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Abstract

Objectives—Collagen-based scaffolds for guided bone regeneration (GBR) are continuously 

improved to overcome the mechanical weaknesses of collagen. We have previously demonstrated 

superior mechanical characteristics of the elastin-like polypeptide (ELP) reinforced collagen 

composites. The objectives of this research were to evaluate the efficacy of ELP-collagen 

composites to culture human adipose-derived stem cells (hASCs) and allow them to undergo 

osteogenic differentiation. We hypothesized that hASCs would show a superior osteogenic 

differentiation in stiffer ELP-collagen composites compared to the neat collagen hydrogels.

Methods—Composite specimens were made by varying ELP (0–18 mg/mL) and collagen (2–6 

mg/mL) in a 3:1 ratio. Tensile strength, elastic modulus, and toughness were determined by 

uniaxial tensile testing. hASCs cultured within the composites were characterized by biochemical 

assays to measure cell viability, protein content, and osteogenic differentiation (alkaline 

phosphatase activity, osteocalcin, and Alizarin red staining). Scanning electron microscopy and 

energy dispersive spectroscopy was used for morphological characterization of composites.

Results—All composites were suitable for hASCs culture with viable cells over the 22-day 

culture period. The ELP-collagen composite with 18 mg/mL of ELP and 6 mg/mL of collagen had 

greater tensile strength and elastic modulus combined with higher osteogenic activity in terms of 

differentiation and subsequent mineralization over a period of 3 weeks compared to other 

compositions. The extra-cellular matrix deposits composed of calcium and phosphorous were 

specifically seen in the 18:6 mg/mL ELP-collagen composite.

Significance—The success of the 18:6 mg/mL ELP-collagen composite to achieve long-term, 3-

dimensional culture and osteogenic differentiation of indicates its potential as a GBR scaffold.
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1. INTRODUCTION

Periodontitis is the inflammation of the periodontium surrounding the tooth with progressive 

loss of alveolar bone resulting in complete loosening of the tooth. Guided bone regeneration 

(GBR) and guided tissue regeneration (GTR) are widely used techniques that regenerate the 

various periodontal tissues including the root cementum, periodontal ligaments, and alveolar 

bone, thereby decreasing the mobility of the affected tooth [1–3]. GTR uses a resorbable or 

non-resorbable membrane as a barrier between the epithelial and connective tissues. This 

membrane prevents the unwanted re-growth of the epithelial and connective tissues [3]. 

GBR uses a resorbable or non-resorbable scaffold to support the regeneration of the alveolar 

bone at a bony defect introduced by tooth extraction or disease [3]. The materials used in 

GBR/GTR must be biocompatible, non-immunogenic, and non-inflammatory. In addition, 

the GBR/GTR materials must possess adequate strength to allow proper handling for their 

placement at the defect site and modulus to avoid collapse under the intraoral forces. Finally, 

the GBR/GTR materials must degrade in vivo at a rate that matches the rate of the new 

tissue formation [3].

The current trend in periodontal tissue engineering research is focused toward bone 

regeneration at targeted sites by combining stem cells, scaffolds, and growth factors. Human 

mesenchymal stem cells (MSCs) are an attractive source of stems cells for bone regeneration 

as they have the capacity to regenerate and differentiate into osteogenic lineage [4]. Human 

adipose-derived stem cells (hASCs) have emerged as an alternative to human bone marrow 

MSCs (hBMSCs) due to their easy procurement from liposuction patients, rapid in vitro 
expansion, and high harvest yield [5]. hASCs have a demonstrated ability to differentiate 

into osteoblastic lineage in vitro as well as in the clinical treatment of bone defects [6–8]. 

Therefore, for this research, we have used hASCs to evaluate their osteogenic function in 

different scaffolds. For GBR applications, scaffolds act as the housing in which the 

osteoregenerative cells like hASCs can proliferate, differentiate, and mineralize into bone. 

Successful biocompatible scaffolds should possess adequate mechanical and resorption 

properties [3] along with suitable osteoconductive and osteoinductive properties. 

Unfortunately, the currently available synthetic scaffolds prove inadequate for clinical 

applications. For instance, the non-resorbable scaffolds require a second surgery for their 

removal, causing economic and physical discomfort for the patient [3]. Synthetic resorbable 

polymers suffer from early loss of structural and mechanical properties with poor cell 

response [9, 10]. Natural resorbable polymers such as collagen are osteoinductive and an 

effective alternative to synthetic polymers due to their biocompatibility and excellent cell 

affinity [11–13]. However, they often suffer from rapid hydrolytic and enzymatic 

degradation and lack sufficient mechanical properties [14, 15]. Crosslinking of collagen 

using chemicals [3] like glutaraldehyde and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride can overcome poor mechanical properties and antigenicity but 
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the possibility of cytotoxicity increases [16, 17]. Blending of collagen with other polymers 

and ceramics have shown to enhance mechanical properties and modulate specific cellular 

responses [18–21]. These disadvantages of both non-resorbable and resorbable materials 

make it clear that an “ideal” material has not been found [22] and have led to approaches 

that use non-crosslinked collagen composites [3].

In the design of bio-inspired bone regenerative composites with non-crosslinked collagen, 

elastin-like polypeptides (ELP) are under investigation as they have amino acid sequences 

similar to native elastin [23]. ELP, which is a soluble and recombinant form of elastin, offers 

an attractive solution to the problems faced by non-resorbable and resorbable synthetic 

materials used previously to prepare collagen-based composites. ELPs display inverse phase 

transition behavior which allows easy purification [20]. More importantly, ELPs possess 

excellent mechanical properties [24]. In the past, we prepared non-crosslinked ELP-collagen 

composites by utilizing the gelation behavior of collagen at 37°C and showed their superior 

mechanical behavior and equivalent biocompatibility compared to neat collagen hydrogels 

[24, 25]. We demonstrated that ELP-collagen composite scaffolds help in the attachment, 

proliferation, and subsequent differentiation of 3T3-E1 mouse pre-osteoblastic cells [25].

Mechanical properties such as stiffness or modulus play a crucial role in the success of a 

scaffold and also influence the commitment of cells to a specific lineage. Studies have 

shown that osteogenic differentiation is stiffness/ modulus dependent in hBMSCs [26, 27]. 

Huebsch et al. showed that both human and murine MSCs cultured in the presence of mixed 

osteogenic and adipogenic supplements can be made to undergo either adipogenic or 

osteogenic differentiation based on the matrix stiffness [28]. Though the effect of matrix 

stiffness has been well studied with hBMSCs, the lacuna with hASCs led to the development 

of this study. We aimed to study the effect of scaffold composition and stiffness on the 

ability of hASCs to commit to osteogenic lineage. We hypothesized that hASCs would 

differentiate along the osteoblastic lineage in a more rigid ELP-collagen composite 

compared to the neat collagen hydrogels. Hence, we investigated the efficacy of composites 

made with varying concentrations of ELP and collagen for hASCs culture to produce viable 

and differentiated osteoblast-like cells and investigated the influence of mechanical 

properties like elastic modulus of the composites on the osteogenic differentiation.

2. MATERIALS AND METHODS

2.1 Expression and Purification of ELP

Preparation of ELP was performed as described elsewhere [25]. Briefly, Escherichia coli 
BLR(DE3) bacteria (Novagen, Madison, WI, USA) with synthetic gene for ELP having 

primary sequence of [Valine-Proline-Glycine-Valine-Glycine]120 were cultured for 24 h at 

37°C and lysed by sonication. The inverse phase transition behavior of ELP was used for 

purification by three repeated cycles of solubilization in deionized water at 4°C, followed by 

precipitation and centrifugation at 40°C. The ELP solution was dialyzed and then 

lyophilized (Labconco Corp, Kansas City, MO, USA).
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2.2 Preparation of Composites for Mechanical Testing

Collagen type I (9 mg/mL, rat tail, Invitrogen, Carlsbad, CA, USA) and ELP were mixed at 

varying concentrations to form four different compositions, namely, H1: 0 mg/mL ELP + 2 

mg/mL collagen, H2: 6 mg/mL ELP + 2 mg/mL collagen, H3: 0 mg/mL ELP + 6 mg/mL 

collagen, and H4: 18 mg/mL ELP + 6 mg/mL collagen (Table 1). To prepare H2 and H4 

composites, ELP (6 mg/mL or 18 mg/mL) was first dissolved in sterile DI water and gently 

mixed with collagen (2 mg/mL or 6 mg/mL, respectively). Next, 1N NaOH and 10X PBS 

were added. To prepare the control H1 and H3 collagen hydrogels with no ELP, collagen (2 

mg/mL or 6 mg/mL) was gently mixed with 1N NaOH and 10X PBS. 350 µL of the final 

solutions for H1, H2, H3, and H4 were incubated at 37°C and >70% humidity for 18 h per 

dog-bone shaped well of a custom-made acrylic mold for mechanical testing.

2.3 Mechanical Testing

The dog-bone shaped specimens (n ≥ 6) were kept wet by immersion in PBS at 37°C and 

>70% humidity until they were tested on day 8. The dimensions of the specimens were 

measured using VHX Digital Microscope (Keyence Corp, Osaka, Japan) and Vernier 

calipers. Average thicknesses of the H2 and H4 ELP-collagen composites were 0.84 ± 0.30 

and 1.47 ± 0.45 mm, respectively and were not statistically different (p > 0.05) from their 

respective H1 and H3 control collagen hydrogels (0.76 ± 0.33 and 1.54 ± 0.45, respectively). 

Average widths of the H1, H2, H3, and H4 composites were 3.25 ± 0.53, 2.89 ± 0.61, 3.32 

± 0.35, and 3.49 ± 0.34 mm, respectively. As expected, the widths of all composites were not 

statistically different (p > 0.05) since they were prepared in the custom-made, dog-bone 

shaped acrylic mold having precise width. Uniaxial testing was performed with ASTM 

D882 on a Sintech 2/G Materials Testing System (MTS, Eden Prairie, MN, USA) at an 

extension rate of 0.5 in/min (12.7 mm/min). Tensile strength, elastic modulus , and 

toughness were calculated using MTS Testworks 4.0 software.

2.4 Cell Culture

hASCs were obtained from an unidentified adult female patient who underwent liposuction 

in accordance with the protocol approved by the University of Mississippi Medical Center 

Institutional Review Board (IRB Approval # 2012–0004). hASCs were maintained and 

expanded at 37°C and 5% CO2 in 50:50 Dulbecco’s modified Eagle’s medium (DMEM, 

HyClone Labs, South Logan, UT, USA) and F12 (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% calf serum, 1% penicillin-streptomycin, and 1 mM sodium pyruvate 

(Invitrogen, Carlsbad, CA, USA) with pH adjusted to 7.4. Cells were harvested using 

trypsin-EDTA at 80% confluence. These cells were seeded within the collagen and collagen-

ELP composites as described below.

2.5 Preparation of Composites for Cell Culture

Four compositions (H1, H2, H3, and H4) were prepared as described above, except 10X 

DMEM containing 50,000 cells was used instead of 10X PBS. 200µL of the final solution 

was incubated per well of a 96-well tissue culture polystyrene plate (Costar, Corning Life 

Sciences, Lowell, MA, USA) at 37°C and >70% humidity for 18 h. All composites were 

prepared in triplicate. After 24-hour acclimation, the composites were supplemented with an 
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osteogenic cocktail containing DMEM, 50 microM L-ascorbic acid, 10 nM dexamethasone, 

10 mM β-glycerophosphate, 10% fetal bovine serum, and 1% penicillin/streptomycin for 3 

weeks. Fresh media was fed every 48 h.

2.6 Biochemical Analysis

All the assays were performed according to the manufacturers’ protocols. Cell viability 

within the various composites was assessed on day 22 using a Live/Dead assay (Invitrogen, 

Carlsbad, CA, USA). The cells were washed with sterile PBS and Live/Dead reagents (4 µM 

EthD-1 and 2 µM calcein AM) were added. The composites were incubated for 25 min at 

37°C. Observations were made by epifluorescence microscopy using an Olympus IX 81 

microscope (Olympus America, Center Valley, PA, USA) equipped with a Slidebook image 

analysis software. The percentages of live and dead cells were calculated by measuring the 

fluorescence at 645 and 530 nm, respectively using a FLX-800 fluorescence plate reader 

(Biotek, Winooski, VT, USA).

For quantification of total protein content, alkaline phosphatase activity, and osteocalcin 

production, triplicates of H1, H2, H3, and H4 composites were removed from the plates to 

isolate the cells. The cells were first separated from the composites by digestion using 1 

U/mL Liberase (Roche Diagnostics, Indianapolis, IN, USA) in CaCl2 – Krebs Ringer buffer 

for 25 min at 37°C. The cells were then pelleted from the media via centrifugation at 3500 

rpm for 5 min, washed with PBS, and spun again at 3500 rpm for 5 min. The cells were then 

resuspended in 300 µL of PBS, lysed by sonication at 10% amplitude for 30 s, and 

immediately frozen.

Total protein amount present in the samples of days 1, 8, 15, and 22 were measured using a 

BCA total protein assay kit (Thermo Scientific, Rockford, IL, USA). 50 parts of reagent A 

and 1 part of reagent B supplied by the manufacturer were mixed to form the working 

solution. 25 µL of the lysate was added to 200 µL of the working reagent, mixed on a shaker 

for 30 s, and incubated at 37°C for 20 min. The absorbance was measured at 540 nm on 

ELX-800 absorbance plate reader (Biotek, Winooski, VT).

A colorimetric kinetic determination of alkaline phosphatase (ALP) activity was performed 

using QuantiChrom ALP assay kit (BioAssay Systems, Hayward, CA, USA) on days 8, 15, 

and 22. In brief, 25 µL of the cell lysate was transferred into a 96-well plate along with 150 

µL of working solution (10% v/v Magnesium acetate and 4% v/v p-nitrophenyl phosphate 

liquid substrate in assay buffer) and the absorbance was measured at 405 nm at 0 and 4 min 

on ELX-800 absorbance plate reader. The ALP activity was then calculated as per 

manufacturer’s instructions.

A sandwich ELISA assay specific for human osteocalcin (OCN) was performed using 

osteocalcin assay kit (Invitrogen) on days 8, 15, and 22. In short, monoclonal antibodies 

bound to the human OCN in standards or samples (25 µL), were bound to a monoclonal 

antibody labeled with horse radish peroxidase (100 µL) for 2 h at room temperature. The 

surfaces were washed extensively with a wash solution and reacted to a chromogenic 

solution in the dark at room temperature for 30 min. The reaction was completed with 100 
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µL of the stop solution and absorbance was measured at 450 nm using ELX-80 absorbance 

plate reader. The OCN activity was then calculated as specified by the manufacturer.

Next, the osteogenesis quantitation kit (EMD Millipore, Billerica, MA, USA) was used to 

analyze mineralization on day 22. The cell-seeded composites were washed with PBS and 

fixed using 10% formaldehyde for 15 min. After further washing, the composites were 

incubated at room temperature for 20 min in 1 mL Alizarin red stain per well. The excess 

dye was removed by extensive washing with DI water. Mineral deposits in composites were 

stained bright red and visualized using VHX Digital Microscope. Quantitative analysis was 

performed by further incubating the composites in 10% acetic acid for 30 min with shaking, 

then vigorous vortexing for 30 s, and heating at 85 °C for 10 min. The extracted mixture was 

centrifuged at 22,000×g for 15 min and neutralized with 150 µL of 10% ammonium 

hydroxide. The absorbance of the solution was measured at 405 nm using ELX-800 

absorbance plate reader.

2.7 Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS)

The cell seeded composites were washed with sterile PBS and fixed in 4% 

paraformaldehyde for 1 h at room temperature. They were then dehydrated using ascending 

ethanol series of 50%, 70%, 80%, 90% and 100% ethanol for 10 min each. The composites 

were then dried in the desiccator overnight. The dried composites were mounted on 

aluminum SEM stubs using carbon adhesive tape and sputter-coated with gold for 2 min at 

9V. The composites were observed with SUPRA 40 scanning electron microscope (Carl 

Zeiss, Thornwood, NY, USA) at 5 kV using both the in-lens detector and the Everhart-

Thornley secondary electron detector. Images were recorded at least from two different areas 

on each composite at 5,000X and 10,000X magnifications. Energy dispersive spectroscopy 

was performed on H3 and H4 composites to determine the presence of phosphorus and 

calcium.

2.8 Statistical Analysis

Results have been reported as mean ± 95% confidence intervals. Results were analyzed 

using ANOVA and Games-Howell post hoc test for unequal variances in SPSS version 23 

statistical software. Values with p ≤ 0.05 were deemed significantly different.

3. RESULTS

3.1 Mechanical Testing

Table 2 shows the average values of tensile strength, elastic modulus, and toughness for the 

hydrated collagen hydrogels and ELP-collagen composites. The elastic modulus shows an 

increasing trend with the concentration of collagen and the addition of ELP. For instance, the 

average elastic modulus for the H3 hydrogel prepared using 6 mg/mL collagen was higher 

than that for the H1 hydrogel prepared using 2 mg/mL collagen. Similarly, the elastic 

modulus for the H4 ELP-collagen composite was higher than that for the H3 collagen 

hydrogel (p = 0.087). Interestingly, the elastic modulus values nearly doubled for the H4 

composite (61.8 ± 22.7 kPa) compared to the other three composites (p ≤ 0.05). Similar 

increasing trends were seen in tensile strength and toughness values.
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3.2 Live/Dead Assay

The Live/Dead assay was performed to assess cell viability in the various composites at the 

end of the 3-week culture period. Figure 1 shows Live/Dead assay of hASCs cultured within 

the collagen hydrogels and ELP-collagen composites. For all the compositions, the live cells 

were in high numbers compared to the dead cells. The percentage of live and dead cells as 

calculated by measuring the corresponding green and red fluorescence showed that more 

than 90% of the cells were alive on day 22 in all the four groups of composites. These 

results corroborate our previous studies that showed the collagen and ELP-collagen 

composites supported excellent cell viability over a 3-week culture period [25,29].

3.3 Total Protein Assay

The total protein content of all cells cultured within the collagen hydrogels and ELP-

collagen composites were measured on days 1, 8, 15, and 22. As shown in Figure 2, the total 

protein content of the hASCs cultured within the composites increased 2- to 4- folds from 

day 1 to day 8 for all the composites, after which the protein level plateaued. The total 

protein content of cells cultured on H1, H2, and H3 appeared similar (p > 0.05 against H1 on 

the same day). However, the total protein content of cells cultured in H4 was significantly 

lower on days 15 and 22 (p ≤ 0.001 against H1 on the same day). For instance, the total 

protein content measured on day 22 for H1, H2, and H3 were 196.8 ± 25.2, 173.8 ± 15.7, 

and 149.8 ± 13.8 µg respectively, while the total protein content measured on day 22 for H4 

was 52.7 ± 8.9 µg.

3.4 Normalized Alkaline Phosphatase (ALP) activity

The ALP activity normalized to the total protein content for hASCs cultured within the 

composites H1, H2, and H3 were similar on all the days in the range of ~10–30 nM/min/µg 

protein as seen in Figure 3 (p > 0.05 against H1 on the same day). However, the H4 

composite showed significantly higher ALP activity of 44.0 ± 7.1 nM/min/µg protein on day 

22 (p = 0.001 against H1 on the same day).

3.5 Normalized Osteocalcin (OCN) Production

The OCN production normalized to the total protein content by the hASCs cultured within 

the composites is shown in Figure 4. The OCN levels expressed by the cells were similar 

(~0.5 pg/µg protein) on all days for H1, H2, and H3 (p > 0.05 against H1 on same day). 

However, the H4 composite showed maximum OCN production of 1.6 ± 0.9 pg/µg protein 

(p > 0.05 against H1 on the same day) and 1.5 ± 0.0 pg/µg protein (p < 0.05 against H1 on 

the same day) on days 15 and 22, respectively.

3.6 Alizarin Red Staining

Figure 5 shows the micrographs of Alizarin red stained hASCs cultured within the 

composites for the 22-day culture period. Alizarin red staining showed no mineralization in 

H1 and H2 (Figures 5a and 5b) and very little mineralization in H3 (Figure 5c). In contrast, 

the cells cultured in H4 showed bright red staining throughout the composite indicating 

extensive mineralization (Figure 5d). The extent of mineralization was quantified by 

measuring the concentration of extracted Alizarin red stain (Figure 5e). The normalized 
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Alizarin red staining in H3 was 0.04 ± 0.01 pmol/µg protein (p ≤ 0.01 against H1 on same 

day), while the H4 composite had significantly greater Alizarin red staining (1.62 ± 0.48 

nmol/µg protein) (p ≤ 0.01 against H1 on the same day).

3.7 Scanning electron microscopy with energy dispersive spectroscopy

Osteoblast like cells were seen in all the composites with the appearance of extracellular 

matrix deposits (Figure 6a–d). These deposits were more in number and formed flat, dense, 

large mineralized regions in H4 composite (Figures 6d) when compared to the deposits in 

H3 composite that were round, isolated, and scattered (Figures 6c). SEM paired with EDS to 

identify the elemental compositions of these deposits revealed only phosphorous-containing 

deposits indicating unmineralized matrix in the H3 composite while the H4 composite 

showed a high amount of calcium and phosphorous containing deposits indicating a 

mineralized matrix (Figure 7).

4. DISCUSSION

Collagen is abundantly present in the extra-cellular matrix of most tissues and is an 

important component of bone tissue. Although osteogenic differentiation is influenced by 

the interactions of cells with their extracellular matrix, the collagen based scaffolds have 

been shown to encourage cell differentiation in response to osteogenic differentiation media 

[30]. Commonly used in the clinical setting today, the collagen-only GBR scaffolds show 

excellent cell and tissue compatibility. Unfortunately, the collagen-only scaffolds suffer from 

uncontrolled degradation by naturally occurring collagenases, leading to their premature 

degradation and resulting in inadequate mechanical properties necessary for a successful 

GBR application [3]. Many studies have shown improved mechanical properties [31–33] 

and/or better bone formation [34] in vitro using collagen composite scaffolds. Here, by 

incorporating ELP and hASCs we aimed to improve the collagen scaffolds in terms of their 

mechanical and biochemical properties for their effective use in bone tissue engineering.

We chose ELP to improve the mechanical properties of the composites because ELP is 

similar to mammalian elastin that provides strength and extensibility to the extracellular 

matrix. We have previously shown that the addition of ELP improved the mechanical 

properties like tensile strength and elastic modulus of ELP-collagen composites as well as 

enhanced osteoblastic differentiation of the 3T3-E1 mouse pre-osteoblasts [25]. In this 

study, we used a 3:1 w/w ELP to collagen ratio, thereby reducing the collagen content to 

only 25% w/w. In our composites, ELP thus became the major component as the filler 

reinforcing the collagen matrix and increased the rigidity of the composite. We have 

previously shown the presence of extensive molecular entanglements and inter and intra-

molecular secondary bonding interactions between ELP and collagen [24]. Such interactions 

lead to reinforcement of the collagen matrix by ELP and increase the tensile strength and 

elastic modulus of the composites as seen in Table 1. The H4 composite had a two-fold 

increase in modulus when compared to H1, showing that with increase in concentration and 

density of the matrix, modulus has increased. Our results followed a similar trend as the 

study conducted by Brougham et al. where the incorporation of fibrin into a collagen-

glycosaminoglycan scaffold had increased the modulus of the scaffold significantly when 
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compared to a fibrin-only scaffold [33]. The H4 composite developed in this study has a 

tensile strength of 20.2 ± 11.3 kPa and modulus of 61.8 ± 22.7 kPa. Our values are similar to 

the study conducted by Engler et al. where an elastic modulus of 25–40 kPa was considered 

to be osteogenic with inert polyacrylamide gels in which the concentration of bis-acrylamide 

crosslinking sets the elasticity and the cellular adhesion was provided by coating the gels 

with collagen type I [35]. However, these values are significantly lower than those for the 

vacuum-dried poly(ethylene glycol dimethacrylate) hydrogels (tensile strength = 6.2 MPa 

and modulus = 2.0 MPa) as reported by Killion et al. [36] and the microporous bacterial 

cellulose scaffold (tensile strength = 0.27 MPa and elastic modulus = 1.6 MPa) as reported 

by Zabarowska et al. [37]. This indicates scope for further improvement in the mechanical 

characteristics of our composites without negatively impacting the osteogenic activity.

We used hASCs to improve the biochemical properties of the scaffolds because of their high 

proliferation rate and osteogenic differentiation capacity in cell culture [6]. This ability has 

also been demonstrated when hASCs were encapsulated in fibrin/hyaluronic acid hydrogel-

coated polycaprolactone/poly(lactic-co-glycolic acid) scaffold, electrospun poly(L-lactic 

acid)/tricalcium phosphate scaffold, and electrospun biphasic calcium phosphate/

polycaprolactone-nano hydroxyapatite scaffold [38–40]. To this end, we evaluated the ability 

of the ELP-collagen composites to support bone formation by hASCs. To identify the effect 

of composition of ELP and collagen on osteogenic activity of hASCs, we used four different 

composites with varying collagen and ELP compositions. Neat collagen hydrogels had 2 

mg/mL and 6 mg/mL of collagen. The amount of ELP used was three times the 

concentration of collagen, making it 6 mg/mL and 18 mg/mL in the ELP-collagen 

composites. In our study, the hASCs cultured within all the four scaffold formulations 

displayed an initial increase in the total protein content from day 1 to day 8 indicating 

increased cell proliferation activity in all composites (Figure 2). By day 15, the hASCs 

began to show reduced proliferation activity indicated by the plateaued protein levels. Such 

behavior of an initial increase followed by a plateau in total protein content is in accordance 

with the reciprocal relationship between proliferation and differentiation along the 

osteogenic lineage, wherein a decreasing proliferation gives way to differentiation [41], 

followed by maturation. This behavior was more appreciable in the H4 composite that 

utilized the higher concentration of ELP and collagen (18:6 mg/mL). Thus the possible 

continual, albeit slower, proliferation in the H1, H2, and H3 composites may have 

contributed to the lower differentiation and mineralization pattern seen in the ALP activity, 

OCN production, and Alizarin red staining (Figures 3, 4, and 5). In view of varying cellular 

content in all our composites, the normalization of ALP activity, OCN production, and 

Alizarin red staining with total protein content was done to show that the increased 

differentiation, maturation, and mineralization were not an effect of increased number of 

hASCs in a particular composite. The hASCs cultured within all the four scaffold 

formulations displayed equivalent viability on day 22, confirming the well-known 

biocompatibility of collagen and ELP over a long-term cell culture period (Figure 1).

Alkaline phosphatase, found on the surface of osteoblasts is believed to be a marker of early 

osteoblastic differentiation as its level increases with maturation of osteoblasts [42–44]. ALP 

activity correlates with bone matrix formation prior to the initiation of mineralization [45]. 

The initial spike in normalized ALP activity on day 15 (Figure 3), indicated that the hASCs 
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started to undergo initial differentiation, in which they started forming the extracellular 

matrix. Interestingly, the normalized ALP activity in the H4 composite was higher than all 

the other composites (Figure 3). These results matched with an earlier report by Tan et al. 

that showed increased osteogenic differentiation characterized by ALP activity and Alizarin 

red staining primarily occurred in a stiff microenvironment with 6% and 9% 

transglutaminase-crosslinked gelatin (TG) gels when compared to a soft matrix of 3% TG 

gel [26]. This is also in line with a study performed by Gandavarapu et al., who used 

thiolene chemistry to functionalize poly(ethylene glycol) hydrogels with a pendant peptide 

moiety and found that stiffer gels with Young’s modulus of 25 kPa had increased ALP 

activity on day 14 than the softer hydrogels with a modulus of 2 kPa [46]. Furthermore, 

OCN is the most abundant non-collagenous protein in bone extracellular matrix [47] and its 

expression is closely related to bone metabolism including bone extracellular matrix 

mineralization and turnover [48]. Figure 4 demonstrates the results of OCN assay on 

different composites. The cells in H4 composite produced more OCN over the 22 day period 

than all the other composites. Continuing after osteogenic differentiation, hASCs begin to 

secrete a matrix which further mineralizes to form bone. The qualitative and quantitative 

assessment of mineralized deposits by Alizarin red staining (Figure 5) showed that, the cells 

that were encapsulated by the H4 composite formed a mineralized matrix to a significantly 

greater extent than all the other composites. The stain color of the deposits became as 

darker/thicker red from H1 to H4 composites with the increase in collagen concentration 

from 2 to 6 mg/mL, similar to the observation of Thein-Han and Xu in collagen-calcium 

phosphate cement scaffold with increasing collagen fibers concentration from 0 to 8% [49].

The presence of collagen in our composites provides a favorable environment for the cell 

attachment and proliferation. Since collagen is a natural ECM protein, the cells readily 

attach to collagen with the help of cell surface receptors including α1β1 and α2βα1β1 and 

α2β1 integrins [50–52], and show increased proliferation due to cell to cell and cell to matrix 

interactions in a 3D in vivo like environment [53]. Additionally, in our composites, the 

presence of ELP enhances the stiffness of the composite and thereby favors differentiation 

and mineralization [26]. The highest mineralization in the high concentration ELP-collagen 

H4 composite is in line with greater ALP activity and OCN production. These results were 

further corroborated by the SEM and EDS data (Figure 7). EDS revealed the presence of 

high amount of calcium and phosphorous deposits indicating extensive mineralization in the 

H4 composite compared to the control collagen-only H3 hydrogel. Correlating the SEM, 

EDS and biochemical data, we can infer that the collagen-only H1 and H3 hydrogels and the 

ELP-collagen H2 composite that utilized the lower concentration of ELP and collagen (6:2 

mg/mL) had a slower differentiation and maturation rate in the given 22 day culture period 

and the cells in these composites had only matured to form an unmineralized matrix.

Taken together, the normalized ALP activity, OCN production, and mineralization were 

higher in the H4 composite compared to all the other composites (Figures 3, 4, and 5). Thus 

the H4 composite that utilized the higher concentration of ELP and collagen (18:6 mg/mL) 

performed better mechanically, biochemically, and morphologically and displayed a closer 

resemblance to the natural bone formation mechanism. This study was also successful in 

keeping the collagen content low (25%) that may minimize the potential adverse effects of 

collagen degradation in vivo. We believe that this enhanced differentiation and 

Gurumurthy et al. Page 10

Dent Mater. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mineralization observed in the case of our H4 composite can be attributed to its higher 

matrix stiffness, which significantly affects the microstructural cues presented to the stem 

cells and elevates the degree of their osteogenic response. For example, Tan et al. reported a 

synergistic effect of matrix stiffness and BMP-2 on MSCs, supporting the contention that 

extrinsic factors affect the fate of these cells [26]. Banks et al. showed that the stiffer 

collagen-glycosaminoglycan substrates direct osteogenic lineage commitment of adipose 

stem cells regardless of presence or absence of growth factors [31]. The data in our study 

thus supported the hypothesis that a stiffer scaffold will mimic a similar extracellular 

microenvironment of native bone cells and signal the cells to proliferate, differentiate, and 

mineralize to a greater extent. Future studies are needed to find the optimal ELP and 

collagen composition to further improve the mechanical properties of these composites for a 

successful use in GBR. We feel that a longer duration study may be needed in order to 

achieve better differentiation and maturation for a significant formation of the bone-like 

tissue. These results will also need further validation in vivo.

5. CONCLUSION

The incorporation of ELP into the collagen matrix resulted in the improvement of the 

mechanical properties of the composites. Our results show that the composite containing 

higher concentrations of ELP and collagen (18:6 mg/mL) to be a suitable scaffold for the 

long-term, 3-dimensional culture and the subsequent osteogenic differentiation of hASCs 

resulting in superior mineralization. This study holds a great promise for developing ELP-

collagen composite scaffolds in guided bone regeneration with further studies focusing on 

the evaluation of their efficacy in vivo.
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Highlights

• Improved composite mechanical properties with higher ELP and 

collagen content

• Promoted proliferation of hASCs on ELP-collagen scaffolds

• Increased osteogenic differentiation with higher ELP and collagen 

content

• A promising composite scaffold for GBR application
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Figure 1. 
Live/Dead images on day 22 with hASCs cultured within (a, e) H1 (b, f) H2 (c, g) H3 and 

(d, h) H4 composites showing live cells (top) and dead cells (bottom, shown by white 

arrows). Scale bar = 200 µm.

Gurumurthy et al. Page 16

Dent Mater. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Total protein content of hASCs cultured within H1, H2, H3 and H4 composites. Red bars = 

day 1; green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars represent 

95% confidence intervals. *p ≤ 0.05 against H1 on the same day.
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Figure 3. 
ALP activity normalized to total protein of hASCs cultured within H1, H2, H3 and H4 

composites. Green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars 

represent 95% confidence intervals. *p ≤ 0.05 against H1 on the same day.
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Figure 4. 
Osteocalcin content normalized to total protein of hASCs cultured within H1, H2, H3 and 

H4 composites. Green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars 

represent 95% confidence intervals. *p ≤ 0.05 against H1 on the same day.
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Figure 5. 
Alizarin red staining of hASCs cultured within (a) H1, (b) H2, (c) H3 and (d) H4 composites 

on day 22. Scale bar = 200 µm. (e) Quantification of Alizarin red staining within the various 

composites normalized to total protein of hASCs. Error bars represent 95% confidence 

intervals. *p ≤ 0.05 against H1 on the same day.
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Figure 6. 
SEM micrographs of dehydrated scaffolds. (a) H1, (b) H2, (c) H3, (d) H4. Scale bar = 50 

µm.
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Figure 7. 
Energy dispersive spectroscopy images showing deposition of (a, c) calcium and (b, d) 

phosphorous ions in (a, b) H3 and (c, d) H4 composites.
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Table 1

Composition of scaffolds based on ELP and collagen content

Composite ELP (mg/mL) Collagen (mg/mL) ELP-collagen ratio

H1 0 2 0

H2 6 2 3:1

H3 0 6 0

H4 18 6 3:1
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Table 2

Mechanical properties of hydrated composites on day 8

Composite Tensile Strength (kPa) Elastic Modulus (kPa) Toughness (kPa)

H1 12.7 ± 5.0 22.0 ± 11.2 0.16 ± 0.03

H2 13.7 ± 5.3 28.6 ± 9.7 0.17 ± 0.05

H3 14.6 ± 4.4 27.8 ± 8.4 0.27 ± 0.04*

H4 20.2 ± 11.3 61. 8 ± 22.7* 0.20 ± 0.04

*
p ≤ 0.05 against H1 on day 8
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