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Abstract: Stem cells from human exfoliated deciduous teeth (SHED) are a unique source of stem 
cells because they are relatively easy to obtain and harvest from discarded teeth. While they could 
differentiate into neurons, adipocytes, osteoblasts, and myocytes, little is known whether they can 
differentiate into cardiomyocytes. The potential use of a biomaterial scaffold to deliver 
cardiomyocytes to the site of damaged heart tissue for cellular therapy is an attractive concept. 
Gelatin-B and poly-(lactic-co-glycolic acid) (PLGA) were selected for the present study. The gelatin-
B and PLGA scaffolds were constructed using an electro-spinning technique. SHED cells proliferate 
in both PLGA scaffolds and gelatin-B scaffolds and maintain adequate viability as determined with 
calcein-AM staining and DNA quantification. SHED cells were treated with a predetermined 
optimized cardio-treatment protocol. qPCR analysis of the cardiomyotic genes, MEF2.C, Cx-43, 
TNNT2.C, Nkx2.5, and GATA-4, showed that SHED cells differentiated on PLGA significantly up-
regulated these cardiogenic markers compared to SHED cells cultured in control media . In summary, 
we demonstrate the growth and cardiomyogenesis of SHED cells on electrospun gelatin and PLGA 
scaffolds. Further development of our research concepts for cardiovascular regeneration using in 
vivo research and clinical trials, could allow the development of therapies involving the delivery of 
cardiomyocytes differentiated from SHED using electrospun scaffolds to the site of damaged heart 
tissue. 
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1. Introduction 

Heart disease is the leading cause of death in the United States [1]. Coronary artery disease is 
the most common heart disease, caused by limited or lack of blood flow to various parts of the heart. 
Limited blood flow can result in damage to heart tissues and further heart complications. 

Some researchers have identified a need to harvest and differentiate stem cells into 
cardiomyocytes as a potential novel therapy for accomplishing cardiovascular regeneration. However, 
harvesting donor stem cells and inducing their differentiation into a functional cell type is a difficult 
task. There are several stem cell-types that have been used for cardiac repair therapy including 
human embryonic stem cells (hESC) and adult stem cells, e.g. bone marrow, adipose tissue, and 
umbilical cord blood [2]. The use of hESC brings with it controversies surrounding creating, using, 
and destroying potential human embryos; and while mesenchymal stem cells are less controversial 
there is a large variety of cell-types to choose from with varying degrees of multipotency. 

In this experiment cells from human exfoliated deciduous teeth (SHED) are used in a 
cardiomyogenic media to assess cardio induction. The media used for cardiomyogenic induction 
contains cardiogenol-C, H2O2, oxytocin, ascorbic acid, BMP-2, bFGF, IgF-1, and 5-azacytidine 
dissolved in culture media. Cardiogenol-C is a synthetic chemical compound which reportedly 
induces cardiomyogenic differentiation in mouse P19 embryonic stem cells at the concentration of 
0.25 µM. Cardiogenol-C induced differentiation showed positive up-regulation of Nkx-2.5 and 
GATA-4 [3]. Furthermore, at a concentration above 25 µM, Cardiogenol-C showed cellular toxicity. 
Hydrogen peroxide has been shown to enhance cardiomyocyte-like gene expressions of GATA-4, 
Nkx-2.5, and MEF-2C in P19 mESC as well [4]. From ex vivo experiments Jankowski, et al. showed 
that oxytocin is involved in the developmental formation of coronary vessels [5]. Treating mouse 
P19 embryonic stem cells with 10−7 M of oxytocin induces differentiation of the mESC into 
cardiomyocytes [6]. Furthermore, 5-azacytidine has been shown to have the capability to cause 
differentiation of hMSCs into cardiomyocyte in vitro [7]. In hMSCs treated with 5-azacytidine, 
GATA-4 and connexin-43 gene expressions were highly expressed along with positive staining of 
Nkx-2.5 [8]. 

Along with cardio-related transcription factors, connexin gap junctions are integral to heart 
tissues and are thus important to induce. Using neonatal rat myocytes, Doble, et al., showed the 
importance of bFGF in the regulation of connexin-43, which is a necessary protein in the human rat 
gap junctions. bFGF also plays a key role after myocardial injury by stimulating the growth and 
proliferation of cardiac tissue [9]. Another growth factor found in freshly isolated cardiomyocytes of 
neonatal rats is insulin-like growth factor 1 (IgF-1) [10]. Even though IgF-1 is produced mainly in 
the liver, it is able to travel through the blood stream and eventually reach the heart. IgF-1 has been 
shown to induce cardiomyocyte hypertrophy in vitro [10,11]. Cardiac hypertrophy is mediated 
through several signaling pathways, one of which involves the growth factors IgF-1, FGF, and  
PDGF [12]. 
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Inducing cardio-specific transcription factors and structural components are important steps 
culminating in rhythmically beating cells. Ling-Ling, et al. induced beating cells with cardio-specific 
genes expressions in mESC using ascorbic acid [13]. Bone morphogenetic protein 2 (BMP-2) have 
also been shown to induce rhythmic beating, along with expressions of Nkx-2.5, GATA-4, and 
ventricular myosin heavy chain in explant tissue culture of chicken embryos [14]. It must be stated 
that there are other members of the BMP family, i.e. BMP-4 and BMP-7, which will cause 
expressions of the Nkx-2.5, GATA-4 and vMHC as well. 

Alongside the cardio differentiation, the biomaterial scaffold employed is a significant aspect of 
the experiment. Electrospinning was used to synthesize the necessary scaffolds for the experiment. 
Electro-spinning is a simple fabrication method of preparing nano-fibrous scaffolds with tunable 
fiber dimensions. A charged polymeric solution is introduced within an electric field through a 
syringe pump and polymer filaments are formed on an electrically conductive collector plate. The 
size and pattern of the deposited nanofibers depends on the strength of the electric field, the needle to 
collector distance, the concentration and flow rate of the polymeric solution and the polarity of the 
collecting plate. A custom made electro-spinning apparatus has been developed in our laboratories 
that allows for automated control of the flow rate, electric field potential, needle to collector distance 
and collector polarity through a graphical user interface. Electro-spinning is proven to be an effective 
method to fabricate highly organized scaffolds that could conform to a wide range of polymers (e.g. 
cellulose, chitin, dextrose, collagen, gelatin), provide spatial control over scaffold architecture, as 
well as easily tailoring cytokine release profiles [15,16]. 

A hypothesized course of direction is to use adult stem cells extracted from SHED and induce in 
vitro cardiomyocyte differentiation, which can later be transplanted into the damaged heart region for 
cellular therapy. This study aims to show that SHED cells can attach and differentiate into 
cardiomyocytes on an electrospun scaffold. If proven, this technique can be employed to combat 
scarred and damaged heart tissue by directly transplanting the cardiomyocyte-differentiated SHED 
cells on an electrospun scaffold to the site of tissue damage. Not only will the scaffold provide an 
environment for the differentiating cells to attach, proliferate, and differentiate on, but over time the 
biomaterial scaffold will slowly degrade away leaving only a new, healthy layer of cardiac tissue. 

SHED cells are harvested from the dental pulp of “milk teeth”. The natural transition from baby 
teeth to adult permanent teeth is a dynamic process that involves the development and eruption of 
permanent teeth coordinated with the re-absorption of the roots of the deciduous teeth [17]. SHED 
cells are adult stem cells with limited differentiation capabilities, unlike embryonic stem cells, which 
have pluripotent differentiation abilities. SHED cells have been shown to be capable of 
differentiating into neurons, adipocytes, odontoblasts [17], osteoblasts [18], and myocytes [19]. 

Although SHED cells have been induced to differentiate into a variety of cellular tissues, 
cardiomyocyte differentiation has yet to be demonstrated. The overall goal is to achieve cytokine-
induced cardiomyogenic differentiation of SHED cells on electrospun scaffolds that can be tested in 
vitro to relieve, or repair, damaged cardiomyocytes caused by heart disease. 

To achieve the overall objective two aims are being assessed: 
1) Determine the optimal electrospun scaffold between either gelatin-B and PLGA 
scaffolds for cell adhesion and proliferation. 



142 

AIMS Bioengineering  Volume 3, Issue 2, 139-155. 

2) Induce cardiomyogenic differentiation of SHED cells using a pre-determined optimal 
cardiomyocyte-inducing protocol on the two aforementioned electrospun scaffolds. 

2. Materials and Methods 

2.1. Electrospinning scaffolds 

2.1.1. Gelatin-B 

Gelatin-B (Sigma-Aldrich, St. Louis, MO) is derived from denatured bovine collagen. The 
scaffold was formed by dissolving 10% w/v gelatin-B in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 
solvent and then loaded into a 5 mL syringe. The electro-spinning process used a 22 gauge blunt 
needle attached to a 15 kV electrical supply to charge and eject the polymer solution. gelatin-B was 
extruded at a rate of 4 mL/hr. Crosslinking of gelatin-B scaffold was performed using glutaraldehyde 
vapor (Sigma-Aldrich, St. Louis, MO, Glutaraldehyde Solution Grade II 25% in H2O) for 1hr in 
room temperature, followed by a 100mM glycine wash for an hour to block any unreacted aldehyde 
groups. 

2.1.2. PLGA 

Poly-(lactic-co-glycolic acid) nanofibrous scaffolds were electro-spun from a polymer solution 
of 10% poly-(DL-lactide-co-glycolide) (Sigma-Aldrich, St. Louis, MO) in HFIP. A voltage of 12 kV 
was applied to the 22 gauge blunt needle while being extruded from the syringe pump at 4 mL/hr. 

2.2. In-vitro SHED cell expansion 

SHED cells provided by the National Institute of Dental and Craniofacial Research (NIDCR), 
Bethesda, MD were isolated using the technique described by Miura, et al. [17]. The SHED cells 
were cultured and passaged when the cells reached 80% confluency in High-Glucose Common 
Culture Media (HG-CCM), composed of high glucose DMEM (Invitrogen, Carlsbad, CA), 
supplemented with 10% Heat-Inactivated Fetal Bovine Serum (HI-FBS) (Invitrogen, Carlsbad, CA), 
1% Penicillin/Streptomycin (Invitrogen, Carlsbad, CA), 0.1% Amphotericin B (HyClone,Waltham, 
MA). The cells were cultured in an incubator at 37 °C and 5% CO2. The cells were detached from the 
flask using Trypsin-EDTA, frozen and stored in 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 
St. Louis, MO) in HG-CCM. SHED cells used in the experiment underwent four culture passages. 

2.3. Proliferation study 

2.3.1.  Viability using calcein-AM staining 

The first aim of the experiment was to show that SHED cells can be seeded and grown on 
gelatin-B and PLGA scaffolds, compared to tissue culture plastic well plates (TCP). Initially, SHED 
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cells are seeded at a density of 2,000cells/cm2 onto, gelatin-B (n = 3), and PLGA scaffolds (n = 3). 
The gelatin-B and PLGA scaffolds are placed in the well plates on top of a base layer of 1% fibrin 
diluted in distilled water to ensure that the SHED cells only attach to the electrospun scaffold. The 
cells were seeded in 1 mL of HG-CCM per well and incubated at 37 °C and 5% CO2. The media was 
aspirated and changed every two days. After two and seven days from initial seeding, staining for 
viable cells (measured by esterase activity) was performed to determine the attachment and 
proliferation capabilities of the SHED cells on the electrospun scaffolds. Staining was accomplished 
using a 4 µM Calcein Acetoxymethyl (AM) solution in PBS and incubated for 30mins in a light 
protected environment. After incubation samples were imaged with a fluorescence microscope. 

2.3.2.  Quantitative analysis 

To obtain a quantitative cell count on the scaffolds, quantification of DNA correlating to cell 
population was utilized. SHED cells were seeded onto gelatin-B (n = 3) and PLGA (n = 3) scaffolds 
at 10,000 cells/sample. The gelatin-B and PLGA scaffolds were cut into 10mm diameter circles and 
placed on a layer of 1% fibrin gel similarly to the viability experiments. The samples were incubated 
at 37°C and 5% CO2. Additionally, media changes of HG-CCM every other day was performed after 
initial seeding for the following 11 days. 

2.3.3. DNA extraction and isolation 

Trypsin-EDTA was used to detach the cells from the PLGA, and gelatin-B scaffolds on days 3, 
5, 7, 9, and 11 after initial seeding. To ensure that only cells that are attached to the gelatin-B and 
PLGA scaffolds are collected, trypsinization of the cells on gelatin-B and PLGA scaffolds were done 
in a 1.7 mL tube instead of in the 24-well plate. 

After the cells were detached from the scaffolds, DNA extraction and isolation was performed. 
Using Gentra® Puregene® Cell Kit (Qiagen, Valencia, CA) and protocol for cultured cells, DNA 
was extracted and isolated from the samples. Additionally, RNase A Solution was included in the 
process to remove RNA. After DNA extraction was completed a solid, white pellet was visible. 10 
µL of DNA Hydration Solution was added and then placed in a 65°C oven for 1 hour to re-dissolve 
the DNA pellet. Subsequently, the re-dissolved DNA was analyzed and quantified using a NanoDrop 
(Thermo-Fisher Scientific, Waltham, MA) with ND-100 software. DNA Hydration Solution was 
used as to normalize the samples. From quantification of DNA, cell population can be determined 
from known correlation between DNA mass and cell population from literature and experiment. 

2.4. Cardio-differentiation on electrospun scaffolds 

2.4.1. Cardio-differentiation treatments 

To test the efficacy of differentiation of SHED cells on the gelatin-B and PLGA scaffolds 
compared to that of TCP, the SHED cells were treated with a cardiomyocyte-inducing media. SHED 
cells were seeded on TCP at 2,000 cells/cm2; gelatin-B and PLGA scaffolds on a base layer of 1% 
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fibrin gel at 6,000 cells/cm2. Three times more SHED cells were seeded onto the electrospun 
scaffolds since only a fraction of the initially seeded cells actually attach to the scaffolds as 
determined by the quantitative proliferation experiment. 

After two days of incubation at 37°C and 5% CO2 with HG-CCM, cells were viewed under light 
microscopy to ensure that cells were attached and proliferating normally. After confirming the SHED 
cells were attached and proliferated to ~30% confluency, the HG-CCM was aspirated out and either 
cardio- media or control HG-CCM was added. The experiment called for a nine-day treatment period 
with media changes every two days. 

Cardio-media is a cocktail mixture of 250 nM cardiogenol-C (Sigma-Aldrich), 10 µM hydrogen 
peroxide (Sigma-Aldrich), 100nM oxytocin (EMD Biosciences, Darmstadt, Germany), 100 µM 
ascorbic acid (Sigma-Aldrich), 10 ng/mL BMP-2 (Invitrogen), 50 ng/mL bFGF (Invitrogen), 5 
ng/mL IgF-1 (Invitrogen), and 10 µM 5-azacytidine (Sigma-Aldrich) diluted in HG-CCM media. 

2.4.2. mRNA extraction and isolation 

After the nine-day period treatment, mRNA was extracted from the samples using TRIzol LS 
(Invitrogen, Carlsbad, CA). For the samples on TCP 0.5mL of TRIzol was added directly to the 
samples and incubated for 5 mins. For samples of gelatin-B and PLGA, 0.5 mL of TRIzol was added 
to 1.7 mL microcentrifuge tubes. The gelatin-B and PLGA scaffolds were then transferred into the 
1.7 mL tubes of TRIzol using sterile tweezers and left to incubate in room temperature for 5 mins. 
mRNA isolation was performed according to TRIzol’s mRNA extraction protocol. 

2.4.3. mRNA quantification 

After isolating the mRNA from the samples, normalizing of the mRNA was done using the 
NanoDrop. Furthermore, mRNA samples with a 260/280 ratio of only 1.6 and greater was used to 
synthesize cDNA. 

2.4.4. Reverse transcription to synthesize cDNA 

Using the rehydrated mRNA that was previously quantified, synthesis of complimentary DNA 
was achieved by utilizing the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
Carlsbad, CA) and the supplied protocol. RT-PCR was performed on a GeneAmp PCR System 8700 
Thermocycler (Applied Biosystems, Carlsbad, CA). The cDNA was then diluted 1:5. 

2.4.5. Real-time polymerase chain reaction 

Primers were designed using known gene sequences from NIH’s GeneBank. The DNA 
sequences from the coding region of the genes were then copied into OLIGO v6.7 and the primers 
were screened to exclude strong hairpins, and internal and external duplexes, as outlined in the 
OLIGO Handbook. All the primers were designed to have a melting point of 60 °C. Primers were 
ordered from Operon (Huntsville, AL). 
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Cardiomyogenic gene expressions of the samples were quantified using a real-time polymerase 
chain reaction using SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA) and following 
the company’s protocol. 

Following qPCR using Stratagene Mx3000P (Santa Clara, CA), analysis of relative gene 
expressions of the target genes, MEF2.C, Cx-43, TNNT2.C, Nkx2.5, and GATA-4, were normalized 
relative to the GAP-DH. Using CT values collected from the qPCR analysis, the relative gene 
expression quantity (RQ) was obtained using the delta-delta-CT method, where the reference is GAP-
DH, control is samples treated with only HG-CCM, treated are samples treated with cardio-cocktail 
media, and E is the efficiency calculated to be 2 from the standard curve of the primers [20]: 

𝑅𝑄 =  
𝐸𝑇𝑎𝑟𝑔𝑒𝑡
Δ𝐶𝑇(𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑇𝑟𝑒𝑎𝑡𝑒𝑑)𝑇𝑎𝑟𝑔𝑒𝑡

𝐸𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
Δ𝐶𝑇(𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑇𝑟𝑒𝑎𝑡𝑒𝑑)𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 

2.5. Immunohistochemistry analysis 

Samples that were analyzed via immunohistochemistry were fixed in 10% neutral-buffered 
formalin by first rinsing the cells with PBS two times at room temperature followed by fixation in 10% 
formalin in PBS for 10 min at room temperature. Samples were then washed 3X in PBS containing 
0.05% v/v Tween 20 (Sigma). Immunohistochemistry of nuclear localized antigens required further 
solubilization of the nuclear membrane in 0.1% Triton X-100 (Sigma) for 5 min. All samples were 
blocked using 1% BSA (containing 0.05% Tween 20) in PBS for 1 hr at room temperature. 
Immunostaining was carried out using the following primary antibodies and dilutions in 0.5 mg/mL 
BSA in PBS: GATA4 – 1:500, Nkx2.5 – 1:100, and Anti-Cardiac Troponin 1 (cTnT) – 1:250. All 
primary antibodies were purchased from Abcam (Abcam, Cambridge, MA). Cells were left 
incubating in the primary antibodies overnight. Following incubation with primary antibodies, the 
samples were washed 2X in Tween 20-containing PBS and then incubated with the appropriate 
secondary antibodies for two hours in the absence of light. The following secondary antibodies were 
applied diluted 1:200 in PBS: GATA4– Anti-Rabbit IgG (Rhodamine), Nkx2.5– Anti-Rabbit IgG 
(FITC), and cTnT– Anit-Rabbit IgG (FITC). All secondary antibodies were purchased from Santa 
Cruz (Santa Cruz Biotechnology, Santa Cruz CA). 

Following secondary antibody incubation, samples were again washed with PBS 2X and 
counterstained for DAPI. DAPI counterstaining was performed concurrently with mounting of the 
samples by means of the VectaShield hardest mounting media (Vector Laboratories, Burlingame CA) 
following the published protocol. Samples were then imaged using an inverted fluorescent 
microscope with the appropriate filters. 

2.6. Statistical analysis 

Gene expression: Values from three independent experiments were pooled for the analysis. A 
one-way ANOVA with a Tukey post-test was performed for each gene expression value using the 
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statistical software SigmaPlot (Systat&Mystat Products, Chicago IL) and p values were obtained 
through this method. Statistical significance was determined as p ≤ 0.05. 

3. Results 

3.1. SEM analysis of electrospun scaffolds 

Figure 1 and Figure 2 display the scanning electron microscope (SEM) results for gelatin-B and 
PLGA, respectively. Figure 1A shows un-cross-linked, single fibers of gelatin-B created using 
electrospinning. Here it is seen that the electrospinning method has a high degree of precision, able 
to create fibers of very similar diameter. Figure 1B is a crosslinked gelatin-B scaffold showing high-
porosity and crosslinking. Figure 1C is a cross-section image of a crosslinked gelatin-B scaffold. The 
thickness of the scaffold can be easily manipulated, as well as the diameter and degree of 
crosslinking. This manipulability is ideal for cellular adhesion. 

 

Figure 1. A) SEM image of un-cross-linked, single fibers of gelatin-B B) SEM image of 
crosslinked gelatin-B scaffold. C) SEM cross-section image of a crosslinked gelatin-B 
scaffold. 

 

Figure 2. A) SEM image of PLGA fibers. B) SEM image of PLGA at higher 
magnification. 
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The SEM images of the scaffolds shown in Figure 2 were made from PLGA fibers. Figure 2A 
shows the cross-linked PLGA fibers. Figure 2B provides an SEM image at higher magnification that 
better show the porosity and interconnectivity of the fibers. 

3.2. Viability assessment 

Live staining of SHED cells after two days (Figure 3) and seven days (Figure 4) of HG-CCM 
shows that SHED cells attached and proliferated on gelatin-B and PLGA scaffolds. After Day 7, 
SHED cells grew to confluency on both scaffolds. A quantitative measurement proved to be 
unreliable due to IPLab software’s segmentation and analyzing algorithms which were not 
adequately detecting live cells because of the interference caused by the scaffolds. This inability to 
accurately quantify cell population led to using total mass of DNA to quantify SHED cell population 
growth. 

 

Figure 3. Live staining two days after initial seeding of SHED p4 cells onto Tissue 
culture. A) TCP. B) Gel-B. C) PLGA. 

 

Figure 4. Live staining seven days after initial seeding of SHED p4 cells onto Tissue 
culture. A) TCP. B) Gel-B. C) PLGA. 
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3.3. Proliferation quantification 

DNA quantification is employed to quantify SHED attachment because we found this technique 
to be more feasible and accurate in quantifying cells on the given scaffolds compared to cell viability 
assays. To acquire population size of the SHED cells in the experiment, a determination of quantity 
of DNA in a SHED cell was required. In knowing the mass of DNA in one SHED cell, we are then 
able to determine not only fold increases in population but also quantify the approximate cell 
population. DNA mass per SHED cell was determined by quantifying DNA from a known amount of 
SHED cells, which were counted manually using a hemocytometer. It was determined that each 
SHED cell contained approximately 3.30 picogram of DNA; this was similar to Qiagen’s 6.0 pg of 
DNA per animal cell as stated in Qiagen’s PureGene protocol manual [21]. 

Quantitative cell population for an eleven-day span were extrapolated and compared between 
gelatin-B and PLGA (Figure 5). The data is presented in the form of mean ± standard deviation. 

 

Figure 5. Histogram showing the undifferentiated SHED cell population size on gelatin-
B (blue), and PLGA (red) scaffolds over a period of eleven days. 

The results in Figure 5 alongside Figure 4 suggest that the SHED cells are able to maintain 
viability on each scaffold. The results in Figure 5 suggest that the SHED cells are better able to 
proliferate on gelatin-B compared to PLGA. 

3.4. qPCR relative gene fold expression 

qPCR was performed and relative gene expression was calculated using RQ equation (Figure 6). 
Triplicate CT data were analyzed for outliers using Grubb’s test for outliers, followed by averaging 
the triplicate CT for each sample. The three averaged CT values for each test group were averaged 
before performing ΔΔCT calculations to normalize to GAP-DH and control groups. 

Since the averaging of the samples within the group occurred before ΔΔCT, a different method 
to calculate error bars was required. Using standard error of means (SE) directly was impossible 
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since the standard deviations were calculated before ΔΔCT calculations. Upper and lower error bars 
had to be calculated to account for logarithmic differences to the relative quantity (RQ). 
Magnitude of upper error: 

2−(𝛥𝛥𝐶𝑇−𝑆𝐸) − 𝑅𝑄 

Magnitude of lower error: 

𝑅𝑄 − 2−(𝛥𝛥𝐶𝑇+𝑆𝐸) 

 

Figure 6. qPCR Relative cardiac gene fold expression of SHED cells after 9 days of 
cardio-treatments. (*: p < 0.05, n = 3). 

Statistical analysis was performed to compare gene fold increase of cardio-media treated 
samples in comparison to the HG-CCM treated controls for gelatin-B, PLGA, and TCP. Gene 
expression analysis shows a significant cardio-inductive response in SHED cells cultured on the 
scaffolds as well as on TCP. Cells grown on PLGA scaffolds demonstrated a statistically significant 
fold increase in all cardiac-specific transcription factors (GATA4, MEF2C, and Nkx2.5) as well as 
cardiac structural and functional proteins connexin 43 (Cx43) and cardiac troponin T (TNNT2) when 
compared to SHED cells cultured in control media. While both Cx43 and TNNT2 were significantly 
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upregulated in cardio-treated cells on gelatin-B substrates, these cells only show a statistically 
significant upregulation of one (MEF2C) out of the three cardiac-specific transcription factors 
explored. Similarly, cells grown on tissue culture plastic show some cardiac response in terms of 
gene expression but failed to significantly upregulate Cx43 and Nkx2.5 when treated with cardio-
inductive media. Regardless, these results show that under the right conditions, SHED cells are 
capable of undergoing cardiomyogenesis and that this can be achieved on various scaffold materials. 

3.5. Immunohistochemistry analysis 

 

Figure 7: Immunohistochemical analysis of several cardiomyogenic gene markers. A) 
Expression of GATA4 for cardio-treated SHED cells. B) Expression of GATA4 for 
control SHED cells C) Expression of NKX2.5 for cardio-treated SHED cells. D) 
Expression of NKX2.5 for control SHED cells. E) Expression of cTnT for cardio-treated 
SHED cells. F) Expression of cTnT for control SHED cells. 
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Both gelatin-B and PLGA scaffolds auto-phosphorylated and created a very high background 
for any meaningful immunhistochemical analysis of cardiac protein deposited in the scaffolds. To 
demonstrate the capability of cardiomyotic differentiation, the SHED cells were cultured with the 
aforementioned cardio-treament. The results of the immunohistochemical staining are displayed in 
Figure 7. 

Immunohistochemical analysis of cardiogenic induced SHED cells shows positive staining for 
cardio-specific transcription factors GATA 4 and NkX2.5. Additionally, positive staining is found 
with the cardiogenic structural protein cTnT. The cardio-treated SHED cells appear more positive 
than that of the HG-CCM treated controls. 

4. Discussion 

This study assesses the capability of inducing cardiomyotic differentiation of SHED cells 
through exposure to chemical compounds and growth factors, while at the same time trying to 
determine the effect of scaffold properties on cell attachment, proliferation, and differentiation. The 
study is composed of two aims: a) assess the ability of SHED cells attaching and proliferating on 
gelatin-B and PLGA electrospun scaffolds, and b) assess whether SHED cells are able to 
differentiate into cardiomyocytes on gelatin-B and PLGA scaffolds. 

4.1. SHED cells & biomaterials for cardiac repair 

Coronary heart disease will continue to be a matter of importance for years to come. One way to 
restore damaged heart tissue would be to use the patient’s own cells to repair damaged cardiac tissue. 
It is generally agreed that transplanted cells play a large role through the paracrine effect by creating 
a favorable environment for cell recovery, enhancing angiogenesis, and limiting ventricular  
modeling [22]. 

Even though transplanted cardiomyocyte-like SHED cells may not directly become the new 
cardiac tissue, these cells may have an effect on the local environment of transplantation which 
would be conducive for the heart’s progenitor cells to repair the damage tissue. Past transplantation 
of stem cells into the heart through intracoronary delivery has shown to improve acute myocardial 
infarctions [23]. However, only a small percentage of the delivered cells, ~1.3 to 2.6%, were detected 
in the infracted myocardium; the majority of the cells were found in the liver and spleen [24]. A 
biomaterial scaffold, such as a PLGA patch covered with cardiomyocyte-like SHED cells, will allow 
for a precise delivery of therapeutic cells to the infracted area and better enhance cardiac tissue repair. 
Being able to concentrate the majority of transplanted cells to the targeted area and minimize any 
movement will greatly reduce the number of cells required for treatment. Thus, equating to less stem 
cell needing to be extracted and cultured, and lowering the likelihood of cell migration to other parts 
of the body. SHED cell treatments would be an autologous transplantation thus reducing or negating 
any immune reaction or rejection. It is important to note that gelatin-B is a bovine-based scaffold. 
Further, HG-CCM media contains fetal bovine serum (FBS), thus new approaches must be 
investigated to overcome potential immune reactions. 
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PLGA scaffold is shown to be adequate for cell attachment, proliferation, and very capable of 
providing a suitable environment for cardiomyotic differentiation of SHED cells. PLGA is 
biocompatible and biodegradable within human tissue, and most importantly the mechanical strength 
and degradation time can be altered very easily during the electro-spinning process and with the use 
of co-polymers. 

4.2. Proliferation study 

The proliferation study used qualitative staining assessment and DNA quantification to assess 
the ability of the two electrospun scaffolds to promote attachment and proliferation of SHED cells. 
Both electrospun scaffolds allowed attachment of SHED cell. The background fluorescence of the 
scaffolds from the viability assay led to difficulties in quantifying the SHED cells with typical 
imaging software. Thus, we needed to lift the SHED cells from the scaffolds before quantification. 
We extracted the DNA and correlated this with an experimentally determined weight of SHED cells. 
Though this approach is not a typical cell quantification method, it provided an effective and cost-
efficient manner to quantify the SHED cells on the scaffold. 

An important note from the proliferation experiment is that after one day (24hrs) SHED cells 
were adequately attached to all the scaffolds. According to Figure 5 approximately one-third of the 
initially seeded 10,000 SHED cells attached to the gelatin-B and PLGA scaffolds one day after 
seeding. This is a considerable loss and should be accounted for in future studies. 

Clinical use of gelatin-B and PLGA scaffolds would ultimately require either a significantly 
higher seeding density of SHED cells, or a longer proliferation period, to allow for greater cell 
population before transplantation. The difference between using gelatin-B or PLGA scaffolds are 
minimal when evaluating cell attachment and proliferation data, but when assessing the ability to 
induce differentiation the PLGA scaffold has a significant advantage. 

4.3. Induction of cardiomyocyte differentiation 

Through qPCR data acquisition, cardio-specific gene expressions of SHED cells exposed to 
cardio-media on both gelatin-B and PLGA scaffolds were analyzed. Cardio-media treated SHED 
cells on PLGA scaffolds resulted in significant up-regulation compared to the control group in all 
five cardio specific genes (MEF2.c, Cx-43, TNNT2.c, Nkx-2.5, GATA-4). Compared to SHED cells 
cultured in control media, SHED cells on the gelatin-B scaffolds treated with the cardio-media 
expressed statistically significant increased levels of three out of the five cardio-specific genes tested 
(CX43, TNNT2, and MEF2C). This illustrates that the PLGA scaffold may provide a better 
environment for the SHED cells to differentiate compared to gelatin-B. This should be considered for 
future cellular transplantation therapy studies. For the gene expression experiment, the sample 
number used (n = 3) was chosen because the cardiomyotic induction was a complex and expensive 
process. However, with this sample number, statistically significant gene expression results were 
obtained. Further reinforcing the effect of the cardio treatment used in this study is the 
immunohistochemical analysis. Positive staining for GATA 4, NkX2.5, and cTnT was found in 
cardio-treated SHED cells. 



153 

AIMS Bioengineering  Volume 3, Issue 2, 139-155. 

The use of growth factors and proteins in the cardio-media induces a higher degree of 
cardiomyogenesis. Growth factors are important in inducing cardiomyocyte-like cells from SHED 
cells; these growth factors were shown to be present in fresh cardiac tissues of neonatal rat and 
chicken. Growth factors, either directly or indirectly, are involved in the development of new cardiac 
tissue. But in some cases, such as bFGF, levels of growth factors differ depending on the stage of the 
developing heart. For early stages of development, as in this experiment, bFGF is integral to early 
cardiomyocyte differentiation. But if we were to look at the effects of bFGF on terminally 
differentiated cardiomyocyte protein levels, such as of contractile troponin, bFGF does not create 
higher levels of troponin [25]. It is important to note that although all of the genes being tested are 
linked to cardiomyogenesis, GATA-4 is also believed to regulate embryogenesis as well [26]. 

5. Conclusion 

There is a great need to understand SHED cell’s growth and differentiation capabilities. SHED 
cells can lead to a cell line that is ethically acceptable, non-invasive to acquire, and has the potential 
to differentiate to a variety of tissues which can be employed in regenerative tissue engineering. 
Every person will lose deciduous teeth as a child to make room for adult permanent teeth, and this 
makes it an excellent source to easily collect, isolate, and store these multipotent stem cells if the 
situation arises to treat injuries in the future. 

Furthermore, the use of an optimized biomaterial scaffold, such as PLGA, will need to be 
further analyzed and studied in vivo to test for its ability to function as a delivery system for cell 
transplantation. Even though the mechanical structure, e.g. pore size, porosity, degradation time, can 
be easily modified, further tests should be done to find the optimal specifications for certain 
transplantation situations. 
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