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Abstract

Although various efforts have been made to develop effective treatments for alveolar bone defect, alveolar regeneration has

been emerging as the one with the most potential Herein, we investigated the potential of gelatin methacrylate (GelMA)

hydrogels-encapsulated human periodontal ligament stem cells (hPDLSCs) to regenerate alveolar bone. The easy, rapid, and

cost-effective nature of GelMA hydrogels makes them a promising mode of stem cell-delivery for clinically relevant alveolar

bone regeneration. More importantly, GelMA hydrogels provide an optimal niche for hPDLSCs proliferation, migration and

osteogenic differentiation, which are critical for alveolar bone regeneration. In this study, we examined the microstructure of

GelMA hydrogels, and identified a highly porous and interconnected network. Compressive test of GelMA hydrogels

showed that the stress reached a maximum value of 13.67 ± 0.03 kPa when the strain reached 55%. The maximum values of

swelling ratio were 700 ± 47% at the fifth hour. The proliferation rate of hPDLSCs in the GelMA hydrogels resembled that in

2D culture and gradually increased. We established a critical-sized rat model of alveolar bone defects, and applied Micro-CT

to assess new bone formation. Compared to the control group, there was substantial bone regeneration in the GelMA+

hPDLSCs group at both 4 and 8 weeks after the operation. Histological analysis results were consistent with Micro-CT

results. Our study demonstrates that the GelMA hydrogels-encapsulated hPDLSCs have a significant alveolar regenerative

potential, and may represent a new strategy for the therapy of alveolar bone defects.
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Graphical Abstract

1 Introduction

Alveolar bone deficiencies can result from periodontal

disease, trauma, infection, congenital alveolar fenestration,

and so on [1]. Various agents, such as anti-inflammatory

drugs, systemic antibiotics, bisphosphonates, etc., have

been used to promote alveolar bone formation [2, 3].

However, the results have been discouraging. Recently,

stem cell therapy has been garnering attention in facilitating

alveolar bone regeneration [4, 5] as some studies have

indicated that different types of pluripotent mesenchymal

stromal cells (MSCs) can be used for the regeneration of

periodontal tissues [6–8]. Seo et al. showed that human

periodontal ligament stem cells (hPDLSCs) displayed a

higher level of proliferation and osteogenic differentiation

capability than bone mesenchymal stromal cells (BMSCs)

[9]. These data suggest that hPDLSCs could be used as a

potential therapy for regeneration of periodontal bone tis-

sues in alveolar bone deficiencies.

Although hPDLSCs are ideal therapeutic candidates for

the regeneration of periodontal bone tissues, the mode of

delivery of these stem cells still needs to be perfected.

While optimizing the delivery of hPDLSCs can result in

higher quality tissue regeneration, the process still remains

challenging. Test of various biomaterials for 3D delivery of

stem cells has demonstrated an important role of vehicle in

the performance of encapsulated cells as well as the success

of the regenerative therapy [10, 11]. Among these bioma-

terials, gelatin methacrylate (GelMA) hydrogels, which can

retain cell-binding and are mechanically robust, represent a

promising vehicle for stem cells delivery [12, 13]. Fur-

thermore, their adjustable physicochemical properties

makes GelMA hydrogels widely applicable in promoting

high-quality tissue regeneration [12–16]. Since alveolar

bone defects can be irregular in shapes, injecting liquid

GelMA hydrogels can fill these irregularities quickly and

effectively. GelMA hydrogels possess not only biocompa-

tible and biodegradable properties, but are also cost-effec-

tive, non-cytotoxic and non-immunogenic, making them an

ideal biological scaffold material. Furthermore, encapsu-

lated cells retain excellent viability within GelMA hydro-

gels [17]. Therefore, we anticipate that due to their simple

and cost-effective nature, GelMA hydrogels make an

attractive biological scaffold to use for alveolar bone

regeneration in clinic.

In this study, we investigated the use of GelMA

hydrogels-encapsulated hPDLSCs to treat irregular alveolar

bone defects. Remarkably, our data demonstrated that

GelMA hydrogels-encapsulated hPDLSCs have a sig-

nificant alveolar regenerative potential and may provide a

new therapeutic strategy to treat alveolar bone defects.

2 Materials and methods

2.1 GelMA hydrogels preparation and
characterization

GelMA was prepared as reported previously [16, 18]. In

brief, gelatin type A was mixed with phosphate-buffered

saline (PBS) at a ratio of 10% (w/v), and heated to 50 °C,

while continuously stirring at 50 °C for 3 h. After adding an

equal volume of PBS, the solution was then dialyzed with a

0.22 μm membrane using deionized (DI) H2O at 37 °C for

7 days. The samples were frozen and stored in the dark.

10% (w/v) GelMA solution was made by dissolving the

freeze-dried GelMA. Meanwhile, blue light photoinitiator,

lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP),

was synthesized [19] and added to the prepolymer solution

at 0.5% (w/v) concentration. Finally, the GelMA hydrogels

were exposed to LAP blue light (405 nm, UltraFire,

WF-501B) for 5 s.

The structure and pore size of the freeze-dried GelMA

samples were imaged using a scanning electron microscopy

(SEM) (S-3400N, HITACHI, Japan). The average pore

sizes of the scaffolds were then measured by using ImageJ

1.50 software and taking multiple measurements. GelMA

samples for the compressive test were prepared inside a

PDMS mold (diameter= 10 mm; height= 10 mm, n= 3)

and soaked in PBS at 37 °C. After 24 h, the compressive
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stress-strain curve was obtained by testing GelMA samples

at a consistent compression speed (1 mm/min). GelMA’s

swelling ratio was then derived from the curve. The GelMA

samples were prepared inside a PDMS mold (diameter=

10 mm; height= 1 mm, n= 3) and then lyophilized. The

samples were then weighed, and placed in PBS solution

(pH= 7.4) at 37 °C for 1, 2, 3, 4, and 5 h. At each specified

time, samples were weighed and the swelling ratios of

GelMA samples were calculated by (wet weight− dry

weight)/dry weight × 100%.

2.2 hPDLSCs isolation and characterization

2.2.1 hPDLSCs isolation and culture

Extracted human teeth (for clinically relevant reasons from

Shanghai Stomatological Hospital), were collected, after

approval by the Ethics Committee of Shanghai Stomatolo-

gical Hospital. The hPDLSCs were harvested from the

extracted teeth as mentioned before [20]. Briefly, period-

ontal ligament tissues were scraped from the middle of the

tooth-root surfaces and cut into small fragments. The frag-

ments were then placed onto a 100-mm dish, cultured in

minimum essential alpha medium (α-MEM), containing

10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin. The media was changed every 3 days.

Finally, hPDLSCs were harvested to generate single cell

clones.

Cell proliferation was measured by a Cell Counting Kit-8

(CCK-8) test at 1, 3, 5, and 7 days after culture. 100 μL

supernatant with the cells was transferred into 96-well

culture plates and then incubated with CCK-8 (1:10) for 2 h.

The absorbance of the solution was then tested by a

microplate reader (Epoch2, Biotek, USA) at 450 nm.

2.2.2 Immunofluorescence staining

Samples were grown on 24-well culture plates and then

fixed in a 4% paraformaldehyde solution for 20 min, fol-

lowed by 3 washes with PBS. The hPDLSCs were per-

meabilized with 0.25% Triton X-100 for 10 min, and then

blocked in 5% BSA for 1 h. The cells were then incubated

with mouse anti-human Stro-1 antibody (1:1000, NBP1-

48356, NOVUS) and CD146 (1:1000, NBP2-44510,

NOVUS).

2.2.3 Alizarin red staining and oil red staining

The hPDLSCs from passage 3 were cultured in 6-well

plates. At 80% confluence, the media was replaced with the

osteogenic medium, composed of α-MEM, 10% FBS,

10 mmol/L β-glycerophosphate, 50 mg/L L-ascorbic acid

and 0.1 μmol/L Dexamethasone, and was changed every

3 days. Adipogenic medium composed of α-MEM, 10%

FBS, 10 μmol/L dexamethasone, 200 μmol/L Indomethacin,

10 mg/mL insulin and 0.5 mM 3-isobutyl-1-methyl-xan-

thine (IBMX). After 21 days of culture in adipogenic

medium, the cells were fixed in 4% paraformaldehyde for

20 min at room temperature and then washed with PBS 3

times. All samples were soaked in 0.1% Alizarin Red S

(ARS) (pH= 8.3) and Oil Red O solution for 20 min,

washed 3 times with PBS, and finally dried at room tem-

perature. The images were obtained using a microscope

(Leica, S/N 477892, Germany).

2.3 hPDLSCs capsulation and 3D culture

A total of 1 × 106 hPDLSCs were resuspended in 1 ml 10%

(w/v) GelMA hydrogels. Then GelMA hydrogels were

exposed to LAP 405 nm blue light for 5 s. hPDLSC

entrapped within the microgel units were cultured at 37 °C

with 5% CO2. The culture medium was changed every

3 days.

2.4 Live-dead and cell proliferation assays in GelMA
hydrogels

Encapsulated hPDLSCs were washed 3 times with PBS and

labeled with Calcein-AM/ethidium (CalceinAM/PI, Invi-

trogen) at 37 °C for 30 mins. After 3 PBS washes, the

labeled cells were visualized with a fluorescence micro-

scope (Leica, S/N 477892, Germany). Cell proliferation was

tested with CCK-8 at days 1, 3, 5 and 7 respectively. The

cells were incubated in medium containing 10% CCK-8

solution for 2 h at 37 °C, 5% CO2 in the dark. A 100 μL

supernatant was added into 96-well culture plates, and

absorbance measured by a microplate reader at 450 nm.

Wells with the same medium, but lacking cells, were used

as blank controls.

2.5 Experimental model

Our study was conducted conforming to Fudan University

Animal laboratory guidelines. 8-week-old Sprague-Dawley

rats were purchased from Beijing Vital River Laboratory

Animal Technology limited-liability company (Beijing,

China). Rats were raised in a constant temperature (22 ± 1 °C)

environment. Critical size alveolar bone defects were estab-

lished as mentioned previously [21–23]. Briefly, all rats were

first anesthetized with 2% pentobarbital sodium (0.3 ml/100 g,

given intraperitoneally) prior to the surgical procedure. Rats

were placed in a supine position with the mandible and ton-

gue retracted. A 1-cm longitudinal incision between the

alveolar mucosa and hard palate was then made using a
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No. 11 blade scalpel. In order to clearly reveal the alveolar

bone, a dentoalveolar periosteum was performed to elevate it.

Using a hand-operated low-speed grinder and a side-cutting

bit, a 7 × 4 × 3mm3 alveolar defect was then established. The

alveolar bone defect was measured with a vernier caliper and

validated by a master template to ensure authenticity. Rats

were randomized into 3 groups: a control untreated group; a

GelMA group in which the alveolar bone defect was injected

with GelMA hydrogels alone; a GelMA+ hPDLSCs group in

which the defect was injected with GelMA hydrogels-

encapsulated hPDLSCs (1 × 106 cells/mL). After surgery,

the gingival mucosa was seamed appropriately with 5-0

Vicryl suture (Fig. 1). All rats were fed with soft food for

3 days and then fed regular diet there after. At 4 and 8 weeks

after surgery, rats were sacrificed, and alveolar specimens

were harvested.

2.6 Morphometric analysis with micro-computed
tomography (Micro-CT)

All rats were sacrificed at 4 and 8 weeks and samples were

scanned by a conical beam microcomputed tomography

scanner (Sky-Scan 1076; Bruker-micro CT, Kontich, Bel-

gium) using following exposure parameters: 0.24 s, 40 kV

and 250 μA. Serial 18-μm-thick coronal sections of the

labial surface of the maxillary incisors to the zygomatic arch

were obtained. The serial sections were reconstructed into a

three-dimensional image using reconstructions and osteo-

genic parameters conducted with NRecon v.1.6.9 software.

The osteogenic parameters such as tissue volume (TV),

bone volume (BV), and the ratio of BV/TV, were measured

by three observers who were blinded to the experimental

design of the trials.

2.7 Histological analysis

After the Micro-CT scan, samples from each group were

decalcified. The decalcifying fluid was replaced every

3 days until there was no resistance to pinprick. The sam-

ples were dehydrated through graded ethanol from 75 to

100% and then embedded in paraffin after decalcification.

A consecutive 6 μm sagittal sections were obtained for each

specimen. Sections from the embedded specimen were

stained with hematoxylin and eosin (H&E) and Masson’s

trichrome stain to evaluate the alveolar bone formation.

Immunohistochemical staining of Alkaline phosphatase

(ALP, Abcam, ab95462) was used to observe the ALP

activity. A dark brown color represented positive ALP

staining.

2.8 Statistical analysis

Statistical differences (p < 0.05) between different groups

were analyzed. The analysis was done using a SAS

6.12 statistical software package. All data were shown as

mean ± standard deviation.

3 Results

3.1 Preparation and characterization of hPDLSCs

After 14 days of primary culture and normal passaging, we

isolated hPDLSCs and successfully passaged (Fig. 2a). The

hPDLSCs proliferated significantly more with time, with no

significant difference among the three passages. We then

spread 200 cells on a 100-mm dish to allow formation of

Fig. 1 Representative illustration

of the steps for performing the

bone defect
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single cell colonies. The cells were cultured for 10 days, and

stained with Crystal Violet to identify single colonies (Fig.

2b). The morphology of cell clusters derived from hPDLSCs

was typical of fibroblasts, under the high-power field of view

(Fig. 2b–d). After osteogenic induction in vitro, the cells were

stained with Alizarin-red stain, which indicated progressive

increase in extracellular mineralization (Fig. 2e). The lipid

droplets in hPDLSCs could be detected with oil red staining

after adipogenic was induced (Fig. 2f). Immunofluorescence

staining showed that the hPDLSCs were positive for stem

cells specific markers, such as Stro-1 and CD146 (Fig. 2g, h,

respectively).

3.2 Characteristics of GelMA hydrogels and viability
of encapsulated hPDLSCs in vitro

Figure 3a illustrates the formation process of GelMA

hydrogels. Figure 3b, c shows the macrostructure and

microstructure of GelMA hydrogels. As can be seen, the

pore size of the GelMA hydrogels was 46.43 ± 12.65 μm.

To assess the mechanical properties of 10% (w/v) GelMA

hydrogels, a compressive test was conducted on samples.

From the compressive stress-strain curves, we found that

the stress reached a maximum value of 13.67 ± 0.03 kPa

when the strain reached 55% (Fig. 3d and Table 1). We also

calculated 10% (w/v) GelMA hydrogels’ swelling ratio. The

swelling ratio is an important parameter of a cell/drug car-

rier due to its crucial effects on cellular metabolism and

release rate. As shown in Fig. 3e and Table 1, the swelling

ratio of GelMA hydrogels increased rapidly at first 1 h,

reaching a maximum ratio of 700 ± 47% at the fifth hour.

Additionally, the swelling was maintained around the

equilibrium when all samples were soaked for 5 h.

In order to assess the viability of encapsulated hPDLSCs,

live/dead staining and CCK-8 assay were applied. The

hPDLSCs were encapsulated with the hydrogels at a 1 × 106

cells/mL density and the viability of hPDLSCs was mea-

sured at days 1, 3, 5 and 7, respectively. Live/dead staining

results demonstrated high viability of encapsulated

hPDLSCs, cultured in regular culture medium at all tested

time intervals (Fig. 4a). The hPDLSCs grew well in the

10% (w/v) GelMA hydrogels, and interestingly, remained

suspended in the gel space as spheres after 1 day of culture.

After the hPDLSCs stretched and grew in the gel, the cells

were still in a good growth state (Fig. 4b). To capture cell

growth, a 7d image of the hPDLSCs culture were taken by

confocal laser (A1R, Nikon, Japan) after 7 days. The

solution was changed every 3 days, and the Live/Dead

staining reagent was used on the 7th day to identify the

growth status of cells in 7d culture in the gel. Live cells are

depicted by the green color (stained with calcein AM), dead

cells are depicted with the red color (stained with EthD-1),

and the nucleus is depicted by the blue color (stained with

hochest33342) (Fig. 4c). There was a gradual increase in

viability of cells capsulated in GelMA hydrogels over the

7 days of culture. We saw that the hPDLSCs in the GelMA

hydrogels proliferated at a rate, comparable to that of 2D

culture and gradually increased (Fig. 4a).

Fig. 2 Important features of hPDLSCs. a The morphology of

hPDLSCs was typical of spindle shaped cells like fibroblast in the

microscopic field of view. b Single colonies formed after seeding 200

cells and culturing for 10 days with crystal violet staining. c Cell

clusters were derived from hPDLSCs consistent with typical

fibroblast-like cells. d Cell clusters were stained with Crystal Violet in

the microscopic view. e Lipid droplets formed after adipogenic

induction for 3 weeks, and stained with Oil Red O staining.

f Mineralized nodules were formed after osteogenic induction for

3 weeks with Alizarin Red staining. g CD146 expression of hPDLSCs

shown with immunofluorescence staining. h Stro-1 expression of

hPDLSCs shown with immunofluorescence staining
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3.3 GelMA hydrogels-encapsulated hPDLSCs
enhance alveolar bone formation in vivo

3.3.1 Micro-CT analysis

We established rat critical size alveolar bone defects as

mentioned before. Since liquid GelMA hydrogels fill irre-

gular alveolar defects quickly and easily, we applied

GelMA hydrogels to the bone defect (Fig. 5), and used

Micro-CT to reconstruct 3D morphology of the repaired

alveolar bone and thus assess new bone formation. In all

groups (the control group, GelMA group, and GelMA+

hPDLSCs group), new bone formed in the area surrounding

the bone defect at 4 weeks after the operation. However,

unlike in the control group, new bone also formed at the

center of the bone defect in the GelMA group, and

GelMA+ hPDLSCs group. At 8 weeks after the operation,

the newly formed bone tissues were both in the surrounding

area and at the center of the bone defect. In particular, there

was a substantial bone regeneration in the GelMA+

hPDLSCs group at both 4 and 8 weeks after the operation.

The bone formation was less pronounced in the GelMA

group and least pronounced in the control group (Fig. 6a).

The quantity of new bone in the defect area was analyzed

by using the above-mentioned osteogenic parameters (BV/

TV) (Fig. 6b). Our data showed that 32.2, 39.4 and 58.8%

of new bone regeneration was observed in the control

group, GelMA group, and GelMA+ hPDLSCs group,

respectively, at 4 weeks after the operation. At 8 weeks after

the operation, the bone regeneration values corresponded to

38.1, 51.4, and 67.2% in the Control group, GelMA group,

and GelMA+ hPDLSCs group, respectively. Therefore,

Fig. 3 Preparation and characterization of GelMA hydrogels. a

Schematic illustration of GelMA hydrogels formation. b, c The mac-

rostructure and microstructure of GelMA hydrogels were imaged. d

Compressive stress–strain curves of GelMA hydrogel, the maximum

value was 13.7 kPa when the strain reached 55%. e The highest

adsorption capacity of GelMA hydrogels was 753% at the fifth h
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these observations indicate a significant variation of new

bone formation among different groups.

3.3.2 Observation and analysis of histological sections

To validate new bone formation by histology, we performed

histological analysis in sections at 8 weeks after the

operation. Hematoxylin-eosin (HE) staining of the sections

showed that there was substantial new bone formation in the

defect area of GelMA+ hPDLSCs group. The new bone

formation in the defects was detectable to a lower degree in

the GelMA group (Fig. 7a). Similarly, the results of Mas-

son’s trichrome staining demonstrated numerous fibrous

tissues, with only minimal bone formation in the defect area

of the control group but several areas of new bone forma-

tion in both GelMA and GelMA+ hPDLSCs groups (Fig.

7b). Moreover, both mature and new bone was evident at

higher magnification, and were found in the defect area of

GelMA+ hPDLSCs group. As expected, new bone

formation in the defect area was low in the GelMA group

and none in the control group (Fig. 7b). These results are

consistent with Micro-CT results, suggesting efficient bone

formation by GelMA+ hPDLSCs. The results of the alka-

line phosphatase activity (ALP activity) in the three groups

are shown in Fig. 6c. Dark brown staining represents the

presence of ALP. As shown in the figure, ALP activities

were higher in the GelMA and GelMA+ hPDLSCs groups

than in the control group. Comparison between the GelMA

and GelMA+ hPDLSCs groups demonstrated a large

amount of dark brown staining in the GelMA+ hPDLSCs

group compared to the GelMA group, suggesting higher

ALP activity relative to the other samples. The average

optical density (AOD) of the positive regions in the 3

groups were in agreement with the reported behavior for the

groups, as shown in Fig. 7d. Overall, our results suggest

that the GelMA hydrogels have a greater ability to repair

alveolar bone defects, and this effect is further amplified

when conjugated with hPDLSCs.

Fig. 4 Viability and proliferation of hPDLSCs in GelMA hydrogels. a

CCK-8 method was used to assess cell viability by measuring the

absorbance at 450 nm on the 1st, 3rd, 5th and 7th days after GelMA

hydrogel formation. CCK-8 measurements revealed that there was a

gradual increase in the cell viability over the 7 days of 2D (hPDLSCs)

and 3D (GelMA+ hPDLSCs) culture. b hPDLSCs were inoculated in

gel for 24 h at a density of 1 × 106 /mL, where PDLSCs grew well, and

remained suspended in gel space as spheres, bar= 100 um.

c Live-Dead analysis of hPDLSCs in GleMA after 7 days is shown.

The confocal laser microscope was used to take 7d pictures of the cell

growth. The solution was changed every 3 days, and the Live/Dead

staining reagent was used on the 7th day to identify the growth status

of cells in 7d culture in the gel. Green represents living cells, red

represents dead cells, and blue represents hochest

33342 staining nuclei

Table 1 Summary of physical

properties of 10% (w/v) GelMA

hydrogels

Compressive strength (kPa) Elongation at break (%) Swelling ratio (%)

1 h 2 h 3 h 4 h 5 h

13.67 ± 0.03 55 ± 5 576 ± 39 642 ± 41 658 ± 47 671 ± 51 700 ± 47
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4 Discussion

Several studies have demonstrated that PDLSCs are highly

proliferative and have better osteogenic capability than

BMSCs [9]. The use of hPDLSCs for alveolar bone

regeneration in previous studies demonstrated that

hPDLSCs could differentiate into osteoblasts, form miner-

alized nodules, and promote bone regeneration [24, 25].

Fig. 6 Radiograph

morphometric analysis of bone

formation in alveolar defects. a

Substantial new bone formation

was observed in the defect area

in GelMA+ hPDLSCs group at

both 4 and 8 weeks after

operation. New bone formation

was detected at a lower degree in

GelMA group relative to

GelMA+ hPDLSCs, but still

higher when compared to

control group. b Statistically

significant differences value of

BV/TV in GelMA+ hPDLSCs

group relative to the control and

GelMA groups at 4 and 8 weeks

after operation (*P < 0.05,

**P < 0.01, ***P < 0.001)

Fig. 5 The critical-size alveolar

defects model. a Sprague-

Dawley rats were placed in the

supine position, and the

dentoalveolar periosteum was

elevated to reveal alveolar bone.

b A 7 × 4 × 3 mm3 defect was

created. c The alveolar bone

defect was filled with the

GelMA hydrogels. d The

mucosa was closed with an

absorbable suture
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Specifically, PDLSCs could generate a periodontal complex

including alveolar bone, which can be a natural source of

stem cells for alveolar bone formation. Allogeneic PDLSCs

were also well tolerated in transplantation, and showed low

immunogenicity [26]. We successfully isolated the

hPDLSCs which showed typical spindle-shaped morphol-

ogy. The adipogenic differentiation and osteogenic differ-

entiation experiment confirmed that hPDLSCs isolated in

our experiment showed multi-differentiation potential,

which were similar to conventional stem cells. These

reports, therefore, inspired us to use hPDLSCs and to test

alveolar bone formation in rat alveolar bone defect model.

Despite these promising previous reports, it has been

challenging to mimic the native extra-cellular matrix (ECM)

niche of natural alveolar bone to guarantee the survival of

the transplanted PDLSCs. Use of hydrogels have mitigated

this challenge to a large extent. Hydrogels closely resemble

the features of the ECM niche, as they can contribute to cell-

matrix interactions, cell-cell interactions, proliferation,

migration, and controlled differentiation [18, 27].

Fig. 7 Histological analysis of new bone formation at 8 weeks after

operation. a H & E staining demonstrated substantial new bone for-

mation in GelMA and GelMA+ hPDLSCs groups, while limited new

bone formation in the control group. b Masson’s trichrome staining

demonstrated much more new bone formation in GelMA+ hPDLSCs

group than in the GelMA group. Moreover, no bone formation in the

defect area was detected in the control group. c Immunohistochemical

staining of sections with anti-ALP antibody for all groups tested. The

dark brown staining represents the presence of ALP. ALP activities

were higher in the GelMA and GelMA+ hPDLSCs groups relative to

the control. d The bar-graph represents average optical density (AOD)

of the ALP positive regions in the three groups. NB represents new

bone. Black arrows indicate the newly formed bone tissue. White

arrows indicate ALP positive regions (*P < 0.05, **P < 0.01)
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Furthermore, they also afford 3D supports for cell delivery

and cellular growth in regenerative medicine [28]. Among

the numerous hydrogels, GelMA hydrogels have unique and

promising properties for tissue engineering [29]. Gelatin,

derived from hydrolysis of collagen, is the main component

of ECM that exists in many tissues, and can enhance cell

attachment and cell remodeling, due to abundance of

arginine-glycine-aspartic acid sequences and matrix metal-

loproteinase’ target sequences [18, 30]. When cells sus-

pended in GelMA prepolymer solutions are exposed to UV

or blue light, the cell-laden 3D hydrogels form as a result of

cross-linking. A widely used photoinitiator for cell encap-

sulation and tissue engineering is 2-hydroxy-4′-(2-hydro-

xyethoxy)-2-methylpropiophenone (Irgacure 2959).

However, its use has been limited due to ultraviolet (UV)

light (365 nm) exposure needed in the process [31]. Com-

pared with Irgacure 2959, another photoinitiator, blue light

photoinitiator LAP has higher water solubility, and can

encapsulate cells at longer light wavelengths (405 nm) with

lower photoinitiator concentrations, thereby facilitating

efficient polymerization [19, 29]. Moreover, blue light is

unlikely to lead to cell damage, and can transmit more

reliably through tissues, which can further benefit to depth of

cure [29]. To avoid UV light exposure that can have adverse

consequences on the delivered cells and host tissues [29], we

used blue light photoinitiator LAP (exposed to blue light

(405 nm) for 5 s with GelMA hydrogels to encapsulate cells.

Our results suggested that the cells were impervious to 5 s of

blue light exposure, and showed high cell viability in the

photocrosslinked cell-laden GelMA hydrogels (Fig. 4a, b).

The application of GelMA based scaffolds in the

regeneration of loaded tissues, especially in the regeneration

of skeletal muscle, bone tissues, and cartilage tissues, has

witnessed great progress [18]. In the current study, we

optimized the GelMA concentration to build scaffolds for

application in bone tissue engineering. It has been reported

that hydrogels with higher prepolymer concentrations dis-

play higher compressive modulus but lower bioactivity. In

this regard, GelMA solutions in higher concentrations can

enhance mechanical properties and osteogenic capabilities,

and potentially also affect porosity, and cellular spreading

and growth [32]. Although stem cells can exhibit better

osteogenic differentiation at both 5 or 10% GelMA hydro-

gels, 10% GelMA hydrogels have been favored for osteo-

genic differentiation because of their compact hydrogel

network and lower swelling properties [33]. 10% GelMA

hydrogels also promote stem cells attachment, thus pro-

moting better proliferation and differentiation [34]. As a

result, considering both the activity and osteogenic differ-

entiation capability of encapsulated hPDLSCs, we chose

GelMA hydrogels with 10% prepolymer concentrations to

encapsulate hPDLSCs.

Since liquid GelMA hydrogels can fill irregular alveolar

defects quickly and easily, and allow hPDLSCs prolifera-

tion, the use of GelMA hydrogels-encapsulated hPDLSCs

for therapy of alveolar bone defects is novel and promising.

In Micro-CT analysis, we found that newly formed bone

tissues in the GelMA+ hPDLSCs group were significantly

higher than in both the GelMA and control groups at both 4

and 8 weeks of post-surgery (Fig. 6a). Notably, the ratio of

bone-volume-to-tissue-volume (BV/TV) in GelMA+

hPDLSCs group was higher than the other two groups at

both 4 and 8 weeks after the operation (Fig. 6b). The results

of hematoxylin-eosin (H & E) and Masson’s trichrome

staining are consistent with the micro-CT results, suggest-

ing an efficient bone formation by GelMA+ hPDLSCs

(Fig. 7a, b). Similarly, ALP activity, which is generally used

as a marker of osteoblast differentiation [35] shown in Fig.

7c was higher in GelMA and GelMA+ hPDLSCs groups

than in the control group. In particular, there was a large

amount of dark brown staining in GelMA+ hPDLSCs

group, demonstrating higher ALP activity relative to the

other samples. Overall, these results suggest that the GelMA

hydrogel have greater ability to repair alveolar bone defects,

which is further amplified when conjugated with hPDLSCs.

Our data suggest that the GelMA hydrogels-encapsulated

hPDLSCs could offer an optimum physiochemical micro-

environment to boost hPDLSCs adhesion and viability,

which in turn may protect hPDLSCs from loss during the

process of transplantation. Thus, GelMA hydrogels may be

applied as stem cells carriers. The use of GelMA hydrogels-

encapsulated hPDLSCs for therapy of alveolar bone defects

may be a novel and promising way to facilitate alveolar

bone regeneration.

5 Conclusion

In this work, we found that GelMA hydrogels in a liquid state

could fill any irregular-shaped alveolar bone defect efficiently.

Therefore, GelMA hydrogels can provide an appropriate

physiochemical microenvironment for hPDLSCs adhesion,

viability, osteogenic differentiation, which can protect

hPDLSCs from being lost from a bone defect in the early

stages of transplantation. Based on these principles, we

investigated herein the potential of GelMA hydrogels-encap-

sulated hPDLSCs in alveolar bone regeneration. Our results

showed that our proposed approach was efficient for the

formation of new bone tissues in the alveolar bone defects,

which received GelMA hydrogels with hPDLSCs. In com-

parison to controls and only GelMA hydrogels, significantly

more bone volume was formed in the group treated with

GelMA+ hPDLSCs. The results described herein indicate

that GelMA hydrogels-encapsulated hPDLSCs have a
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significant alveolar regenerative potential. We believe these

findings can pave the way for the design of new strategies for

the therapy of alveolar bone defects.
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