium for 1  h. Representative 
phase-contrast images of rehydrated methacrylate gelatin (GelMA) microspheres (MS) (A and E), GelMA microparticles (MP) (B and F), and gelatin 
microspheres (Gel MS; C and G) were captured using a light microscope. Crosslinked GelMA hydrogel (GelMA HG) without cells are shown in D and H. 
Scale bar = 100 μm; Magnification power for A–D=100×; Magnification power for E–H = 170×.
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3.1.2. Methacrylate gelatin microparticles

Photocrosslinking offers a simple and reproducible 
approach for preparing GelMA HG.24 To increase the surface 
area, the crosslinked GelMA HG was frozen at −80°C or 
in liquid nitrogen, then micronized using a mortar and 
pestle (Figure  1B). Mechanical fragmentation is a widely 
adopted technique due to its simplicity and efficiency in 
producing hydrogel microparticles (HMPs). This method 
facilitates the rapid generation of substantial quantities of 
MP in a single, streamlined procedure.25 In this study, the 
process yielded MP with a heterogeneous range of sizes and 
shapes, completed in approximately 1 h. The average size 
(measured along the longitude axis) was 147.83 ± 54.02 µm 
(Figure 2B and F). Lyophilized GelMA MP remains stable 
when stored at 4°C and can be used off-the-shelf.

3.1.3. Methacrylate gelatin hydrogels

Encapsulating cells in photocrosslinked GelMA HG is a 
commonly used method for cell delivery due to its ease 
of size and shape determination and the low cytotoxicity 
of photocrossslinking on cells.21,22 In this study, hDPSCs 
were mixed with a solubilized GelMA solution and 
encapsulated within the GelMA HG matrix using LAP-
initiated photocrosslinking (Figure  1C). The encapsulation 
process took approximately 30  min post-cell preparation. 
GelMA HG without cells appeared transparent and smooth 
(Figure  2D  and H). The GelMA HG with embedded cells 
demonstrated a uniform distribution throughout both 
the surface and interior of the construct, as expected. HG 
dimensions can be easily adjusted by modifying the mold 
and gel volume; in this study, a 6 mm diameter and 1 mm 
thickness were used. Encapsulated hDPSCs in GelMA 
HG served as the reference for comparison with other cell 
carriers.

3.1.4. Gelatin microspheres

In this configuration, gelatin (rather than GelMA) 
was used as the starting material. Gel MS were formed 
using the water-in-oil emulsion technique, followed by 
glutaraldehyde-mediated crosslinking and subsequent 
washing, filtration, and lyophilization for long-term 

storage. The gentle processing conditions allow for the 
integration of proteins, drug compounds, or cells during the 
fabrication of HMPs.26,27 Microsphere sizes were selected by 
passing them through cell strainers with the desired pore 
sizes18 (Figure 1D). Preparation of Gel MS typically takes 
approximately 8 h, including glutaraldehyde neutralization 
and multiple washes. The average size of the Gel MS used 
in this study was 109.47 ± 19.15 µm (Figure 2C and G). 
Previous studies have shown that this size is most efficient 
for supporting cell growth, as opposed to larger sizes of Gel 
MS.18 Once lyophilized, Gel MS remains stable at 4°C and 
is suitable for off-the-shelf use.

As shown in Figure 2, GelMA MS and Gel MS displayed 
relatively uniform spherical shapes, while GelMA MP 
exhibited a range of sizes and shapes. In addition, the 
surfaces of the GelMS, GelMA MP, and GelMA HG 
appeared smooth (Figure 2), while the surface of the GelMA 
MS showed notable surface topography, likely resulting 
from the harsh processing conditions at high temperatures 
and extended washing steps. The key characteristics of 
each cell carrier are summarized in Table 1.

3.2. Evaluation of hDPSC growth on/in various cell 
carriers

To assess the ability of different carriers to support 
hDPSC growth, GelMA MS, GelMA MP, and Gel MS 
were rehydrated using equal dry weights, while GelMA 
HG was prepared with an equivalent weight of GelMA 
powder. Equal numbers of hDPSCs were then seeded onto 
each carrier or encapsulated within GelMA HG. After 
10 days of culture, cell-laden GelMA MS, GelMA MP, and 
Gel MS carriers formed aggregates (Figure  3A[v–vii]), 
whereas the corresponding cell-free controls remained 
separate (Figure  3A[ix–xi]), consistent with previous 
studies conducted using only GelMA MS.7 Viable 
cells on each carrier were visualized by calcein AM 
staining, where green fluorescence indicated cell viability 
(Figure 3A). Fluorescent intensity was strongest on Gel MS 
(Figure 3A[iii]) and particularly prominent on the surfaces 
of GelMA MS and GelMA MP (Figure  3A[i and ii]). In 
GelMA HG, higher cell viability was observed on the HG 
surface than within the matrix (Figure 3A[iv]).

Table 1. Key characteristics of the gelatin-based cell carriers used in this study

Cell carrier Average size (μm) Shapes Crosslinking Processing time Batch variability

GelMA MS 134.8±69.2 Spheres Thermal 2 days Medium

GelMA MP 147.8±54.0 Irregular Photo 1 h Minimal

Gel MS 109.5±19.1 Spheres Glutaraldehyde 8 h Minimal

GelMA HG 6×1a Disc Photo 0.5 h Minimal

Note: aAverage size is reported in diameter × thickness in mm. 
Abbreviations: GelMA HG: Methacrylate gelatin hydrogel; GelMA MP: Methacrylate gelatin microparticles; GelMA MS: Methacrylate gelatin 
microspheres; Gel MS: Gelatin microspheres.
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Figure 3. Viability of cells on/in different cell carriers. Cells were cultured on or in different carriers for 10 days. The samples were stained with calcein 
acetoxymethyl ester. (A) Representative fluorescent images (upper row of A) and phase-contrast images (middle row of A) are shown. The carriers without 
cells (lower row of A) showed no aggregation. Scale bar = 100 μm; magnification power = 100×. (B) The metabolic activity of cells on/in the carriers was 
measured using the alamarBlue assay. (C) Deoxyribonucleic acid (DNA) released from each sample after the dissolution of aggregates or hydrogel was 
quantified using the Helixyte DNA assay. Data are presented as mean ± standard deviation (n = 4; ***P < 0.005).
Abbreviations: AU: Arbitrary units; GelMA HG: Methacrylate gelatin hydrogel; GelMA MP: Methacrylate gelatin microparticles; GelMA MS: Methacrylate 
gelatin microspheres; Gel MS: Gelatin microspheres.
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GelMA HG possesses a crosslinked structure that forms 
a bulk HG, which may hinder effective nutrient and waste 
exchange between embedded cells and their surrounding 
environment.28 In contrast, cells in GelMA MS and Gel 
MS exhibited an elongated morphology and spanned 
between microparticles (Figure  3A[i, iii, v, vii]), whereas 
cells in GelMA HG and maintained a non-elongated 
morphology (Figure  3A[iv and viii]). This cellular 
arrangement promotes aggregation, suggesting enhanced 
cell-cell contact and communication compared to GelMA 
HG, where cells were only elongated on the HG surface 
and remained rounded within the bulk HG. Studies have 
shown that cell-cell communication is important for the 
viability and functionality of hDPSCs in tooth organoid 
formation.29 Furthermore, the observed 3D structure 
and cell spreading likely enhance both cell-cell and cell-
scaffold mechanical interactions, which are essential for 
maintaining stem cell viability.30

Cell viability was further quantified using the 
alamarBlue assay to assess metabolic activity (Figure 3B). 
Notably, cells on Gel MS exhibited significantly higher 
metabolic activity than those on GelMA MS or GelMA 
MP. Between GelMA MS and GelMA MP, which share 
the same material composition, GelMA MS supported 
significantly higher viability. Although GelMA MP is 
expected to provide more surface area than spherical 
GelMA MS, the lower metabolic activity observed suggests 
that factors such as surface curvature may influence cell 
adhesion, proliferation, or metabolism beyond surface 
area alone. Among all four carriers, GelMA HG showed 
the lowest cell viability.

Since the alamarBlue assay may not accurately reflect 
cell counts due to reagent permeability limitations in 
aggregates or HG,28 DNA quantification was conducted 
as an additional measure.28 After treating the samples 
with type I collagenase to dissolve aggregates or the HG, 
released DNA was measured using the Helixyte DNA assay 
(Figure 3C). Consistent with the metabolic activity results, 
Gel MS supported the highest cell growth based on DNA 
content. Interestingly, DNA quantities on GelMA MS, 
GelMA MP, and in GelMA HG were similar. The similar 
DNA levels between GelMA MS and GelMA MP indicated 
comparable cell numbers on these two carriers. This result 
may highlight the differential effects that size, crosslinking 
methods, and geometries have in promoting cell viability. 
Although the reason for the higher metabolic activity of 
cells in GelMA MS compared to GelMA MP (Figure 3B) 
remains unclear, Calcein AM staining revealed elongated 
cells on the surfaces of GelMA MS (Figure 3A[i]), whereas 
staining on GelMA MP appeared punctuated and discrete 
(Figure 3A[ii]). Increased cell spreading is known to raise 

metabolic rates,31 which may contribute to the higher 
metabolic activity on GelMA MS. Factors such as size 
distribution, porosity, and surface topography likely 
influence the rate and effectiveness of nutrient exchange 
within the constructs, as well as the available surface area 
for cell adhesion and growth.32,33 These characteristics may 
differ between carriers due to their respective fabrication 
methods and crosslinking agents.34

Cell viability in GelMA HG may be underestimated due 
to limited reagent permeability in and out of the HG in the 
metabolic assay (Figure 3B). Conversely, DNA measured 
from dissolved GelMA HG might include DNA from 
dead cells trapped in the HG, potentially overestimating 
cell numbers. Although neither assay provides a definitive 
measure of cell growth on GelMA-based carriers, both 
consistently showed that Gel MS supported the highest 
hDPSC growth, which was consistent with phase image 
observations (Figure 3A[v-viii]).

3.3. Osteogenic differentiation of hDPSCs on/within 
different cell carriers

To support tooth regeneration, hDPSCs in organoid 
cultures undergo lineage-specific differentiation.7,35 
Osteogenic and odontogenic differentiation are commonly 
used to assess the differentiation potential of hDPSCs 
in tooth tissue applications, as these cell types share 
similarities, and hDPSCs have been shown to be capable of 
differentiating into both lineages.36 To assess the osteogenic 
differentiation potential of hDPSCs on/in various carriers, 
cell aggregates were cultured in osteogenic medium 
for 10  days. These organoid-like aggregates, both with 
and without osteogenic induction, were then stained 
with alizarin red solution (Figure  4). Alizarin red stains 
calcium deposited by osteogenically differentiated cells. 
Osteogenically-induced samples (Figure 4A, upper panel) 
displayed significantly stronger red staining compared 
to uninduced samples (Figure 4A, lower panel), with the 
exception of GelMA HG. Interestingly, GelMA HG without 
cells also showed strong staining (Figure  4A), indicating 
possible non-specific dye binding or inefficient dye elution 
from GelMA HG despite extensive washing steps.

In aggregates, intense red staining was localized to areas 
where cells aggregated between particles (Figure 4A[i–iii]), 
while in GelMA HG, staining was more pronounced on the 
surface where elongated cells were located (Figure 4A[iv]). 
This pattern aligns with viability assays, which indicated 
higher viability of cells grown on GelMS MS, GelMS MP, 
and Gel MS throughout organoid-like structures, compared 
to the lower viability of hDPSCs encapsulated in GelMA 
HG. These findings suggest that cell-cell interactions and 
elongation facilitated differentiation, as these phenomena 
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predominantly occurred between the particles. Increased 
cell-cell communication and cell density have been 
shown to promote osteogenic differentiation of hDPSC.37 
The distribution of calcium deposits throughout the 

constructs in GelMA MS, GelMA MP, and Gel MS may 
offer advantages in tooth organoid generation compared 
to the surface-limited deposits observed in GelMS HG, 
potentially leading to improved distribution of deposited 

Figure 4. Osteogenic induction of human dental pulp stem cells (hDPSCs) on/in different carriers. hDPSCs cultured on/in different carriers for 10 days, 
followed by incubation in osteogenic induction medium (upper row) or growth medium (lower row) for an additional 10 days. Samples were stained with 
alizarin red solution and subjected to extensive washes. (A) Representative images of GelMA MS (i and v), GelMA MP (ii and vi), Gel MS (iii and vii), 
and GelMA HG (iv and viii) are shown. Representative calcium deposits are indicated by white arrows. Scale bar=100 µm; magnification power = 100×. 
(B) Staining was semi-quantitatively measured using ImageJ. Data are presented as mean ± SD (n > 15; *P < 0.05, ***P < 0.005).
Abbreviations: AU: Arbitrary units; GelMA HG: Methacrylate gelatin hydrogel; GelMA MP: Methacrylate gelatin microparticles; GelMA MS: Methacrylate 
gelatin microspheres; Gel MS: Gelatin microspheres.
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material and structural properties in tooth-germ 
organoids. This property is crucial, as material distribution 
during differentiation directly influences tooth germ 
development.38 Staining intensity was semi-quantitatively 
analyzed using ImageJ software, examining over five 
images per sample (>15 images per group) to assess 
levels of osteogenic differentiation (Figure 4B). Across all 
groups except GelMA HG, cells subjected to osteogenic 
induction showed significantly stronger staining compared 
to those in growth medium (+ versus -). Notably, induced 
cells on Gel MS (Gel MS+) exhibited stronger staining 
compared to those on GelMA MS or GelMA MP. The 
higher cell density on Gel MS may contribute to these 
observed differences in intensity. In addition, factors such 
as sphere diameter, curvature, and size distribution have 
been shown to influence the osteogenic differentiation 
of stem cells.39 Substrate stiffness is also known to affect 
the osteogenic differentiation of stem cells, as reported 
in several studies.40-42 The Gel MS, GelMA MP, GelMA 
MS, and GelMA HG synthesized in this study have not 
been characterized for mechanical properties such as 
stiffness, which may differ due to the various crosslinking 
methods used.43 Exploring the role of these features in 
cell differentiation on cell carriers could provide valuable 
insights into their impact on hDPSC differentiation and 
their potential as scaffolds.

The mechanisms underlying the differential effects of 
various cell carriers on hDPSCs require further investigation. 
Once these mechanisms are fully understood, it will be 
possible to develop cell carriers with optimized features that 
facilitate tooth-germ organoid formation and harness the 
advantages of multiple attributes. Using a combination of 
heterogeneous cell carriers to maximize the benefits of diverse 
features could also be a viable approach. Future studies will 
assess contributing factors such as base materials (gelatin 
versus GelMA) and particle sizes. In addition, to determine 
whether these in vitro observations are translatable to in vivo 
conditions and whether these organoids can support tooth 
regeneration, pre-clinical studies will be essential.

Our results suggest that Gel MS not only provides 
superior support for cell growth but also promotes 
osteogenic differentiation in organoid-like aggregates of 
hDPSCs. Among the four cell carriers tested, Gel MS stands 
out as a promising candidate for dental organoid formation. 
Notably, GelMA MS and GelMA MP showed similar 
capabilities in supporting cell growth and differentiation. 
However, given that the production of GelMA MP is simpler, 
more reproducible, and scalable than that of GelMA MS, 
GelMA MP may serve as a practical alternative. Importantly, 
the photocrosslinking of GelMA MP does not compromise 
protein integrity, making it suitable for the incorporation 

of growth factors, immune modulators, or cytokines.22 This 
dual-functionality carrier holds promise for applications in 
other tissue regeneration contexts as well.

4. Conclusion
Tooth organoids hold great promise for supporting tooth 
regeneration, creating a demand for cell carriers that are not 
only biocompatible and effective but also scalable for clinical 
applications. In this study, we compared four different 
gelatin-based cell carriers to evaluate their ability to support 
the growth and differentiation of hDPSCs. Our results 
demonstrate that Gel MS, produced through a reproducible 
and scalable process, most effectively supported cell growth 
and osteogenic differentiation of hDPSCs compared to 
GelMA-based carriers (GelMA MS and GelMA MP). While 
further research is needed to elucidate the mechanisms 
underlying the differential effects of these carriers, Gel 
MS has emerged as a strong candidate for tooth organoid 
generation. Moving forward, pre-clinical studies using Gel 
MS will be crucial to determine its effectiveness in vivo and 
its potential to support tooth regeneration in clinical settings.
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