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Abstract A new stem cell-scaffold construct based on

poly-L-lactide (PLLA) nanofibers grafted with collagen

(PLLA-COL) and cord blood-derived unrestricted somatic

stem cells (USSC) were proposed to hold promising

characteristics for bone tissue engineering. Fabricated

nanofibers were characterized using SEM, ATR-FTIR,

tensile and contact angle measurements. The capacity of

PLLA, plasma-treated PLLA (PLLA-pl) and PLLA-COL

scaffolds to support proliferation and osteogenic differen-

tiation of USSC was evaluated using MTT assay and

common osteogenic markers such as alkaline phosphatase

(ALP) activity, calcium mineral deposition and bone-rela-

ted genes. All three scaffolds showed nanofibrous and

porous structure with suitable physical characteristics.

Higher proliferation and viability of USSC was observed

on PLLA-COL nanofibers compared to control surfaces. In

osteogenic medium, ALP activity and calcium deposition

exhibited the highest values on PLLA-COL scaffolds on

days 7 and 14. These markers were also greater on PLLA

and PLLA-pl compared to TCPS. Higher levels of collagen

I, osteonectin and bone morphogenetic protein-2 were

detected on PLLA-COL compared to PLLA and PLLA-pl.

Runx2 and osteocalcin were also expressed continuously

on all scaffolds during induction. These observations sug-

gested the enhanced proliferation and osteogenic differen-

tiation of USSC on PLLA-COL nanofiber scaffolds and

introduced a new combination of stem cell-scaffold con-

structs with desired characteristics for application in bone

tissue engineering.

1 Introduction

Natural extracellular matrix (ECM) is a highly complex

structure and is composed of various proteins with nano-

scale dimensions which support cell adhesion, proliferation

and differentiation [1]. In bone ECM, collagen type I fibrils

are the major organic components and serve as a template

upon which minerals like calcium phosphates are depos-

ited. This organized composition contributes to provide

mechanical and biological properties of bone and may play

an important role in the maturation of bone stem cells and

progenitors during regeneration and reconstruction after

injury or damage [2, 3].

Mimicking the biomechanical and biological structure

of ECM is an effective strategy to design and develop

scaffolds in the field of tissue engineering [4]. Nanofibrous
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scaffolds can ideally mimic the physical structure of ECM

and can be fabricated via a few procedures such as phase

separation, self-assembly and electrospinning. Among

them, electrospinning is the most widely used method

because of its simplicity, cost-effectiveness and potential to

apply a wide range of polymers for mass production of

nanofibers [5]. Electrospun nanofibers are highly favored

as tissue-engineered scaffolds because in addition to ECM-

mimicking, they can be surface modified to improve their

biocompatibility and bioactivity [6, 7].

In recent years, stem cell-based tissue engineering has

received much attention because of the unique charac-

teristics of stem cells such as multi-potency, self-renewal

and high potential for ex vivo expansion. In this

approach, stem cells derived from different sources in

embryonic, neonatal or adult stages, are incorporated with

appropriate biomaterials and their potential for tissue

engineering are investigated in vitro [8]. Using this idea,

many efforts have been performed to develop efficient

combination of nanofibers and stem cells for application

in bone tissue engineering. Electrospun nanofibers fabri-

cated from various polymers in combination with

embryonic, mesenchymal and adipose-derived stem cells

have been shown to have potential application in bone

tissue engineering [9–13].

Unrestricted somatic stem cells have been recently iso-

lated from human umbilical cord blood (UCB) and have

interesting characteristics for application in tissue engi-

neering [14]. They have the potential to differentiate into

three germ layers and remain undifferentiated without

transformation after long-term ex vivo expansion. Com-

pared to bone marrow derived mesenchymal stem cells

(BM-MSC), isolation of unrestricted somatic stem cells

(USSC) is non-invasive and is performed more easily from

UCB which is discarded after child birth. They also have

better growth kinetics with a broader life-span up to more

than 20 passages and their immunogenicity and ethical

issues is less controversial [15–17]. Such proliferative and

multipotent stem cells are a promising and interesting

source for the future of cell-based therapies and regenera-

tive medicine.

In a previous study, we showed that PCL nanofibers

could support in vitro differentiation of USSC toward

hepatocyte-like cells [18]. Further, our findings suggested

that USSC had the capacity to attach, proliferate and

infiltrate on collagen-grafted nanofibers prepared from

polyethersulfone [19]. To the best of our knowledge,

osteogenic behavior of USSC on nanofibers has been never

studied before. Therefore, in the present study we investi-

gated the capacity of USSC in combination with pure and

collagen-grafted PLLA nanofibers for application in bone

tissue engineering.

2 Materials and methods

2.1 Isolation and expansion of USSC

Collection, isolation and culture of human USSC were

performed as described previously [19]. Briefly, cord blood

was collected from the umbilical cord vein with informed

consent of the mother. Then mononuclear cell fraction was

separated by density centrifugation over a Ficoll-Hypaque

gradient (Amersham Pharmacia, NJ, USA; d = 1.077 g/ml)

and further was cultured in low glucose DMEM (GIBCO-

BRL, Grand Island, NY, USA) supplemented with 30% FBS

(Gibco), dexamethasone (10-7 M; Sigma–Aldrich, MO,

USA), L-glutamine (2 mM; Gibco), penicillin (100 U/ml;

Gibco) and streptomycin (0.1 mg/ml; Gibco). After almost

2 weeks, USSC colonies were appeared, then the cells were

detached with 0.25% Trypsin–EDTA (Gibco) and were

cultured in a humidified atmosphere of 95% air with 5%

CO2 at 37�C and DMEM with 10% FBS. Passage 2 (P2)

cells were used for this study. For osteogenic differentiation,

USSC were cultured in DMEM supplemented with

10% FBS, 10 nM dexamethasone, 0.2 mM ascorbic acid

2-phosphate, and 10 mM b-glycerophosphate (all from

Sigma).

2.2 Scaffold preparation

Nanofibrous PLLA scaffolds were prepared via electros-

pinning as previously performed in our Lab [20]. Briefly, a

12% solution of PLLA (sigma) in dichloromethane (Merck,

Germany) was placed in a 5 ml syringe. An extension tube

connected the syringe to a 21-gauge needle which was

placed in a 15 cm distance from a steel cylinder collector.

The solution fed through the tube into the needle by a

syringe pump. Application of a 20 kV-voltage between the

needle and collector, forced the solution droplet to leave

the needle and collect on the cylinder as fibers with nano-

sized diameters.

2.3 Collagen grafting

Collagen I solution (Nutacon BV, the Netherlands) was

grafted onto the surface of PLLA nanofibers via chemical

cross-linking after surface plasma treatment by low fre-

quency plasma generator of 44 GHz frequency with a

cylindrical quartz reactor (Diener Electronics, Germany).

Pure oxygen was introduced into the reaction chamber at

0.4 mbar pressure and then the glow discharge was ignited

for 5 min. For collagen grafting, plasma-treated sheets

were cut into 1.5 cm diameter punches and immersed in

EDC/NHS (Merck) solution (5 mg/ml) for 12 h. A 1 mg/

ml collagen I solution was used to immerse scaffolds

166 J Mater Sci: Mater Med (2011) 22:165–174

123



overnight. The scaffolds were then rinsed with distilled

water. All of the further experiments were performed on

PLLA, plasma-treated PLLA (PLLA-pl) and collagen-

grafted PLLA (PLLA-COL).

2.4 Cell seeding

Prior to cell seeding, circular scaffolds were immersed

overnight in the following solutions: (1) 70% ethanol for

sterilization, (2) penicillin, streptomycin, and amphotericin

B to prevent from yeast growth, and (3) culture medium to

ensure sterilization and enhance cell attachment after

seeding. USSC were trypsinized and seeded onto the cir-

cular scaffolds at an initial cell density of 5 9 103 cm-1.

After reaching 70% confluence which was estimated by

DAPI staining, culture medium was replaced with osteo-

genic medium which was changed every 2–3 days for

2 weeks.

2.5 Scanning electron microscopy

The surface morphology of scaffolds was characterized

using a scanning electron microscope (SEM, Philips XL30,

the Netherlands) after specimens were coated with plati-

num using a sputter coater. The fiber diameter was deter-

mined from SEM images using image analysis software

(imageJ, NIH, USA). Three images from each sample were

selected and the diameter of 50 individual fibers was

measured from each SEM image. Morphology of USSC on

the scaffolds during osteogenic differentiation was also

investigated by SEM. The cell-loaded scaffolds were rinsed

with PBS after 7 and 14 days of osteogenic differentiation

and fixed in glutaraldehyde 2.5% for 1 h. For dehydrating,

the scaffolds were placed in a series of gradient of alcohol

concentration and then dried.

2.6 Contact angle measurement

To study the wettability of the nanofiber surface after

surface treatment, water contact angle was measured by the

sessile drop method with a G10 Kruss contact angle

goniometer at room temperature. A water droplet is placed

on the scaffold surface and contact angle was measured

after 10 s.

2.7 ATR-FTIR spectroscopy

Collagen grafting was investigated by FTIR-ATR. The

spectra were recorded using an Equinox 55 spectrometer

(Bruker Optics, Germany) equipped with a DTGS detector

and a diamond ATR crystal.

2.8 Mechanical properties

The tensile properties were performed on the nanofibrous

webs using Galdabini testing equipment. Prepared scaf-

folds were cut into 10 mm 9 60 mm 9 0.11 mm speci-

mens and tensile test was conducted at 50 mm/min

crosshead speed at room temperature.

2.9 MTT assay

The proliferation of USSC on different scaffolds was

evaluated via MTT assay. Sterilized nanofibrous mem-

branes were placed in a 24-well culture plate, seeded with a

cell density of 8 9 103 cells per cm2, and incubated at

37�C, 5% CO2. After 1, 3, 5 and 7 days of cell seeding,

50 ll of MTT solution (5 mg/ml in DMEM) was added to

each well (n = 4). For conversion of MTT to formazan

crystals by mitochondrial dehydrogenases of living cells,

the plate was incubated at 37�C for 3.5 h. For dissolution

of the dark-blue intracellular formazan, the supernatant was

removed and constant amount of an appropriate solvent

was added. The optical density was read spectrophoto-

metrically at a wavelength of 570 nm. The same procedure

was performed for cultured cells in tissue culture polysty-

rene (TCPS) as control.

2.10 Real-time RT-PCR

To quantify the difference between the mRNA levels of

osteogenic markers, gene expression in USSC on scaf-

folds was analyzed using real-time RT-PCR. Total RNA

was extracted and random hexamer primed cDNA syn-

thesis was carried out using Revert Aid first strand cDNA

synthesis kit (Fermentas, Burlington, Canada). cDNA was

used for 40 cycle PCR in Rotor-gene Q real-time ana-

lyzer (Corbett, Australia). Real-time PCR was performed

using MaximaTM SYBR Green/ROX qPCR Master Mix

(Fermentas) followed by melting curve analysis to con-

firm PCR specificity. Each reaction was repeated three

times and threshold cycle average was used for data

analysis by Rotor-gene Q software (Corbett). Genes and

related specific primers are illustrated in Table 1. Relative

expression was quantified using DDCt method. Target

genes were normalized against GAPDH and calibrated to

USSC P2.

2.11 Alkaline phosphatase (ALP) activity

For ALP activity measurement, total protein of cells on

TCPS and scaffolds was extracted using 200 ll RIPA

buffer. The lysate was then centrifuged at 14,0009g at

J Mater Sci: Mater Med (2011) 22:165–174 167

123



4�C for 15 min to sediment cell debris. Supernatant was

collected and ALP activity was measured with ALP assay

kit (Parsazmun, Tehran, Iran) using p-nitrophenyl phos-

phate (p-NPP) as substrate and alkaline phosphatase

provided in the kit as a standard. The activity of enzyme

(IU) was normalized against total DNA (lg) which was

quantified using Quant-iT Picogreen (Invitrogen, Eugene,

OR, USA). A standard curve of fluorescence intensity

versus DNA concentration was first generated before use.

The fluorescence intensity was determined at 480 nm

excitation and 520 nm emission using a fluorometer.

2.12 Calcium content assay

During osteogenic differentiation of USSC, the amount of

calcium deposited on different scaffolds and TCPS, was

measured using cresolphthalein complexone method. Cal-

cium extraction was performed by homogenization of the

scaffolds in 0.6 N HCL (Merck) followed by shaking for

4 h at 4�C. Optical density was measured at 570 nm after

the addition of the reagent to calcium solutions. Calcium

content was obtained from the standard curve of OD versus

a serial dilution of calcium concentrations.

2.13 Statistical analysis

All experiments were conducted at least 3 times. Data are

expressed as mean ± SD. One-way analysis of variance

(ANOVA) was used to compare results. A P-value of less

than 0.05 was considered statistically significant.

3 Results

3.1 Characterization of scaffolds

PLLA electrospun nanofibers were porous, beads-free and

had a uniform and smooth morphology (Fig. 1a, d) with an

average diameter of 838 ± 92 nm, tensile strength of

1.91 ± 0.31 MPa and elongation at break of 82.1 ± 6.3%.

After surface modification, it was obvious that plasma

treatment and collagen I grafting did not affect the mor-

phology and average diameter of nanofibers (Fig. 1). There

was also no significant difference between tensile proper-

ties before and after modification (data not shown). Col-

lagen grafting on the surface of nanofibers was investigated

via ATR-FTIR spectroscopy (Fig. 2). PLLA nanofibers

showed strong characteristic peaks at 1749 cm-1 for C=O

group and at 1083 for C–O stretching. Vibration of C–H

band was also characterized with peaks near 3000. Exis-

tence of collagen was confirmed through the Amide I and II

bands which were detected at 1633 and 1531 cm-1. Con-

tact angle of PLLA nanofibers also decreased from 112� to

a zero value after surface treatment.

3.2 Biocompatibility of nanofibers

Biocompatibility of scaffolds was investigated via MTT

assay which revealed the proliferation rate and viability of

USSC on PLLA, PLLA-pl and PLLA-COL nanofibers

(Fig. 3). With an equal initial cell density on day 1, no

significant difference was observed between the rate of

proliferation on PLLA-COL and TCPS until day 5. On day

7, the highest cellularity was measured on PLLA-COL

compared to other groups. The cells had also a higher rate

of proliferation on PLLA-pl compared to PLLA. On days 7

and 14 of osteogenic culture, the morphology of USSC on

electrospun scaffolds was also investigated via SEM.

USSC showed a spreading and typical morphology on day

7 and 14 on PLLA, PLLA-pl and PLLA-COL nanofibers

(Fig. 4).

3.3 Assessment of osteogenic markers

3.3.1 ALP activity and mineralization

The pattern of ALP activity during osteogenic differentia-

tion of USSC on scaffolds and TCPS was similar but

exhibited different values (Fig. 5a) Increase in ALP

activity was detected from day 3 to 7 followed by a

decrease to day 14. On days 7 and 14 of osteogenic dif-

ferentiation, the highest ALP activity was measured on

PLLA-COL compared to other groups and there was no

significant difference between ALP activity on PLLA and

PLLA-pl. Higher values of ALP activity was also measured

Table 1 Primers used in real-time RT-PCR

Gene Primer sequence (50?30) Product

length

(bp)

GAPDH F: CTCTCTGCTCCTCCTGTTCG 114

R: ACGACCAAATCCGTTGACTC

ALP F: GCACCTGCCTTACTAACTC 162

R: AGACACCCATCCCATCTC

Collagen I F: TGGAGCAAGAGGCGAGAG 122

R: CACCAGCATCACCCTTAGC

Runx2 F: GCCTTCAAGGTGGTAGCCC 67

R: CGTTACCCGCCATGACAGTA

Osteonectin F: AGGTATCTGTGGGAGCTAATC 224

R: ATTGCTGCACACCTTCTC

Osteocalcin F: GCAAAGGTGCAGCCTTTGTG 80

R: GGCTCCCAGCCATTGATACAG

BMP2 F: TGCGGTCTCCTAAAGGTC 186

R: AACTCGAACTCGCTCAGG
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in the cells on PLLA and PLLA-pl compared to TCPS on

day 7.

Mineralization as the late marker of differentiation

toward osteoblasts was also assessed. Significant increasing

of calcium depositions on scaffolds and control was

observed during culture under osteogenic medium

(Fig. 5b). Higher amount of deposited calcium was mea-

sured on PLLA-COL compared to PLLA, PLLA-pl and

TCPS on day 7 and 14. The mineralization was also higher

on PLLA and PLLA-pl compared to TCPS on day 14 and

there was no significant difference between the amounts of

mineralized calcium on these scaffolds. Huge calcium

deposits on PLLA-COL nanofibers were observed on day

14 of differentiation. Porous structure of mineral deposi-

tions including aggregated globular nodules with collagen

bundles is clearly obvious in higher magnifications

(Fig. 6).

3.3.2 Gene expression analysis

The mRNA levels of six osteoblast-related genes were

studied in USSC on electrospun nanofibers (Fig. 7). From a

global aspect, in comparison to PLLA and PLLA-pl scaf-

folds, USSC on PLLA-COL expressed higher levels of

transcripts. On all scaffolds, expression of ALP reached a

peak on day 3 followed by a down-regulation on days 7 and

14. Collagen I was down-regulated continuously during

osteogenic induction and higher levels of collagen I tran-

scripts was observed on PLLA-COL nanofibers on day 3

and decreased to a value of that on PLLA and PLLA-pl on

Fig. 1 Morphology of fabricated scaffolds, PLLA (a, d), PLLA-pl (b, e) and PLLA-COL (c, f) nanofibers at 1,0009 (a–c) and 5,0009 (d–f)

Fig. 2 ATR-FTIR spectra of PLLA and PLLA-COL

Fig. 3 Proliferation of USSC on scaffolds and TCPS during a 7 day

culture period, asterisk shows significant difference with P \ 0.05
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day 7 and 14. Runx2 was expressed continuously during

culture on all scaffolds with no significant difference.

Significant higher values of osteonectin transcripts were

detected in all time points on PLLA-COL compared to

PLLA and PLLA-pl. In addition, osteonectin was expres-

sed in a higher amount on day 7 on PLLA-pl compared to

PLLA. On day 14, this gene was down-regulated on all

scaffolds. There was no significant difference between

the expression of osteocalcin on all scaffolds during cul-

ture except day 7 on which this gene had higher levels of

transcripts on PLLA-COL and PLLA-pl compared to

PLLA. The (bone morphogenetic protein-2) BMP-2

expression increased continuously on scaffolds during

time. This gene was expressed in a higher amount

on PLLA-COL compared to PLLA and PLLA-pl on day 7

and 14.

Fig. 4 Morphology of USSC during osteogenic differentiation on nanofibrous PLLA (a, d), PLLA-pl (b, e) and PLLA-COL (c, f) on days 7 (a–

c) and 14 (d–f)

Fig. 5 ALP activity (a) and

calcium content (b) of USSC on

scaffolds during osteogenic

differentiation, asterisk show

significant difference with

P \ 0.05

Fig. 6 Mineral deposition of USSC after 14 of osteogenic

differentiation
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4 Discussion

In the present study for the first time, we investigated the

osteogenic differentiation of USSC on electrospun nanofi-

brous scaffolds. Recently introduced USSC have shown

promising characteristics for application in cell-based

therapies and tissue engineering [21–23]. Electrospun

nanofibers alone or surface modified with bioactive mole-

cules have attracted much attention in the field of tissue

engineering mainly because of their ECM-mimicking

structure [4]. We postulated that USSC-nanofibers construct

under osteogenic induction would give rise to a potential

scaffold for application in bone tissue engineering.

PLLA blended with collagen has been electrospun to

nanofibers in a few recent reports [24, 25]. In these studies,

PLLA-COL nanofibers have shown similar biocompatibil-

ity in comparison to unmodified PLLA. Collagen I serve as

the major protein component of bone ECM and is miner-

alized during bone formation and regeneration. Collagen I

exist as nano-sized fibrils and play an important role to

provide physical and chemical clues to maintain bone

function [26]. Surface grafting of PLLA nanofibers with

collagen I will lead to a tissue-engineered scaffold which

benefit from both nano scale structure of PLLA fibers and

bioactivity of collagen I. Ideally, physical properties of

PLLA scaffold such as porosity, fiber diameter and tensile

strength were not significantly changed after modification.

Data from MTT assay showed that the biocompatibility of

PLLA nanofibers increased after plasma treatment and

collagen grafting. In another word, all scaffolds showed the

capacity to support adhesion and proliferation of USSC

with an enhanced viability on PLLA-COL scaffolds. This

can be explained by the bioactivity of collagen which pro-

vides natural adhesion sites for cells to attach and prolif-

erate [27]. The higher rate of cell proliferation on PLLA-pl

and PLLA-COL scaffolds compared to PLLA can be also

explained by the increased hydrophilicity which its effect

on cell attachment and proliferation on biomaterials have

been well established [28, 29]. Biocompatibility of nanofi-

bers was also confirmed qualitatively by flattened and

spreading morphology of USSC under inductive culture.

Beside the biocompatibility and appropriate physical

characteristics of biomaterials, the capacity to support

osteogenic differentiation of stem cells is of major impor-

tance in stem cell-scaffold approach for bone tissue engi-

neering. To assess this capacity, osteo-lineage related

markers need to be monitored during osteogenic induction

of stem cells.

ALP has a critical role in bone matrix mineralization

through cleavage of phosphate group and its elevated

activity is observed before the initiation of calcium minerals

[30]. Therefore, increase in the ALP activity is considered as

an early-stage marker of osteogenic differentiation of stem

cells which was reported previously in MSC [31] and USSC

[14]. In our study a similar trend for ALP activity was

observed on scaffolds and TCPS; an increase to day 7

Fig. 7 Relative expression of ALP, Collagen I, Runx2, Osteonectin, Osteocalcin and BMP-2 on days 3, 7 and 14 in USSC on scaffolds during

osteogenic differentiation, asterisk shows significant difference with P \ 0.05
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followed by a decrease in ALP activity to day 14. This

pattern was consistent with other reports which have mon-

itored ALP activity in USSC cultured on plastic surface

under osteogenic induction [14, 32]. Higher ALP activity on

PLLA-COL compared to PLLA and PLLA-pl on day 7,

showed the effect of collagen I in early orientation of USSC

toward osteo-lineage. In addition to ALP activity, calcium

mineralization is also considered as a hallmark of osteoblast-

like cells derived from stem cells under osteo-induction [33,

34]. Mineralization is naturally occurred through an

orchestrated process during which osteo-progenitors derived

osteoblasts force ionic calcium to deposit on the highly

organized structure of collagen nanofibrillar network [35].

In addition to the increasing amount of calcium deposits on

nanofibers and control during inductive culture, the role of

collagen I in enhancement of osteogenic differentiation was

confirmed from the high capacity of USSC on PLLA-COL

nanofibers to mineralize extracellular calcium. Although

PLLA and PLLA-pl nanofibers could not support the pro-

liferation of USSC as well as TCPS, their higher minerali-

zation and ALP activity suggested the role of nanofibrous

structure in enhancement of osteogenic differentiation of

USSC. There was also no significant difference between the

ALP activity and mineralization on PLLA and PLLA-pl

scaffolds. This is indicative that plasma treatment had no

effect on the induction of USSC toward osteogenic lineage.

The unique structure of mineral depositions formed on

PLLA-COL nanofibers can suitably mimic the inorganic

phase of natural bone. The choice of USSC over other stem

cells for application in cell therapy and tissue engineering

can be explained by their lower immunogenicity, ethical

challenges and morbidity after isolation [15]. It has been

shown that USSC had the potential for ectopic bone for-

mation with higher mineralization values over than ESCs in

rat muscle [36]. A recent report also studied the behavior and

osteogenic differentiation of USSC on different kind of

biomaterials [37]. In the present study, we showed that

formation of bio-appetite along with bioactive nanofibers

and osteoblast-like cells derived from USSC contribute to a

potential stem cell-scaffold complex for bone tissue

engineering.

Expression of osteoblast-related genes during osteogenic

differentiation of stem cells, have been shown to exert a

unique pattern and is helpful to understand the mechanism

of bone regeneration [38]. This knowledge is essential for

further contribution in design and development of efficient

cell-scaffold constructs. Six bone-related genes from dif-

ferent stages of development of osteoblast-like cells were

selected to study their regulation in USSC on scaffolds.

During osteogenic differentiation, the pattern of ALP

transcripts showed that its expression peaked prior to the

time in which ALP activity reached its maximum level on all

scaffolds. Higher mineralization capacity of USSC on

PLLA-COL nanofibers could be explained by their higher

transcripts of osteogenic genes. Collagen I is the most

abundant protein in bone matrix and its nanofibrillar struc-

ture provide a physical pattern for mineralization during

bone formation [35]. Up-regulation of collagen I during

osteogenic differentiation of MSC from different sources

has been reported [39]. On the contrary, down-regulation of

a set of ECM-related genes including collagen I was

reported during osteogenic differentiation of adipose-tissue

derived MSC. In our study, we also observed decreasing

trend of collagen I expression in USSC under osteo-induc-

tive culture. However, not only early down-regulation on

PLLA and PLLA-pl but also higher levels of collagen I

expression on PLLA-COL on day 3 showed the higher

osteogenic capacity of USSC on PLLA-COL nanofibers.

This higher capacity was further confirmed by results from

expression of osteonectin and BMP-2.

Osteonectin is a phosphorylated glycoprotein which has

a role in regulating the initiation and promotion of min-

eralization and crystal growth [40]. The role of osteonectin

as an immediate-stage marker was confirmed based on the

observed trend with higher expression on PLLA-COL

compared to PLLA and PLLA-pl. BMP-2 is a well known

osteogenic growth factor which has an important role in

osteo-induction in vivo and in vitro [41]. USSC showed

higher levels of BMP-2 mRNA on PLLA-COL on day 7

and 14. This may contribute to enhance the expression and

secretion of BMP-2 in culture medium and accelerate

osteogenic differentiation of USSC in a feed-back pattern.

Osteocalcin contains three carboxyglutamic acid residues

which bind Ca2? and regulate mineralization and remod-

eling [42]. This gene was expressed in higher amounts on

PLLA-Col and PLLA-pl compared to PLLA on day 7. This

is indicative that in addition to collagen, plasma treatment

has affected the regulation of this gene. It is known that

Runx2 [43] is involved in the initial orientation of pro-

genitors toward osteoblasts and binds as a transcription

factor to osteocalcin promoter. Runx2 was continuously

expressed in USSC on all scaffolds and down-regulated on

day 7. These findings could explain the initiator effect on

orientation of USSC toward osteo-lineage.

Taking together, enhanced differentiation of USSC was

observed on PLLA and PLLA-pl nanofibers. Although the

plasma treatment influenced the expression of some genes

during osteogenic differentiation, there was no significant

difference between the ALP activity and mineralization on

PLLA-pl compared with PLLA. In addition, the existence

of collagen I on the surface of nanofibers promoted oste-

ogenic differentiation of USSC. Higher osteogenic poten-

tial of USSC under inductive culture was proved using

bone-related biochemical and genetic markers. Taking this

into account, combination of USSC and collagen-grafted

PLLA nanofibers showed promising potential for
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application in the field of bone tissue engineering. Despite

the fact that ECM-mimicking structure of electrospun

scaffolds can improve the biological and osteogenic

behavior of stem cells, the infiltration of cells into the

scaffolds to form a three dimensional architecture is

essential for an efficient tissue-engineered construct. As

shown in this study, USSC formed a monolayer of osteo-

blast-like cells after a 14 days culture on nanofibrous

scaffolds under osteogenic induction. This may limit the

application of stem cell-electrospun scaffold in tissue

engineering. Different approaches and strategies have been

used by researchers to address this issue. However, an ideal

3D structure of nanofibers incorporated with cells has not

been achieved yet. Our future works will concern the

improvement of stem cell infiltration via fine tuning of

electrospinning parameters or modification of nanofibers

with appropriate bioactive molecules and signals.

5 Conclusions

Due to a large amount of graft substitutes needed for a

variety of bone injuries, effective scaffolds alone or

incorporated with appropriate cells need to be developed.

In this study, nanofibrous structure of PLLA and PLLA-pl

supported the proliferation and promoted the osteogenic

differentiation of USSC. In addition, greater viability and

higher values of osteogenic markers such as ALP activity,

calcium content and bone-related gene expression was

observed in USSC on PLLA-COL. In another word,

collagen-grafted PLLA nanofibers benefited simulta-

neously from their nanofibrous structure and bioactivity to

enhance in vitro bone formation resulted from osteogenic

differentiation of USSC. Further studies should contribute

to in vivo evaluation of USSC-PLLA-COL constructs as a

new graft substitute for bone tissue engineering.
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