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Hydrogel elasticity and microarchitecture regulate dental-
derived mesenchymal stem cells -host immune system cross-
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Yu, DDS, PhD1, Homayoun H. Zadeh, DDS, PhD3, Benjamin M Wu, DDS, PhD1, and Alireza 
Moshaverinia, DDS, MS, PhD1,*

1Weintraub Center for Reconstructive Biotechnology, Division of Advanced Prosthodontics, 
School of Dentistry, University of California, Los Angeles, CA

2Department of Anatomy & Cell Biology, School of Dental Medicine, University of Pennsylvania, 
Philadelphia, PA

3Ostrow School of Dentistry, University of Southern California, Los Angeles, CA

Abstract

The host immune system (T-lymphocytes and their pro-inflammatory cytokines) has been shown 

to compromise bone regeneration ability of mesenchymal stem cells (MSCs). We have recently 

shown that hydrogel, used as an encapsulating biomaterial affects the cross-talk among host 

immune cells and MSCs. However, the role of hydrogel elasticity and porosity in regulation of 

cross-talk between dental-derived MSCs and immune cells is unclear. In this study, we 

demonstrate that the modulus of elasticity and porosity of the scaffold influence T-lymphocyte-

dental MSC interplay by regulating the penetration of inflammatory T cells and their cytokines. 

Moreover, we demonstrated that alginate hydrogels with different elasticity and microporous 

structure can regulate the viability and determine the fate of the encapsulated MSCs through 

modulation of NF-kB pathway. Our in vivo data show that alginate hydrogels with smaller pores 

and higher elasticity could prevent pro-inflammatory cytokine-induced MSC apoptosis by down-

regulating the Caspase-3- and 8-associated proapoptotic cascades, leading to higher amounts of 

ectopic bone regeneration. Additionally, dental-derived MSCs encapsulated in hydrogel with 

higher elasticity exhibited lower expression levels of NF-kB p65 and Cox-2 in vivo. Taken 

together, our findings demonstrate that the mechanical characteristics and microarchitecture of the 

microenvironment encapsulating MSCs, in addition to presence of T-lymphocytes and their pro-

inflammatory cytokines, affect the fate of encapsulated dental-derived MSCs.
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1. Introduction

Craniofacial bone tissue engineering currently relies extensively on bone grafting procedures 

[1–3]. However, there are numerous well-documented drawbacks related to this therapeutic 

approach [4–7]. Mesenchymal stem cells (MSCs) represent an alternative treatment modality 

in regenerative medicine.4–10 MSCs derived from orofacial tissues (e.g., stem cells from 

human exfoliated deciduous teeth (SHED)) are attractive postnatal stem cells with desirable 

self-renewal capacity and plasticity and osteogenic properties comparable to bone marrow 

mesenchymal stem cells (BMMSCs) [10–17]. SHED are easily found in pediatric patient’s 

mouth or in tissue waste in pediatric dental clinics. Preclinical and clinical investigations 

have revealed that SHED are able to generate new bone with great potential for bone repair/

regeneration [15, 16]. Moreover, these cells are originated from neural crest that makes them 

particularly compatible for regeneration and repair of neural crest-derived tissues (e.g., jaw 

bone) [13–19]. Recent studies have emphasized, however, that the cell source is not the sole 

determinant of success in stem cell-mediated regenerative medicine. The host immune 

system can have an adverse effect on outcomes. For example, proinflammatory T-cells and 

cytokines inhibit MSC-mediated bone tissue regeneration [20–22]. These effects can be 

modulated by local administration of anti-inflammatory agents (e.g. aspirin or 

indomethacin), which have been shown to improve MSC-mediated bone regeneration 

[21,22].

The choice of carrier can also strongly affect the performance of MSCs in tissue engineering 

applications, in part due to immunomodulatory effects, and also because they offer the 

opportunity to direct the stem cells fate towards the desired phenotype [22–24]. However, 

regulation of the encapsulated MSCs’ is still the main challenge. Hydrogel scaffolds have 
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been largely utilized to study the interaction of biomaterial and MSCs [25–28] RGD-coupled 

alginate hydrogel has been used extensively for cell encapsulation in bone tissue 

regeneration [27–32]. Alginate hydrogel can delay the penetration of the inflammatory 

cytokines and T cells, and act as a physical shield to protect the implanted MSCs from the 

immune cell attack [22]. Therefore, the scaffold material can affect the cross-talk between 

MSC and host immune cell, control the implanted MSCs fate, toward improved tissue 

regeneration quality. Furthermore, it is understood that physiomechanical properties 

including porosity of the biomaterial influence MSC differentiation, but their roles in the 

MSC-host immune interaction are fairly unknown [36]. There are no studies evaluating the 

role of porosity and elasticity of the biomaterial in MSC-proinflammatory T cell/cytokine 

interplay. How this interplay affects the bone regenerative properties of dental-derived MSCs 

in particular, has received little attention.

Understanding the factors influencing the fate of encapsulating MSCs is of major therapeutic 

interest [36]. To develop effective MSC-based regenerative therapies it is crucial to have a 

clear understanding of how the physiomechanical properties including porosity and elasticity 

of the encapsulating biomaterial affect the cross talk between the immune cells and MSCs. 

Hence, the main goal of our study was to clarify the role of mechanical properties and 

microarchitecture of the hydrogel biomaterial in directing the fate of encapsulated dental-

derived MSCs toward osteogenic tissues.

2. Materials and methods

2.1. Cell isolation and culture

SHED were used and cultured according to published protocols [15,16] with required IRB 

approval. The pulp tissues were separated from exfoliated human primary upper and lower 

central or lateral incisors (isolated from twelve children aged 6–12) and then processed 

according to methods in the literature [15,16]. Mouse Pan T lymphocytes were isolated 

according to previously published protocols [21, 22] using a magnetic cell sorter (Pan T Cell 

Isolation Kit II, Miltenyi Biotec, San Diego, CA).

2.2. Biomaterial fabrication and cell encapsulation

High molecular weight RGD-modified alginate (NovaMatrix, Norway) was utilized as the 

encapsulating biomaterial [22,37,38]. The alginate was charcoal treated and oxidized. 

Subsequently, the hydrogel biomaterials were sterile filtered (0.22 μm filters, Millipore, 

Billerica, MA) prior to the cell encapsulation process. 2×106 SHED were encapsulated in 1 

mL of 1.2 % w/v alginate hydrogel. Alginate microspheres were formed employing a 

microfluidic device and dropwise addition of alginate to CaCl2 solutions with two 

concentrations: 100 or 200 mM. In order to generate biomaterials with different moduli of 

elasticity and, therefore, porosity, two different calcium ion concentrations (100 and 200 

mM) were used. As the negative group, cell-free alginate hydrogel was utilized.

2.3. Characterization of the fabricated hydrogel scaffolds

The Young’s moduli of the fabricated alginate hydrogels were analyzed in accordance with 

previously published methods [39]. The cross-sectional microstructure of the prepared 
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alginate scaffolds were analyzed using scanning electron microscopy (SEM). Lyophilized 

hydrogels were freeze-fractured (using liquid nitrogen) to expose a cross-section. The 

scaffold specimens were imaged without further coating using a ZEISS Supra 40VP 

scanning electron microscope (Zeiss Microscopy GmbH, Jena, Germany). The porosity was 

further characterized using SEM images by evaluating at least 40 pores using the ImageJ 

program (National Institutes of Health, Bethesda, MD).

To determine the influence of the elasticity of the hydrogel on its permeability, the release 

profiles of Trypsin inhibitor (from turkey egg white, 20 kDa; Sigma), bovine serum albumin 

(BSA, 66 kDa; Sigma), and IgG (from rat serum, 150 kDa; Sigma) from alginate scaffolds 

were evaluated in PBS solution at different time points. Subsequently, UV 

spectrophotometer (at 320 nm, Beckman, Brea, CA) was utilized to analyze the amount of 

released protein for up to two weeks. Additionally, the permeability of the alginate 

hydrogels to TNF-α (BioLegend, San Diego CA) was evaluated. Briefly, alginate hydrogels 

were immersed in a 200 μg/mL solution of TNF-α. After 6, 12 and 24 hours, the diffused 

cytokine in the hydrogels was detected using fluorescent microscopy with anti-TNF-α 
antibodies (Abcam). Seven specimens (n=7) were analyzed for each group.

2.4. SHED-T lymphocyte interaction analysis

To examine the apoptosis of SHED (passage 4) in the presence of T lymphocytes, 0.5 × 106 

SHED were co-cultured with Pan-T cells for 3 days in six-well plates. Flow cytometric 

analysis (FACSCalibur, BD Bioscience) was utilized to evaluate SHED apoptosis utilizing 

Annexin V-PE Apoptosis Detection Kit (BD Bioscience). To analyze the role of the 

elasticity/porosity of the hydrogel biomaterial on SHED-T lymphocyte interaction in vitro, 2 

× 106 SHED were encapsulated in 1 mL alginate hydrogel with different degrees of 

elasticity/porosity. The encapsulated SHED were co-cultured with (1 × 106) Pan-T cells for 

3 days. After three days of co-culturing, the hydrogels were dissolved in sodium citrate 

buffer and apoptosis of SHED was evaluated according to the abovementioned method. Six 

independent specimens (n=6) were analyzed per group.

2.5. Osteo-differentiation of SHED in vitro and the role of inflammatory cytokines

5 × 105 SHED were cultured in a six-well plate under the osteogenic condition for 4 weeks 

while pro-inflammatory cytokines IFN-γ (50 ng/ml) and TNF-α (5 ng/ml) (BioLegend, San 

Diego CA) were added twice per week. Alizarin red staining was utilized after 4 weeks of 

osteo-induction. Additionally, to evaluate the role of the physiomechanical properties of 

alginate hydrogel, 2 × 106 SHED were encapsulated in 1 mL of alginate hydrogel with 

different porosity and elasticity. Encapsulated SHED were cultured under the osteogenic 

condition for 4 week [39–41]. Every 3 days, IFN-γ and TNF-α (BioLegend) were added to 

the culture for 4 weeks. Alizarin red staining was used to stain the specimens. Six specimens 

(n=6) were analyzed per group. Moreover, the samples were assayed using Western blot 

analysis to evaluate the influence of inflammatory cytokines in the activation of NF-kB 

pathway.
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2.6. Western blot analysis

After 4 weeks of osteo-induction, MSCs were lysed using protein extraction buffer (Bio-

Rad, Irvine, CA). The extracted proteins were fractionated in 10% sodium dodecyl sulfate-

polyacrylamide gels (PAGE) and electrophoretically transferred to a nitrocellulose 

membrane (Bio-Rad). Next, the membranes were incubated with antibodies against RUNX2, 

ALP, and NF-kB (Abcam). Beta-actin (Abcam) was used as the housekeeping gene.

2.7. Regulation of MSC-host immune system cross-talk in vivo

Immunocompromised female 5-month old mice, (Beige nu/nu XIDIII, Harlan) or 5-month 

old wild type (C57BL/6, Harlan) mice were used in our animal study based on approved 

IACUC animal protocol by University of Southern California, Los Angeles (#10941).

4.0 × 106 SHED were encapsulated in alginate hydrogels, each containing 25 μg/ml 

rhBMP-2, with different degrees of elasticity. The MSC-scaffolds were subcutaneously 

implanted into the dorsal of either nude or wild type mice. Pan-T lymphocytes were isolated 

according to the methods reported previously [21,22]. 1 × 106 Pan-T lymphocytes, in 200 μL 

of PBS, were injected into the tail vein of nude mice instantly before the surgery. MSCs-

scaffold constructs were implanted into nude mice subcutaneously (without Pan T injection) 

as positive controls, while the constructs without SHED were used as negative controls. Five 

animals (n=5) were used with four transplants in each.

The implanted MSCs in nude mice were harvested eight weeks post surgery and micro-CT 

analysis (MicroCAT II, Siemens Medical Solutions, Knoxville, TN) was preformed to 

analyze the amount of bone regeneration. Amira software (Visage Imaging Inc. San Diego, 

CA) was utilized to calculate BV/TV (bone volume/total volume). Additionally, to analyze 

the penetration of T-lymphocytes and apoptosis of the engrafted MSCs in wild type animals, 

4.0 × 106 encapsulated SHED in alginate hydrogels, containing 25 μg/ml rhBMP-2, with 

different degrees of elasticity were subcutaneously implanted into the dorsal of wild type 

mice. Seven days post-surgery, the implanted MSCs were retrieved and 

immunofluorescently stained with antibodies against cleaved Caspase (cysteine-dependent 

aspartate-directed proteases)-3, -8, anti-NF-kB p65, and anti-Cox-2 antibodies. Five animals 

(n=5) were used with four transplants in each.

2.8. Histological, immunohistochemical and Immunofluorescence analysis

The retrieved tissue samples were prepared (fixed, paraffin embedded, and sectioned). 

Hematoxylin & Eosin staining was done on the prepared glass slides (H&E) (N=5 each 

group).

For immunohistochemical analysis, de-paraffinized sections were incubated with primary 

antibodies (anti-NF-kB p65 and anti-Cox-2 antibodies) for 1 h and detected using the 

universal immunoperoxidase (HRP) ABC kit (Vector Laboratories). They were 

counterstained with hematoxylin.

For immunofluorescence staining, the prepared specimens were stained with rabbit anti-

Caspase-3 and Caspase-8 antibodies (Abcam) to detect the apoptosis of engrafted MSCs and 

were detected with Alexa Fluor 647 (red) and 488 (green) conjugated secondary antibody 
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(both 1:200 dilution). Subsequently, the specimens were counterstained with DAPI (Vector 

Laboratories, Burlingame, CA). The images were taken using a fluorescent microscope 

(Leica Microsystems, Buffalo Grove, IL).

2.9. Statistical analysis

The obtained data are presented as the mean ± standard deviation (SD). Kruskal-Wallis rank 

sum tests at a significance level of α = 0.05 were used to evaluate the data. Whenever 

needed, two-tailed Student’s t-tests were utilized.

3. Results

3.1. Characterization of the fabricated alginate hydrogel and permeability analysis

In the current study, SHED were isolated and encapsulated in an alginate hydrogel delivery 

system. Flow cytometric study was completed to evaluate the stemness of the isolated cells. 

Specific MSC markers including STRO-1 and CD146 were expressed by SHED 

(Supplementary Figure 1).

Figure 1a shows the elastic moduli of the alginate hydrogels, confirming that an increase in 

the calcium ion concentration increases the elasticity of the hydrogel. In addition, through 

light microscopy, it was determined that the fabricated alginate hydrogel microspheres were 

of uniform size (950 μm: average diameter), and had uniform MSC distribution (Figure 1b). 

Typically, a hydrogel scaffold should provide interconnected macropores to facilitate 

Oxygen and nutrient transfer to encapsulated cells. Here, the microstructures of alginate-

based hydrogels formed in the presence of 100 mM and 200 mM calcium chloride 

concentrations were evaluated by various microscopic observations. SEM demonstrated that 

the hydrogels had an average pore size between 39.3 ±5.1 and 24.9 ±5.5 μm (Figure 1c and 

1d). This is in good agreement with the reported values for alginate-based hydrogels in high 

calcium content.42 However, It has to be mentioned that hydration of the hydrogel 

biomaterial might change the porosity of the lyophilized material. Our SEM examination 

showed that both fabricated hydrogels had a porous morphology. However, the alginate 

hydrogel with the greater elastic modulus (Alg200, 28–32 kPa) exhibited a smaller pore size 

(24.9 ±5.5 μm average pore diameter) and lower porosity (44.1%) in comparison to the 

softer hydrogel biomaterial with lower elastic modulus (18–24 kPa), which showed a larger 

pore size (39.3 ±5.1 μm average pore diameter) and higher degree of porosity (62.48%).

Taking into account the relationship between the mechanical properties and microstructure 

of the scaffolds and using the Theory of Elasticity44, we also calculated the mesh size of the 

hydrogels, which were 29.2 nm and 33.6 nm for scaffolds with higher and lower elasticity, 

respectively.

Additionally, protein release profiles demonstrated that the elastic modulus of the alginate 

hydrogel, which affects its porosity, in turn, influences the release of the encapsulated 

protein molecules and therefore regulates the permeability of the scaffold (Figure 1e–g). 

Here we selected three different proteins to investigate how the size of macromolecules can 

affect their release. As shown in Figure 1e–g, Trypsin inhibitor (20 kDa; 4.8 nm in 

diameter), which was the smallest of the tested proteins, had the fastest release. The larger 
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protein BSA (66 kDa; 7.2 nm in diameter)45 was released slower. IgG (150 kDa; 10.6 nm in 

diameter), the largest selected protein, was released slowest of all.

Although the mesh sizes of both of the hydrogels were large enough to allow diffusion of the 

encapsulated proteins, the more tortuous paths in the case of the tighter network (harder 

scaffold) significantly delayed the protein diffusion as it is seen in Figures 1e–1g. 

Additionally, as the size of the release protein was increased a more evident difference was 

observed (P<0.05) in the release profile between Alg100 (softer) and Alg200 (stiffer) 

hydrogels.

To further examine the role of the elasticity of the encapsulating biomaterial on the 

regulation of immune system, we evaluated the permeability of the utilized scaffolds 

possessing different elastic moduli against an inflammatory cytokine, TNF-α. Our 

immunofluorescence staining confirmed that the elasticity/porosity of the hydrogel controls 

the penetration of inflammatory cytokines. As expected, the scaffold with the higher degree 

of porosity demonstrated significantly faster diffusion of TNF-α within its matrix after 24 

hours. (Figure 1h and 1i).

3.2. Characterization of the physiomechanical properties of biomaterials in SHED-immune 
interplay in vitro

SHED encapsulated within alginate scaffolds showed high degrees of viability after up to 

two weeks of being cultured in regular culture media (Figure 2a and 2b). Our FACS analysis 

showed that SHED underwent increased apoptosis upon being co-cultured with activated 

Pan-T cells for three days (Figure 2c). Interestingly, when SHED cells were encapsulated in 

alginate hydrogel microspheres, their apoptosis rate was significantly reduced. FACS data 

confirmed that the softer scaffold biomaterial with lower elasticity and higher porosity led to 

a higher number of apoptotic cells in comparison to the scaffold with higher elasticity and 

less porous structure (Figure 2c).

We have previously shown that pro-inflammatory cytokines can induce upregulation of the 

NF-kB pathway, leading to reduced bone regeneration capacity of encapsulated MSCs [22]. 

We further studied how the porosity and elasticity of the biomaterial encapsulating SHED 

can affect NF-kB pathway activity. Our Western blot analysis confirmed that IFN-γ and 

TNF-α activated the NF-kB pathway in SHED (Figure 2d). This phenomenon was 

diminished by encapsulating SHED cells in alginate hydrogel (Figure 2d). When 

encapsulated in alginate hydrogel down-regulation of NF-kB pathway activity was observed. 

This down-regulation of the NF-kB pathway was more pronounced when alginate hydrogel 

with higher elasticity was used, confirming that the elasticity and porosity of the biomaterial 

influence the MSC-host immune system cross-talk (Figure 2d).

The effects of pro-inflammatory cytokines on the down-regulation of SHED osteogenesis 

were also studied. After four weeks of osteo-induction in the presence of inflammatory 

cytokines (50 ng/ml IFN-γ and 5 ng/ml TNF-α), Alizarin red staining demonstrated reduced 

mineralization (Figure 3a). Also, Western blot analysis (after 2 weeks) showed down-

regulation of expression levels of osteogenic regulators, confirming the inhibitory action of 

inflammatory cytokines on the osteogenesis of SHED in vitro (Figure 3d).
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Furthermore, Xylenol orange staining and Western blot analysis exhibited that the alginate 

scaffold was capable of rescuing encapsulated SHED osteogenesis (Figure 3b and 3c). 

SHED encapsulated in alginate hydrogel with greater elasticity and less porosity showed 

modest expression levels of osteogenic markers, while SHED encapsulated in softer alginate 

(with higher porosity) exhibited lower expression levels of osteogenic markers (Figures 3d).

3.3. Analysis of the effects of elasticity and porosity of the biomaterial on osteogenesis of 
SHED in vivo

In this study, 4 × 106 SHED were encapsulated in 1 mL alginate hydrogel with different 

degrees of porosity/elasticity and were implanted into immunocompromised and wild type 

mice subcutaneously. 1 × 106 Pan T lymphocytes were isolated and injected into the tail vein 

of the immunocompromised mice immediately prior to the surgical procedure. Micro-CT 

and histological analyses revealed that encapsulating SHED in alginate hydrogel with a 

greater elastic modulus led to a larger amount of bone regeneration in comparison to cells 

encapsulated in a more porous scaffold with lower elasticity (Figure 4 a–d). Figures 4c and 

4d exhibit the semi-quantified micro-CT and histological data, respectively. The positive 

control group (encapsulated SHED in alginate 100 in nude mice) generated the largest 

amount of bone formation, while the negative control group (cell-free alginate) failed to 

generate any bone (p < 0.05). Our findings confirmed the inhibitory effects of pro-

inflammatory T cells and the role oh hydrogel characteristics on the fate of engrafted cells.

To further characterize the role of the biomaterial’s mechanical properties and 

microarchitecture in SHED-host immune interplay, 4 × 106 encapsulated SHED were 

subcutaneously implanted in wild type mice and SHED apoptosis was evaluated at one week 

post-implantation. The harvested specimens were immunohistochemically stained against 

anti-Cox-2 and anti-NF-kB p65 antibodies. Our results (Figure 5a) revealed greater amounts 

of positive immunostaining for anti-Cox-2 and anti-NF-kB p65 antibodies in SHED within 

more porous hydrogel with lower elasticity compared to the cells encapsulated in the denser 

alginate hydrogel with greater elasticity (Figure 5a), confirming that less SHED underwent 

apoptosis in the denser biomaterial. Additionally, our immunofluorescence analysis 

demonstrated higher expression levels of Caspase-3 and -8 in encapsulated SHED in softer 

(more porous) alginate hydrogel compared to SHED encapsulated in a more rigid alginate 

hydrogel with a lower degree of porosity (Figure 5b and 5c).

4. Discussion

Our research group and others have reported that inflammatory T-lymphocytes from the host 

are capable of prevention of osteo-differentiation of implanted MSCs via IFN-γ-mediated 

downregulation of osteogenesis and upregulation of TNF-α signaling, leading to cell 

apoptosis [21, 22]. Additionally, it has been shown that encapsulating cells in alginate 

hydrogel can retard the infiltration of proinflammatory T cells and cytokines by acting as a 

physical barrier, and therefore buffer the implanted MSCs from the attack of the host 

immune system [22]. These discoveries demonstrate that the encapsulating biomaterial 

affect the cross-talk between MSC and host immune cells, regulate the viability and 

osteogenesis of the implanted MSCs, and improve tissue regeneration quality. Our research 
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group and others have confirmed that modifying the elasticity of a hydrogel biomaterial can 

be used to regulate stem cell lineage differentiation in 3D cultures [22, 24, 39]. However, 

there are no studies evaluating the role of physiomechanical properties (e.g., porosity and 

elasticity) of the biomaterial in the interplay between MSCs and proinflammatory T cells/

cytokines. To develop effective MSC-based regenerative therapies, it is crucial to have a 

clear understanding of how the encapsulating hydrogel biomaterial’s physiomechanical 

properties affect the MSCs-host immune system cross-talk. In this study SHED were utilized 

to investigate this phenomenon. Dental-derived MSCs are very appealing for craniofacial 

tissue engineering applications, since they may be more committed to differentiate into 

craniofacial structures [11–15]. The suitability of SHED for bone tissue engineering has 

been established [15,16]. SHED are easily available in our pediatric patients’ mouth and can 

be found in biological waste in pediatric dental clinics [15,16]. Considering the neural crest-

derived origin of the dental pulp, SHED can play an important role in the development and 

formation of various craniofacial tissues including craniofacial bone, which are also of 

neural crest origin [16].

Our studies have demonstrated that SHED represent a population of postnatal stem cells 

capable of extensive proliferation and multipotential differentiation (data not shown). 

Therefore, SHED provide a promising cell source for bone tissue engineering applications. 

However, the interaction of these cells with the host immune system and the significance of 

the encapsulating biomaterial remains to be determined. Therefore, in the current study, 

SHED were isolated form the pulp of teeth from children aged 6–12 years and were 

encapsulated in RGD-modified alginate hydrogel scaffolds with two different elastic moduli 

(18–24 KPa vs 28–32 KPa) and porosity (39.3 vs 24.9 μm average pore diameter).

Our in vitro studies confirmed that upon increasing the elasticity of the hydrogel scaffold, it 

becomes denser, with decreased pore size and porosity. This decrease in the pore size was 

able to delay the release of proteins with dissimilar molecular weights from the hydrogel in a 

size-dependent manner. Additionally, it delayed the infiltration of TNF-alpha (a pro-

inflammatory cytokine) within the hydrogel matrix. These data confirmed that elasticity/

porosity of the alginate hydrogel can control the diffusion rate and permeability. Moreover, 

encapsulating SHED cells within hydrogel protected them from T-cell induced apoptosis and 

preserved their osteogenic differentiation. However, the observed effect was more 

pronounced when the cells were encapsulated in a hydrogel with greater elasticity. Our 

findings therefore demonstrate that the alginate hydrogel biomaterial’s elasticity and 

porosity can readily regulate MSC-host immune system interplay.

Our findings prompted us to examine whether the elasticity and the microstructure of the 

encapsulating hydrogel biomaterial can regulate the apoptosis of the encapsulated SHED by 

controlling the activity of the NF-kB pathway. NF-κB is a major transcription factor, which 

regulates innate and adaptive immunity. It is well known that, the nuclear factor NF-κB (NF-

kB) pathway is one of the main moderators of inflammatory processes by upregulting the 

expression levels of proinflammatory cytokines (e.g. TNFα) [46]. Moreover, studies have 

shown that, NF-kB pathway is capable of upregulating COX-2 pathway activation [47] In 

the current study, we revealed down-regulation of Cox-2 and NF-kB p65 expression in 

encapsulated SHED in alginate hydrogel with greater elasticity and less porosity.
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Our in vivo studies exhibited that host pro-inflammatory T-lymphocytes can prevent SHED-

mediated osteogenesis in our animal model in nude mice. Pan-T infusion inhibited the 

SHED-mediated bone regeneration in these mice. However, our results clearly demonstrate 

that the porosity and the elasticity of the hydrogel scaffold used to encapsulate the SHED 

can regulate this cross talk and enhance the quality of the bone tissue regeneration. In order 

to corroborate our findings, encapsulated SHED were implanted subcutaneously in wild type 

mice and after one week of implantation, the infiltration of T-lymphocytes and presence of 

apoptotic SHED inside the hydrogel constructs were analyzed. Our findings showed that the 

porosity of the hydrogel biomaterial controlled the apoptosis of implanted SHED through 

regulation of the diffusion of inflammatory T-cells into the engrafted MSC-hydrogel 

constructs. Altogether, the obtained results confirm that scaffold can regulate inflammatory 

T-lymphocyte-induced apoptosis of encapsulated SHED, and that the physiomechanical 

properties (porosity and elasticity) of the hydrogel help to determine the viability and fate of 

the engrafted MSCs.

5. Conclusions

Here, we demonstrate that the porosity and elasticity of the encapsulating hydrogel 

biomaterial play an important role in dental-derived MSC-immune cell interplay and 

therefore in MSC viability and fate determination. Our findings suggest that the physical 

properties and microarchitecture of the encapsulating hydrogel biomaterial regulate the 

permeation of pro-inflammatory cytokines and T-lymphocytes and therefore osteogeneiss of 

MSCs. These findings might lead to development of an innovative treatment approach for 

high quality MSC-mediated bone tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

In this study, we demonstrate that alginate hydrogel regulates the viability and the fate of 

the encapsulated dental-derived MSCs through modulation of NF-kB pathway. Alginate 

hydrogels with smaller pores and higher elasticity prevent pro-inflammatory cytokine-

induced MSC apoptosis by down-regulating the Caspase-3- and 8- associated 

proapoptotic cascade, leading to higher amounts of ectopic bone regeneration. MSCs 

encapsulated in hydrogel with higher elasticity exhibited lower expression levels of NF-

kB p65 and Cox-2 in vivo. These findings confirm that the fate of encapsulated MSCs are 

affected by the stiffness and microarchitecture of the encapsulating hydrogel biomaterial, 

as well as presence of T-lymphocytes/pro-inflammatory cytokines providing evidence 

concerning material science, stem cell biology, the molecular mechanism of dental-

derived MSC-associated therapies, and the potential clinical therapeutic impact of MSCs.
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Figure 1. Characterization of the developed hydrogel biomaterials
(a) The modulus of elasticity of the fabricated alginate hydrogels in the presence of two 

different concentrations of calcium ions (100 and 200 mM, showing increased elasticity in 

presence of a higher concentration of calcium. (b) Light microscopic images of the 

fabricated microspheres. (c) SEM micrographs of prepared hydrogels at the two different 

calcium ion concentrations. (d) The calculated average pore size for the two different 

hydrogels based on SEM images. In vitro trypsin inhibitor (e), BSA (f), and IgG (g) release 

profile from alginate hydrogels with different elastic moduli/porosity showing decreased 

release amounts from alginate hydrogel with greater stiffness. (h, i) Qualitative and 

quantitative characterization of the permeability of fabricated alginate microspheres to TNF-

α using immunofluorescence staining, showing reduced infiltration of TNF-α in alginate 

hydrogel with greater elasticity and lower porosity. Scale bar: c, 30 μm; *P<0.05.
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Figure 2. Biomaterial physical properties and microarchitecture affect SHED-immune system 
interplay in vitro
(a) Live/dead staining of encapsulated SHED MSCs in fabricated hydrogels after two weeks 

of culturing in regular media (scale bar = 200 mm). (b) Viability of the encapsulated MSCs: 

percentage of live MSCs in alginate microspheres with different elasticity/porosity. (c) 

Apoptosis of SHED in the presence of activated Pan-T lymphocytes after three days of co-

culturing, as confirmed by FACS analysis using Annexin V-FITC apoptosis detection kit. 

The protective properties of encapsulating biomaterials and the role of their porosity/

elasticity were demonstrated by the reduced apoptosis of encapsulated SHED in the 

presence of activated Pan-T lymphocytes after three days of co-culturing, as confirmed by 

FACS analysis using an Annexin V-FITC apoptosis detection kit. (d) Western blot analysis 

showed upregulation of the NF-kB pathway in SHED in the presence of IFN-γ (50 ng/ml) 

and TNF-α (5 ng/ml), showing the harmful effects of pro-inflammatory cytokines on MSC 

survival. Encapsulating SHED in alginate hydrogel with higher elasticity (lower porosity) 

down-regulated NF-kB pathway activity relative to that of SHED encapsulated in more 

porous alginate hydrogel. *P<0.05, ***P<0.001.
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Figure 3. Down-regulation of SHED osteogenesis in the presence of pro-inflammatory cytokines
(a) Alizarin red staining showed reduced mineralized nodule formation for SHED cultured 

in osteogenic media in the presence of IFN-γ 50 (ng m/l)- TNF-α (5 ng m/L) combination. 

Mineralization area percentage was defined as the area of stained mineralization divided by 

the total area. (b) The protective role of the biomaterial was confirmed by osteogenic 

differentiation of encapsulated SHED in alginate with different degrees of elasticity/porosity 

in the presence of IFN-γ and TNF-α for 4 weeks and staining with Xylenol orange 

fluoroprobe. (c) Mineralization area percentage was defined as the area of stained 

mineralization divided by the total area of the field of view of the image in d. (d) Western 

blot analysis showed that pro-inflammatory cytokine-treated SHED expressed decreased 

levels of osteogenic marker. Moreover, Western blot analysis confirmed that the 
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physiomechanical properties of the encapsulating hydrogel biomaterial regulated the 

expression of osteogenic marker levels (RUNX2) in the presence of IFN-γ and TNF-α. NS= 

not significant, *P<0.05, **P<0.01.
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Figure 4. Biomaterial-T lymphocyte cross-talk regulates SHED-mediated bone regeneration
(a) Micro-CT images of SHED encapsulated in alginate hydrogels with different 

physiomechanical properties, retrieved 8 weeks after subcutaneous implantation in 

immunocompromised mice. Pan T lymphocytes were isolated and injected into the mice via 

the tail vein immediately prior to the surgical procedures. (b) Histological analysis (H&E 

staining) of retrieved specimens after 8 weeks of subcutaneous implantation. (c) Semi-

quantitative analysis via micro-CT images (a) showing the bone volume fraction (BV/TV). 

(d) Semi-quantitative analysis of the amount of bone regeneration from histological slide 

presented in panel b. B: regenerated bone, #: connective tissue. NS= not significant, 

*P<0.05, **P<0.01.
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Figure 5. Post-implantation characterization of implanted MSCs
To further analyze the role of the physiomechanical properties of the encapsulating 

biomaterial on MSC-immune system cross-talk, the encapsulated SHED cells were 

subcutaneously implanted in wild type mice and SHED apoptosis was evaluated 1 week 

post-implantation. Encapsulated SHED in alginate hydrogel implanted in nude mice were 

used as the control. (a) Immunohistochemical staining with antibodies against anti-NF-kB 

p65 and anti- Cox-2 antibodies of specimens retrieved after one week of implantation 

showing higher expression levels of (upper panel) Cox-2 and (lower panel) NF-kB p65 (red 

arrows) in encapsulated SHED in alginate hydrogel with lower elasticity and greater 

porosity. (b) Semi-quantitative analysis of the percentage of positive surface area in panel a. 

(c) Fluorescent immuno-staining with antibodies against Caspase-3 (upper panel) and 

Caspase-8 (lower panel) after 1 week of implantation revealing significantly higher 

expression levels of Caspase-3 and Caspase-8 in encapsulated SHED in alginate hydrogel 
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with lower elasticity and greater porosity. (d) Semi-quantitative analysis of the number of 

positive cells in panel c. NS= not significant, *P<0.05, **P<0.01.
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