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Current therapeutic interventions in bone defects are mainly focused on finding the

best bioactive materials for inducing bone regeneration via activating the related

intracellular signaling pathways. Integrins are trans-membrane receptors that facili-

tate cell-extracellular matrix (ECM) interactions and activate signal transduction. To

develop a suitable platform for supporting human bone marrow mesenchymal stem

cells (hBM-MSCs) differentiation into bone tissue, electrospun poly L-lactide (PLLA)

nanofiber scaffolds were coated with nano-hydroxyapatite (PLLA/nHa group), gelatin

nanoparticles (PLLA/Gel group), and nHa/Gel nanoparticles (PLLA/nHa/Gel group)

and their impacts on cell proliferation, expression of osteoblastic biomarkers, and

bone differentiation were examined and compared. MTT data showed that prolifera-

tion of hBM-MSCs on PLLA/nHa/Gel scaffolds was significantly higher than other

groups (P < .05). Alkaline phosphatase activity was also more increased in hBM-MSCs

cultured under osteogenic media on PLLA/nHa/Gel scaffolds compared to others.

Gene expression evaluation confirmed up-regulation of integrin α2β1 as well as the

osteogenic genes BGLAP, COL1A1, and RUNX2. Following use of integrin α2β1

blocker antibody, the protein level of integrin α2β1 in cells seeded on PLLA/nHa/Gel

scaffolds was decreased compared to control, which confirmed that most of the

integrin receptors were bound to gelatin molecules on scaffolds and could activate

the integrin α2β1/ERK axis. Collectively, PLLA/nHa/Gel scaffold is a suitable platform

for hBM-MSCs adhesion, proliferation, and osteogenic differentiation in less time via

activating integrin α2β1/ERK axis, and thus it might be applicable in bone tissue

engineering.
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1 | INTRODUCTION

Bone injuries and diseases, especially those caused by accidents and

traumas, are very common and cannot be repaired by themselves

unless an effective treatment is used. Accordingly, the worldwide inci-

dence of bone disorders has grown dramatically, and is expected to

double by 2020, especially in populations in which aging is coupled

with increased obesity and inadequate physical activity.1 Nowadays,

autograft and allograft as two main therapeutic procedures for bone

grafting, are reported to have several disadvantages like donor short-

age, infection, and immunological response.2 On the other hand, using

metal implants like titanium alloy and stainless steel is an expensive

burden and painful.3,4 Therefore, designing new biocompatible mate-

rials for bone regeneration is mandatory.

Previous studies have implied that use of scaffolds for bone tissue

regeneration would revoke the deficits of graft techniques by improv-

ing cellular adhesion and growth.5 To increase the efficacy of bone tis-

sue engineering, features such as biocompatibility, high mechanical

performance, and low immunogenicity along with the degree of struc-

tural and compositional similarity to the extracellular matrices (ECMs)

of natural bone tissue should be considered.6,7 One of the most suit-

able scaffold materials in tissue engineering are biomaterials, which

could induce bone formation depending upon environmental signals

and cell adhesion molecules.5 Biomaterials can be divided into natural

compounds including hydroxyapatite (Ha), gelatin, collagen, chitosan,

etc.8-10 and synthetic ceramics such as poly-L-lactide acid (PLLA), poly

caprolactone (PCL), and poly lactide acid (PLA), etc.11-14 The compati-

bility issue can be avoided by using electrospinning technology,

in which the polymeric solutions are transformed into nanofibers

by electrostatic forces.15 Currently, the electrospun PLLA nanofibers

have been widely used in tissue engineering, bone regenerative medi-

cine, and bone grafting due to their high surface-to-volume ratio along

with an adjustable porosity and porous structures.12,16,17

Another important factor in tissue engineering is the source of

cells. Bone Marrow-derived mesenchymal stem cells (BM-MSCs) are a

group of adult stem cells, which can be isolated from animal and human

sources. These cells are characterized with high proliferation rate, toler-

ance to apoptosis, and potential to differentiate into bone, skeletal mus-

cle, adipose tissue, cartilage, tendon, and even neural cells. Thus, these

properties make them a useful candidate for tissue engineering.14,18

Integrins constitute one of the main families of cellular receptors

that bind the cells to the ECM and participate in differentiation and

development.19 Most types of mesenchymal cells express integrin

dimers, including one α and one β subunit, which can bind to ECM

proteins (fibronectin, collagen, etc.), and through that play an active

role in bone formation.20

Currently, bioactive materials such as hydroxyapatite and collagen

are used in bone tissue engineering to modify some of the polymer

properties. Hydroxyapatite has properties such as bioactivity, biode-

gradability and osteo-inductivity that improve bone regeneration.12

Collagen, as another major component of the bone ECM, and its

derivatives enhance adhesion, proliferation and differentiation of cells

in bone tissue engineering.21

In current investigation, we aimed to develop a stable bio-

adhesive surface for targeting the integrin α2β1 in mesenchymal stem

cells. To this point, we fabricated PLLA nanofiber scaffolds coated

with bioactive materials including nHa, gelatin (Gel; one of the deriva-

tives of collagen) and nHa/Gel (along with non-coated PLLA, as con-

trol) by one-step electrospinning technique, and the impacts of the

target scaffolds on osteoblast formation and development were exam-

ined. Results indicated that PLLA/nHa/Gel nanofibrous scaffolds had

the highest osteogenic capacity compared to other scaffolds, and

might be applicable in bone tissue engineering.

2 | MATERIALS AND METHODS

2.1 | Isolation and characterization of human
mesenchymal stem cells

BM-MSCs were isolated from 5 mL iliac crest bone marrow aspirates

of two healthy donors (32 and 38 years old) in Taleghani Hospital after

signing the informed consent forms and also obtaining the approval

from the Ethics Committee of Tehran University of Medical Sciences

(Tehran, Iran). BM was collected aseptically into K2EDTA tube. The

buffy coat was isolated by centrifugation (1200 g, 10 minutes). After

washing with Phosphate Buffered Saline (PBS, Gibco, UK), MSCs were

separated using Ficoll-Hypaque density gradient (d = 1.077 g/mL,

Sigma, USA) and centrifuged at 1200 g for 10 minutes (4�C), followed

by two times washing with PBS. Cells were then suspended in

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with

10% Fetal Bovine Serum (FBS), 100 U/mL penicillin and 100 μg/mL

streptomycin (all from Gibco, USA), and incubated in a humidified

atmosphere at 37�C under 5% CO2. The growth medium was changed

every 3 days, and passages 3 to 5 were considered for doing the

experiments.

To assess the purity of isolation, we analyzed the expression

levels of hBM-MSC surface markers, including CD44, CD45, CD73,

CD90, and CD105. In brief, 50 μL aliquots of hBM-MSCs suspension

(1 × 107 cells/mL) were incubated on ice for 30 minutes with one of

the following antibodies: anti-human-CD44 FITC, anti-human-CD45

FITC, and anti-human-CD105 FITC (Immunostep, Spain), mouse anti-

human CD73 (BD Biosciences, USA), and anti-human CD90 FITC

(Exbio, Czech Republic). Following PBS washing, cells were mixed with

100 μL formalin (2%) and processed on an Attune Acoustic Focusing

Cytometer (Applied Biosystems, USA). The results were analyzed with

FlowJo software (Tree Star Software, USA).

2.2 | Scaffold fabrication and coating

Fabrication of PLLA nanofibrous scaffolds was performed using the

electrospinning method. To prepare the electrospinning solution, PLLA

polymers were dissolved in chloroform (Merck, Germany) by stirring for

4 hours at 37�C followed by adding DMF (Merck, Germany) which

yielded a 7.3% (wt/vol) PLLA solution. Electrospinning was carried out
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in a fume hood at room temperature, at 18.3 kV voltage and 55%

humidity. First, the polymer solution was fed in a 5 mL plastic syringe

supplied with a blunt end stainless steel hypodermic needle. The needle

was subsequently connected to the positive output of the power sup-

plier and kept at the 15 cm distance of an aluminum foil covered collec-

tor. The solution droplets were forced to leave the needle tip with the

flow rate of 0.5 mL/h and deposited on the cylinder in the form of the

nanofiber.

Surface modification of PLLA scaffolds was carried out in Oxygen

plasma reactor (Diener Electronics, Germany) supplied with a 44 GHz

frequency plasma generator and cylindrical quartz. Pure oxygen was

poured into the reaction chamber at 0.4 mbar pressure, and the glow

discharge ignition was set for the next 5 minutes.

For other solutions, nHa (Nikceram, Iran) (0.1% wt/vol), Gel (0.1%

wt/vol), and nHa/Gel (0.1% wt/vol) were dissolved in deionized water

and well dispersed by an ultrasonic bath for 22 minutes. Then, the

plasma-treated scaffolds were well immersed in the target solutions

for 12 hours, washed with deionized water, and dried at room

temperature.

2.3 | Scanning electron microscopy

The surface morphology of the scaffolds was analyzed per each cycle

of the alternate soaking process, using a scanning electron microscope

(SEM, LEO AIS2100, Seron Technology, Korea). Following each cycle,

samples were rinsed with deionized water and subsequently lyophi-

lized for the next 24 hours. Before SEM analysis, 5 mm × 5 mm cut

pieces of samples were prepared, attached on the sample stubs, and

sputter-covered with a thin layer of gold using a SC7620 sputter

coater (Emitech, UK). Diameters estimation was carried out for nearly

100 fiber samples through analyzing their SEM pictures on the ImageJ

software (NIH, USA).

2.4 | Fourier transform infrared
spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) analysis was carried out

for better characterization of the molecular components on the fabri-

cated scaffolds. The transmission spectra of Ha and Gel nanoparticles in

pure form along with PLLA scaffolds (with and without coating) were

assessed in a spectral range of 400 to 4000 cm−1, by an Equinox

55 spectrometer (Bruker Optics, Germany) supplied with a Deuterated-

Triglycine Sulfate (DTGS) detector, and diamond Attenuated Total

Reflection (ATR) crystal.

2.5 | Hydrophilicity analysis

Water contact angle (WCA) assessment of PLLA, PLLA/nHa, PLLA/

Gel, and PLLA/nHa/Gel scaffolds was performed using an Optical

Contact Angle Meter (KSV Instruments Ltd, UK). In brief, ultrapure

water was dropped onto a flat piece of target surfaces at standard

room temperature and photographed immediately along with the fol-

lowing 10, 20 and 30 seconds.

2.6 | Cell viability assay

Proliferation ability of hBM-MSCs on PLLA, PLLA/nHA, PLLA/Gel, and

PLLA/nHa/Gel scaffolds was examined via 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT, Sigma, USA) assay. hBM-MSCs

at a density of 5 × 103 cells/cm2 were seeded onto different sterilized

nanofibrous scaffold groups. The control group consisted of hBM-MSCs

cultured on the conventional tissue culture plates (TCPs). Cell groups

were incubated for 1, 3, and 7 days after cell seeding at 37�C, under

5% CO2 and then, 50 μL MTT (5 mg/mL) solution was added to each

well of 24-well plates (n = 3) and incubated for the next 3.5 hours. After

removing the supernatant, each well-received 1 mL of dimethyl sulfox-

ide (DMSO, Gibco, USA), and the absorbance of the intracellular

formazan crystals (blue-violet) was read at the wavelength of 540 nm by

an automatic plate reader (Awareness Technology Inc, USA).

2.7 | Osteogenic differentiation analysis

To induce osteogenic differentiation, hBM-MSCs in passages 3/4

were cultured in a medium containing 10% FBS, 1% antibiotics, dexa-

methasone (8 M), ascorbic acid (50 μg/mL), vitamin D3 (10 nM), and

β-glycerophosphate (10 mM, Sigma-Aldrich, USA) in defined groups.

The medium was changed every 2 days.

2.8 | Alkaline phosphatase activity

In order to analyze alkaline phosphatase (ALP) activity, total protein

was extracted from cells in each group following 7, 14, and 21 days

incubation in osteogenic differentiation media using 200 μL RIPA

buffer (Sigma-Aldrich, USA). Following centrifugation at 14 000 g for

15 minutes, the supernatants were collected and analyzed using ALP

assay kit (Pars azmun, Iran) according to the manufacturer's guidelines.

ALP activity was assessed at the wavelength of 405 nm using an auto-

matic plate reader (Awareness Technology Inc, USA).

2.9 | Mineralized matrix formation assay

Extracellular matrix mineralization was evaluated via Alizarin Red S

(ARS) staining. First, hBM-MSCs were seeded on different scaffolds

with osteogenic medium for 3 weeks. The scaffolds loaded with cells

were then washed with PBS twice, fixed in paraformaldehyde (4%) for

10 minutes, and stained with Alizarin Red S solution (1%) for the next

15 minutes. Quantification of ARS staining was done by elution with

10% (wt/vol) cetylpyridinium chloride for 10 minutes at room temper-

ature, and the absorbance was measured at 570 nm.
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2.10 | RNA extraction and quantitative reverse
transcription PCR (qRT-PCR) analysis

Total RNA was extracted using RNeasy Kit (Qiagen, USA), according

to the company's protocol. To avoid the genomic DNA contamination,

RNA samples were treated with DNase I enzyme. First strand cDNAs

were generated using a cDNA Synthesis Kit (Yekta Tajhiz Azma, Iran)

according to the manufacturer's guidelines. Quantitative RT-PCR was

performed using SYBR green qPCR Master Mix (Yekta Tajhiz Azma,

Iran). Amplification was carried out in a MIC magnetic induction cycler

(BMS, Australia) with an initial denaturation at 95�C for 3 minutes

followed by 40 cycles of 95�C for 5 seconds, 60�C for 20 seconds,

and 72�C for 20 seconds. Relative expression abundances of target

genes were determined by normalization to GAPDH using the 2-ΔΔCT

method. Primer sequences are demonstrated in Table 1.

2.11 | Western blotting

Cells were lysed in a buffer containing protease and phosphatase

inhibitors (Dingguo, China). Proteins were quantified, separated by elec-

trophoresis on 8% polyacrylamide gels, and then transferred to poly-

vinylidene fluoride (PVDF) membranes. After blocking, samples were

probed with the following antibodies: anti-Integrin α2/β1 #ab24697,

anti-Osteocalcin #ab93876 and anti-Beta Actin #ab8227 (Abcam, USA),

anti-p44/42 MAPK (Erk1/2) #9102, anti-Phospho-p44/42 MAPK

(Thr202/Tyr204, Erk1/2) #4370 (Cell Signaling, USA) overnight at 4�C,

and subsequently treated with secondary antibodies on the next day.

Immunoreactive bands were visualized by chemiluminescence detection

reagents (Amersham, USA), and analyzed with ImageJ software.

2.12 | Statistical analysis

All statistical analyses were performed with IBM SPSS Statistics soft-

ware version 22 (IBM, USA) and Prism version 6 (GraphPad Software,

USA). Shapiro-Wilk normality test was used for data normalization.

Significant statistical differences were calculated by one/two-way

analyses of variance (ANOVA) and Tukey's multiple comparison tests.

Data were depicted as mean ± S.D. (SD) and considered as significant

if P < .05 (*).

3 | RESULTS

3.1 | Cellular characterization

Characterization of hBM-MSCs was performed using flow cytometry

analysis (Figure 1). One week after cell isolation and culturing,

hBM-MSCs at passage 3 were examined for expression of CD44,

CD45, CD73, CD90, and CD105 cell surface biomarkers. As shown

in Figure 1, hBM-MSCs highly expressed CD44, CD73, CD90 and

CD105 antigens, but were negative for CD45 biomarker. These

results indicated that the isolated cells from bone marrow expressed

mesenchymal stem cells markers.

3.2 | Scaffolds analysis

Nanofiber scaffolds were characterized appropriately before seeding

with hBM-MSCs, by ATR-FTIR, SEM, and WCA methods.

Due to the importance of morphology and size of the scaffolds in

attachment and proliferation of cells, these parameters were also deter-

mined by SEM. Electrospinning of PLLA-based nanofibers resulted in a

scaffold composed of uniform, randomly oriented fibers (Figure 2).

The molecular density of Ha and Gel nanoparticles on the surface

of PLLA scaffolds was confirmed via ATR-FTIR (Figure 3A). As for PLLA,

the characteristic peak of C=O group was at 1751.48 cm−1, and C-O

stretching appeared at 1085.78 cm−1. Peaks at 632 and 1034 cm−1

were referred to the vibrations in PO4
3− of n-Ha, and the peak of

1250 cm−1 was assigned to amide ΙΙΙ of Gel. These data indicate the

presence of n-Ha and gelatin on the surface of PLLA nanofibers.

Water contact angle (WCA) assessment of PLLA, PLLA/nHa, PLLA/

Gel, and PLLA/nHa/Gel scaffolds was performed (Figure 3B). This scaf-

fold criterion that was measured through dropping water on a surface,

represents the surface wettability: the less angle indicates the more

hydrophilic surface that is effective on cellular behaviors. Initial contact

angle of pure PLLA scaffolds was 101 ± 5.5� and was decreased follow-

ing the addition of Ha and Gel. The initial contact angle for composites

with 15 wt% of Ha decreased to 47 ± 13.6� and with Gel to 47 ± 16.9�.

Interestingly, addition of both Ha and Gel resulted in significant

decrease in initial contact angle (34 ± 11.6�). Results demonstrated the

potential of added Ha and Gel to reduce hydrophobicity of the PLLA

scaffolds that make it more suitable for cell attachment.

The structure and morphology of hBM-MSCs seeded on target

scaffolds, including PLLA, PLLA/nHa, PLLA/Gel, and PLLA/nHa/Gel

are presented in Figure 4. Morphological data showed that hBM-

MSCs were developed in a typical flattened form on target scaffolds

at 21 days after cell seeding.

TABLE 1 Primers used for quantification of markers

Gene Primer sequences (F, R,50 ! 30)

ITAG2 F:TTGCGTGTGGACATCAGTCTGG

R: GCTGGTATTTGTCGGACATCTAG

ITGB1 F: TTATTGGCCTTGCATTACTGCT

R: CCACAGTTGTTACGGCACTCT

RUNX2 F: GCCTTCAAGGTGGTAGCCC

R: CGTTACCCGCCATGACAGTA

BGLAP F: ATGAGAGCCCTCACACTCCT

R: CTTGGACACAAAGGCTGCAC

COL1A1 F: TGGAGCAAGAGGCGAGAG

R: CACCAGCATCACCCTTAGC

GAPDH F: CCTTGTCAACATTTCCTGG

R: TCTTCCTCTTGTGCTCTTGC
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F IGURE 1 Characterization of human bone marrow mesenchymal stem cells surface biomarkers for A, CD44, B, CD73, C, CD90, D, CD105,
and E, CD45 antigens [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Scanning electron micrographs of different scaffolds. A, PLLA, B, PLLA/nHa, C, PLLA/Gel, and D, PLLA/nHa/Gel. Gel, Gelatin;
nHA, nano hydroxyapatite; PLLA, poly(l-lactide) [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Cell viability results

The biocompatibility of the scaffolds is closely related to cell adhesion

and expansion on them. The viability of cells seeded on PLLA, PLLA/

nHa, PLLA/Gel, and PLLA/nHa/Gel scaffolds was determined by MTT

assay at days 1, 3, and 7 (Figure 5) and compared with TCPs group as

a control. Results indicated that there was no significant difference

between target scaffolds and control at days 1 and 3. However, cell

viabilities at day 7 were significantly higher than other time points

(P < .05), and resulted in increased viabilities to 105.5% (PLLA), 130%

F IGURE 3 The results of Fourier transform infrared (FTIR) spectroscopy A and Water contact angle analysis of target scaffolds B. A, PLLA, B,
PLLA/nHa, C, PLLA/Gel, and D, PLLA/nHa/Gel. The asterisks indicate significant differences in comparison to the control group (PLLA). Gel,
Gelatin; nHa, nano hydroxyapatite; PLLA, poly(l-lactide) [Colour figure can be viewed at wileyonlinelibrary.com]
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(PLLA/nHa), 140% (PLLA/Gel), and 129% (PLLA/nHa/Gel), compared

to the control. These results show that all scaffolds represented excel-

lent biocompatibility toward hBM-MSCs and were favorable for cell

growth.

In addition, the morphology of the cells was examined using the

fluorescence imaging system. The data indicated that the surface

of these scaffolds was more conducive to cell adhesion than TCPs

and cells seeded on the scaffolds produced more filopodia and

lamellipodia and stretched better on nanofiber scaffolds than the

TCP group. Meanwhile, hBM-MSCs on PLLA/nHa/Gel scaffolds

had spread out and posed much longer filopodia compared to other

groups (Figure 6).

3.4 | Osteogenic differentiation evaluation

The effects of the scaffolds on osteogenic differentiation of hBM-MSCs

were determined by SEM, ALP activity, Alizarin Red S staining, and qRT-

PCR methods. The structure and morphology of hBM-MSCs seeded on

target scaffolds during differentiation, including PLLA, PLLA/nHa, PLLA/

Gel, and PLLA/nHa/Gel are presented in Figure 7. Morphological data

showed that hBM-MSCs were developed in a typical flattened form and

calcium phosphate deposition appeared during osteogenesis on the tar-

get scaffolds on 14, and 21 days after culture in osteogenic medium.

After 7 days of incubation, the ALP activity of hBM-MSCs seeded

on PLLA/nHa, PLLA/Gel, and PLLA/nHa/Gel showed a noticeable

F IGURE 4 Scanning electron micrographs of hBM-MSCs seeded on target electrospun nanofibrous scaffolds. A, PLLA + hBM-MSCs, B,
PLLA/nHa + hBM-MSCs, C, PLLA/Gel + hBM-MSCs, and D, PLLA/nHa/Gel + hBM-MSCs. Morphological data showed that hBM-MSCs were
developed in a typical flattened form on all target scaffolds at 21 days after cell seeding. Gel, Gelatin; hBM-MSCs, human bone marrow
mesenchymal stem cells; nHA, nano hydroxyapatite; PLLA, poly(l-lactide)

F IGURE 5 Cell viability analysis of hBM-MSCs seeded on target
electrospun nanofibrous scaffolds. Each group consisted of 5 × 103

hBM-MSCs per cm2 incubated for 1, 3, and 7 days and cell viabilities
were subsequently determined with MTT assay. Each value indicates
mean ± SD of three separate experiments. The asterisks indicate a
significant difference with the tissue culture plate group as a control
(*P < .05). hBM-MSCs, human bone marrow mesenchymal stem cells

ANDALIB ET AL. 7



F IGURE 6 Fluorescence imaging of cells seeded on different electrospun scaffolds. A, TCP, B, PLLA, C, PLLA/nHa, D, PLLA/Gel, E, PLLA/
nHa/Gel. Cells seeded on the scaffolds produced more filopodia and lamellipodia and stretched better on nanofiber scaffolds than the TCP group.
Meanwhile, human bone marrow mesenchymal stem cells on PLLA/nHa/Gel scaffolds had spread out and posed much longer filopodia compared

to other groups. Gel, Gelatin; nHA, nano hydroxyapatite; PLLA, poly(l-lactide); TCP, tissue culture plate [Colour figure can be viewed at
wileyonlinelibrary.com]
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increment compared with TCP group (****P < .0001, Figure 8A). Analyz-

ing the ALP activity at day 14 indicated that its activity in hBM-MSCs

seeded on nanofiberous scaffolds was higher than the TCP group.

Meanwhile, the ALP level of PLLA/nHa/Gel group was statistically more

increased in comparison with the other groups (****P < .0001).

Mineralization of hBM-MSCs was determined quantitatively, by

ARS staining after 21 days of culturing in the osteogenic medium. The

quantitative evaluation of calcium deposition also proved that hBM-

MSCs mineralization on PLLA/nHa/Gel nanofiber scaffolds was signifi-

cantly higher than that on other scaffolds (Figure 8B). That is, the

composite scaffolds of PLLA/nHa/Gel were optimal for inducing the

mineralization of hBM-MSCs. Previous studies confirmed that millimo-

lar concentrations of calcium ions could enhance osteogenic differenti-

ation. Thus, calcium ions released from Ha may enhance osteogenic

differentiation.

To further examine the impact of nanofiber scaffolds on osteo-

genic differentiation of hBM-MSCs, the expression status of alpha2

(ITGα2), Integrin beta1 (ITGβ1), Runt-related transcription factor

2 (RUNX2), Collagen Type 1 Alpha 1 (COL1A1), and OSTEOCALCIN

(BGLAP) were determined with qRT-PCR method during 21 days of

induction (Figure 9). In comparison with the TCP group, ITGα2 and

ITGβ1 genes, were overexpressed only in hBM-MSCs seeded on scaf-

folds containing gelatin. In comparison with the first week, ITGα2 was

elevated about 1.4- and 1.9-folds in PLLA/Gel and PLLA/nHa/Gel,

respectively (P < .001, Figure 9A), whereas ITGβ1 up-regulation was

about 2.05- and 3.18-folds (P < .001, Figure 9B). These data indicated

that PLLA/nHa/Gel scaffolds are an ideal platform for culturing

hBM-MSCs and their osteoblast differentiation. Accordingly, RUNX2

expression in hBM-MSCs seeded on PLLA/nHa/Gel and PLLA/Gel

was elevated during the two first weeks and markedly decreased in

the third week (−2.66-fold change, P < .01, Figure 9C). As for

COL1A1, it was significantly upregulated within 14 days especially in

cells grown on PLLA/nHa/Gel and PLLA/Gel groups, and down-

regulated in well-differentiated osteocytes after 21 days (−6.79-fold

change, P < .001, Figure 9D). Meanwhile, the expression level of

BGLAP which is expected to be exponentially increased during hBM-

MSC differentiation was significantly higher than PLLA group within

the 3 weeks of examination (1.32-fold change, P < .05, Figure 9E).

3.5 | Western blot results

Next, we investigated whether integrin α2β1 could regulate matrix-

induced osteogenic differentiation. To this point, hBM-MSCs were

cultured on PLLA/nHa/Gel scaffold in the presence of ITGα2β1 block-

ing antibody and compared with the control group (Figure 10). West-

ern blot analysis of the target cell groups showed that the protein

level of BGLAP and phosphorylated extracellular signal-regulated

kinases (p-ERK1/2) were elevated in osteoblasts. On the contrary,

these proteins were significantly decreased following blocker treat-

ment in either control or scaffold contained groups (Figure 10A).

According to these data, treating with the ITGα2β1 blocking antibody

decreased ITGα2β1 level about 1.75-fold change in the control group

and 1.5-fold change (P < .05) in PLLA/nHa/Gel seeded cells. The pro-

tein level of BGLAP was down-regulated about 2.86 folds (P < .05) in

control group treated with ITGα2β1 blocking antibody, along with

2.08-fold (P < .05) decrease in PLLA/nHa/Gel seeded cells. No statis-

tical difference was seen in total ERK1/2 between the examined

groups. However, analysis of p-ERK1/2 proteins indicated a 1.94-fold

change (P < .05) down-regulation in Control + Blocker group. Mean-

while, alteration of the p-ERK1/2 in PLLA/nHa/Gel + Blocker group

was not significantly altered (�1.51-fold change, P = .078).

F IGURE 7 Scanning electron micrographs of osteogenic differentiation of human bone marrow mesenchymal stem cells on target
electrospun nanofibrous scaffolds. A-D, Fourteen days of differentiation on A, PLLA, B, PLLA/nHa, C, PLLA/Gel, and D, PLLA/nHa/Gel scaffolds.
E-H, Twenty-one days of differentiation on E, PLLA, F, PLLA/nHa, G, PLLA/Gel, and H, PLLA/nHa/Gel scaffolds. Gel, Gelatin; nHA, nano
hydroxyapatite; PLLA, poly(l-lactide)
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4 | DISCUSSION

Application of polymeric grafts is a promising therapeutic intervention

for bone disorders and various attempts have been made to identify

the best natural or synthetic substitute polymers for bone regenera-

tion.21-27 Current study was performed to develop a modified PLLA

nanofibrous scaffold to improve the efficacy of bone tissue engineer-

ing. We chose gelatin and Ha for improving the cellular adhesion and

osteo-inductive properties of PLLA scaffold. Four target groups

including PLLA, PLLA/nHa, PLLA/Gel, and PLLA/nHa/Gel were pre-

pared. SEM analysis of these electrospun nanofibrous scaffolds indi-

cated a random-oriented nonwoven structure of fibers with high

similarity to the extracellular matrix of bone.

The key features of a proper biomaterial scaffold for bone tissue

engineering include fast healing rate, high level of biocompatibility,

facilitation of cellular proliferation, and immune tolerance.28,29 So, tar-

get electrospun PLLA, PLLA/nHa, PLLA/Gel, and PLLA/nHa/Gel scaf-

folds were seeded with hBM-MSCs, and their biological effects on

cellular proliferation and development into osteoblasts were examined.

The viability of cells was determined by MTT assay after 1, 3, and

7 days of culture, which indicated that all scaffolds could sustain cell

viability. Meanwhile, cells seeded on PLLA/Gel, and PLLA/nHa/Gel

depicted a significantly higher level of proliferation than TCPs after

7 days, but statistically higher than PLLA group. This is probably

because of hBM-MSCs well differentiation into osteoblasts on PLLA/

nHa/Gel scaffolds after 7 days which was in line with later ALP activity

analysis results, as a molecular sign for initiation of matrix mineraliza-

tion.30 According to the data, cells seeded on PLLA/nHa/Gel scaffolds

were the only group which expressed a significant ALP activity level

from day 7 up to day 21. This indicates that after 7 days, the hBM-

MSCs grown on PLLA/nHa/Gel group have started to differentiate

into osteoblasts. This observation was previously reported in mE-

ADSCs and MG-63 cells seeded on PLLA/nHa/Gel scaffolds.31,32

Enhanced level of ALP activity in hBM-MSCs seeded on PLLA/

nHa/Gel scaffolds also indicates that the combination of nHa and gel-

atin provides a more suitable biomimetic environment for osteoblast

differentiation. Deposition of apatite layer in PLLA/Gel and PLLA/

nHa/Gel was much faster than other groups due to the existence of

carboxyl (COO-) and amine (-NH2) groups in gelatin structure.33

Analysis of cells during 21 days showed that the maximum eleva-

tion of ALP activity was observed between days 7 and 14. Previous

investigations reported that the highest level of ALP, as an early bone

marker enzyme, is mostly seen between days 4 and 7 of cell culture.

For example, a research on biological impacts of demineralized bone

F IGURE 8 Alkaline phosphatase
activity of human bone marrow
mesenchymal stem cells following 7, 14,
and 21 days culture A, and extracellular
matrix mineralization was evaluated via
Alizarin Red S staining after 3 weeks in
osteogenic medium B. The asterisks
indicate significant differences in
comparison to the tissue culture plate

group as a control [Colour figure can be
viewed at wileyonlinelibrary.com]
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matrix on bone marrow stromal cells showed that the peak of ALP

activity during osteogenic differentiation could be seen after 7 days

of culture.34

The nanotopography of extracellular matrix (ECM) has been

shown to be a significant regulatory factor in hBM-MSC differentia-

tion, and integrin is a key molecule involved in cellular response to dif-

ferent topographic signals.29 Our results demonstrated that the

expression of integrin α2/β1 was unaffected by PLLA itself, but was

significantly elevated in cells seeded on PLLA/Gel scaffolds as a

known ligand for integrin α2/β1.35 A recent investigation reported

that ITGα2 plays a vital role in osteogenic differentiation.36 Following

localization at the cell surface, integrin α2 receptor could bind to

external ligands and activates downstream intracellular signaling cas-

cades.37 We demonstrated that addition of gelatin to the scaffolds

increased the integrin binding to the substrate, and additionally

enhanced receptor density at the cell surface. Integrin α2 interacts

with several signaling mediators, including the Focal adhesion kinase

(FAK) and ERK pathways, which play essential regulatory roles in

matrix-induced osteogenic differentiation.35 Accordingly, our results

indicated that following ITGα2β1 blocker treatment, the protein level

of integrin α2β1 in cells seeded on PLLA/nHa/Gel scaffolds were less

decreased than cells cultured without a scaffold, which indicated that

most of the integrin receptors were bound to gelatin molecules on

scaffolds. As for the downstream signaling factors, cells in PLLA/nHa/

F IGURE 9 The qRT-PCR analysis of osteogenic marker genes. A, ITGα2, B, ITGβ1, C, RUNX2, D, COL1A1, and E, BGLAP. Relative expression
abundances of target genes were determined by normalizing to GAPDH using the 2-ΔΔCT method. The asterisks indicate significant differences
from the tissue culture plate group
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Gel + Blocker group showed higher level of p-ERK1/2 than Control +

Blocker group, indicating that the negative impact of ITGα2β1 blocker

on these cells was revoked under gelatin stimulation.

5 | CONCLUSION

Collectively, this study shows that a cell may perceive varied

responses according to the surface topography. Compared to PLLA

scaffolds, application of PLLA/nHa/Gel scaffolds not only supports

cell adhesion and proliferation but also can provoke osteoblast differ-

entiation in less time by activating integrin α2β1/ERK axis. Thus,

electrospun PLLA/nHa/Gel scaffolds could be a suitable substitute

material in bone tissue engineering.
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F IGURE 10 Western blot analysis of A, BGLAP, B, ITGα2/β1, C, ERK1/2, and D, p-ERK1/2 in the target groups. Human MSCs were cultured
on PLLA/nHa/Gel scaffold in the presence of ITGα2β1 blocking antibody and compared with control group. Proteins were probed with the anti-
Osteocalcin, anti-Integrin α2/β1, anti-p44/42 MAPK (Erk1/2), anti-p44/42 MAPK (Erk1/2), anti-Phospho-p44/42 MAPK (Thr202/Tyr204,
Erk1/2), and anti-beta Actin. Immunoreactive bands were visualized by chemiluminescence detection reagents and analyzed with the ImageJ
software relative to the control band. Each value is mean ± SD of three separate experiments. The asterisks indicate significant differences from
the control group. Gel, Gelatin; nHa, nano hydroxyapatite; PLLA, poly(l-lactide)
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