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Abstract Numerous challenges remain in the suc-

cessful clinical translation of cell-based therapeutic

studies for skeletal tissue repair, including appropriate

cell sources and viable cell delivery systems. Poly(eth-

ylene glycol)-poly(e-caprolactone) (PEG-PCL) amphi-

philic block copolymers have been extensively explored

in microspheres preparation. Due to the introduction of

hydrophilic PEG segments into PCL backbones, these

copolymers have shown much more potentials in

carrying protein, lipophilic drugs or genes than com-

monly used poly (e-caprolactone) (PCL) and poly

(lactic acid). The aim of this study is to investigate the

attachment and osteogenic differentiation of human

placenta derived mesenchymal stem cells (PMSCs) on

PEG-PCL triblock copolymers nanofiber scaffolds.

Here we demonstrated that PMSCs proliferate robustly

and can be effectively differentiated into osteogenic-

like cells on nanofiber scaffolds. This study provides

evidence for the use of nanofiber scaffolds as an ideal

supporting material for in vitro PMSCs culture and an in

vivo cell delivery vehicle for bone repair.

Keywords Placenta derived human mesenchymal

stem cells (PMSCs) � Osteogenic differentiation �
Electrospun nanofiber scaffolds

Introduction

Bone is one of the few tissues in the body that

undergoes true regeneration in response to injury, and

many of the mechanisms involved in skeletal repair

appear to recapitulate the events of embryologic

development (Ferguson et al. 1999; Einhorn and Lee

2001; Gerstenfeld et al. 2003b). Tissue engineering

strategies that deliver cells and growth factors on

scaffolds have demonstrated considerable potential in

developing bone graft substitutes. However, limits still

exist in the cell-based therapy for bone regeneration,

in part, due to the inaccessibility of adequate osteo-

genic cells as well as effective cell delivery systems

(Kolambkar et al. 2010).

To reconstruct damaged bone tissues, the identifi-

cation of cell sources that can be easily harvested,

expanded and controllably differentiated is of vital

importance. Mesenchymal stem cells (MSCs) as a

potential source of stem cells are widely used in

hematopoietic recovery, regenerative medicine and

tissue engineering (Brooke et al. 2007, 2009; Pittenger
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et al. 1999; Studeny et al. 2002; Chen et al. 2006). It

has been demonstrated that bone-marrow-derived

mesenchymal stem cells (BMSCs) are the most

commonly used cell type in bone regeneration and

autologous transplantation, thus BMSCs are quite

promising in bone tissue engineering approaches.

However, bone marrow is rare in a large volume and

the differentiation potential of BMSCs significantly

decreased with age (Mareschi et al. 2006; Pittenger

et al. 1999; Fehrer and Lepperdinger 2005). Until

novel technology can be applied, the collection of

bone marrow still utilizes invasive procedures (Suva

et al. 2004; Nosanchuk et al. 1996). Placental tissues

have immunomodulatory properties in maintaining

fetomaternal tolerance during pregnancy, as a suitable

candidate source of MSCs, placenta derived mesen-

chymal stem cells (PMSCs) may represent a pool of

stem cells (Parolini et al. 2008). More attractively,

placenta tissues can be easily obtained since they are

discarded after the delivery of babies (Evangelista

et al. 2008; Brooke et al. 2007, 2009).

Extracellular matrix (ECM) in natural tissues can

support cell attachment, proliferation, and differenti-

ation. Ideally biomimetic scaffold should mimic

natural ECM as much as possible. Over the past

decades, the use of electrospun in biomedical appli-

cations increased drastically (Dzenis 2004; Liao et al.

2006; Shin et al. 2006). When used as scaffolds,

electrospinning has gained rising popularity as a

means of fabricating scaffolds with micro to nanoscale

features similar to the hierarchical structure of the

native ECM. The nanofibrous scaffold also plays a

critical role in providing the appropriate chemical,

morphological and structural cues to direct the MSCs

towards a targeted functional outcome (Li et al. 2003;

Venugopal and Ramakrishna 2005; Yoshimoto et al.

2003; Prabhakaran et al. 2009).

Poly (e-caprolactone) (PCL) is hydrolytic and

cleared by the US Food and Drug Administration

for internal use in the human body. A wide variety of

tissue engineering applications have demonstrated the

ability of PCL to form cell-scaffold complexes in vivo

(Quynh et al. 2006; Tuzlakoglu et al. 2005). As a

typical hydrophilic polymer, PEG is also approved for

clinical use by the Food and Drug Administration

(FDA). Low molecular weight PEG is readily

excreted through kidney (Choi and Kim 2002;

Cotı́ et al.2009). Previous studies have shown tri-

block copolymer poly(e-caprolactone)-poly(ethylene

glycol)-poly(e-caprolactone) (PCL-PEG-PCL, PCEC)

has higher degradation rate, hydrophilicity but lower

acidity of the derivative products compared to pure

PCL, thus exhibiting a good potential in forming cell-

scaffold complexes (Zhou et al. 2003; Xie et al. 2010).

When used as protein and peptide carrier or gene

delivery cargo, PCEC microspheres are more ideal

than other commonly used PCL and PLA materials,

due to the introduction of hydrophilic PEG segments

into PCL backbones (Bakandritsos et al. 2010; Zhou

et al. 2003). Till now, knowledge is still lacking in

understanding the colonization and osteogenic differ-

entiation of PMSCs on PCEC scaffold. Therefore, this

study is to gain knowledge of osteogenic differenti-

ation of human PMSCs on PCEC nanofiber scaffold.

Materials and methods

Isolation and culture of PMSCs

Human placentas were procured from healthy donor

mothers during routine caesarean section births with

full informed consent. The placentas were transported

to the National Key Laboratory of Biotherapy and

Cancer Center, placenta tissues were cut into 1–2 mm

pieces and the blood cells were washed in PBS, then

the tissue pieces were kept in 50 ml tube (BD, Franklin

Lakes/ NJ, USA) and digested with 1 mg/ml collage-

nase II (Sigma, St, Louis/Mo, USA) for 2 h at 37 �C in

an incubated shaker. Then the cells were washed for

another 2 times in Dulbecco’s modified Eagle’s

medium–low glucose (DMEM–LG) (Gibco, Grand

Island/NY, USA) and cultured in DMEM–LG with

10 % FBS (Gibco, Mulgrave Victoria, Australia), 1 %

penicillin/streptomycin (Gibco, Australia) at 37 �C

under an atmosphere of 5 % CO2 in humidified air.

Cell surface phenotype

The plate-adhering population of cells (5 9 105) was

trypsinized and incubated with mouse anti-human

monoclonal antibodies [CD29, CD44, CD45, CD105

and CD166] (Thermo, Millipore, eBioscience, Neo-

markers, Invitrogen) for 30 min at 37 �C in PBS. FITC-

conjugated anti-mouse secondary antibody was added

for 30 min without light at 37 �C in 100 ll PBS. The

same FITC labeled mouse IgG (BD Biosciences, USA)

without primary antibodies served as negative controls.
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Preparation of 3D nanofiber scaffold

Poly(e-caprolactone)-poly(ethylene glycol)-poly(e-
caprolactone) (PCL-PEG-PCL, PCEC) copolymer

was synthesized by ring-opening polymerization as

described previously (Zhou et al. 2003). According to

Gel Permeation Chromatography (GPC) result, the aver-

age molecular weight (Mw) was 1.02 9 105 g/mol,

polydispersity (PDI) was 2.10. PCEC copolymers

were dissolved in dichloromethane to prepare an

8 wt% solution. The polymer solution was loaded into

a 20 ml syringe, placed in a syringe pump (model WZ-

50C66T, Smiths Medical Instrument (Zhejiang Co.,

Ltd, Hangzhou, China)), and the syringe was con-

nected to a blunt-tipped 5-gauge needle. The extrusion

flow rate was from 3 ml/h. The needle was connected

to DC voltage power supply (Beijing Machinery &

Electricity Institute, Beijing, China) at 18 kV. The

grounded collector was positioned at a distance of

12 cm from the tip of the needle and consisted of an

aluminum foil 10 cm 9 10 cm in cross section. The

recovered samples were placed in a vacuum oven at

room temperature to fully eliminate the solvent for at

least 48 h. All experiments with respect to the

preparation of the scaffolds were carried out at

23 ± 2 �C, and the environmental humidity was

controlled between 45 and 50 %. The fiber mats were

sterilized with ethylene oxide (ETO) steam for 24 h at

37 �C before using for in vitro and in vivo studies.

Observation of scanning electron microscope

The morphology of the electrospun ultrafine fibers was

investigated by a field emission Scanning Electron

Microscope (SEM; Inspect F, FEI, Eindhoven, The

Netherlands) and observed at 20 kV accelerating

voltage. Before the observation, the samples were

directly coated with gold using a sputter coater

(KYKY SBC-12 Ion Sputtering Coater, KYKY Tech-

nology Development Ltd, Beijing, China).

Morphology of PMSCs cultured on three-

dimensional porous scaffolds

The morphology of PMSCs seeded on PCEC scaffolds

was observed by SEM and fluorescence microscopy.

Briefly, the cells were trypsinized and seeded at a

density of 2 9 105 on three-dimensional porous

scaffolds, which were cut into a round shape and

disinfected by ethylene oxide at 37 �C for 12 h in

6-well plate (Corning, Lowell/MA, USA). For SEM

observation, cells were rinsed with PBS twice after

2 days of culture, then fixed in 3 % glutaraldehyde for

about 2 h and post-fixed with 1 % OsO4 for 15 min.

The samples were dehydrated through a series of

graded concentration of ethanol (30, 50, 70, 80, 90, 95,

and 100 %). Subsequently the samples were treated

twice with hexamethyldisilazane (HMDS; Kelong

Chemicals, Chengdu, China) each for 20 min and

kept in a fume hood for air drying. Finally the sample

surfaces were coated with a thin layer of gold using a

Sputter Coater System and observed by SEM. For

fluorescence microscopy observation, PMSCs seeded

on PCEC scaffolds were stained with the fluorescent

dye CM-DiI (Invitrogen, Carlsbad/CA, USA) for

20 min at 37 �C, and then stained with coumarin

(Sigma, USA) for 5 min at 37 �C. The cells were

washed with PBS for 3 times and observed with an

invert microscope immediately. PMSCs seeded on

6-well plate were stained with the CM-DiI as control.

Proliferation of PMSCs cultured on PCEC

nanofiber scaffolds

The proliferation of PMSCs on PCEC scaffolds was

determined using MTT (3-{4,5-dimethylthiazol-2yl}-

2,5-diphenyl-2H-tetrazolium-bromide) assay (Roche

Diagnostics, Mannheim, Germany) after induction by

osteogenic differentiation medium on days 1, 3, 7, and

14. Briefly, PCEC scaffolds (diameter 5 mm) were put

in each well of the 96-well plate (Corning, USA) and

sterilized by ethylene oxide as described above.

2 9 103 PMSCs in a final volume of 100 ll per well

were seeded on the scaffolds and the cells directly

seeded on 96-well plate (Corning, USA) were used as

control. 24 h later, the DMEM–LG medium was

changed to osteogenic induction medium. 10 ll of

MTT labeling regent (5 mg/ml) was added to each

well at the predetermined time and cells were cultured

for an additional 4 h, then precipitated formazan was

dissolved in 100 ll solubilization solution overnight.

In order to release all of the color, the scaffolds were

washed completely in solubilization solution. 100 ll

supernatant was transferred into a new 96 well plate

and the optical density (OD) at 490 nm was measured

with spectrophotometer (SpectronicTM 20D?; Thermo

Fisher Scientific, Shanghai, China). All experiments

were performed in triplicate.
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Alizarin red staining

2 9 105 cell suspension was added on PCEC nano-

fibers that had been placed into 6-well plate, PMSCs

seeded directly on 6-well plate (Corning, USA) were

used as control. 24 h later, DMEM–LG medium was

changed to osteogenic differentiation medium which

contains 0.1 lM dexamethasone, 10 mM b-glycerol

phosphate, and 50 lg/ml ascorbate-2 (Sigma, USA) in

Dulbecco’s modified Eagle’s medium–high glucose

(DMEM–HG) (Gibco, USA) medium with 10 % FBS

(Gibco, Australia). The medium was changed twice a

week. 2 weeks later, the cells were gently washed with

PBS, fixed with 10 % formalin for 15 min and stained

with Alizarin red solution (Sigma, USA) for 30 min.

Calcium deposits were checked microscopically for an

orange-red color.

Western blot analysis

PMSCs were cultured on PCEC nanofibers and

incubated with osteogenic differentiation medium as

described above. PMSCs seeded into 6-well plate

(Corning, USA) or PCEC nanofibers treated with

DMEM–HG medium were used as negative controls,

and PMSCs seeded into 6-well plate treated with

osteogenic differentiation medium were used as

positive control. After 2 weeks of cultivation, the

cells were harvested and lysed with protein extraction

reagent (Thermo Fisher Scientific, Waltham/MA,

USA) according to the previously reported method

(Benzinger et al. 2005). Protein content was quantified

by Bradford assay method (GenMed, Arlington/MA,

USA). Equal amounts of proteins were applied to and

separated by SDS–polyacrylamide gels electrophore-

sis and transferred to polyvinylidene difluoride mem-

brane (Millipore, Billerica/MA, USA). Polyclonal

antibodies against osteocalcin (OC) and osteopontin

(OPN) (Abcam, Cambridge, UK) were added at a

1:1000 dilution and incubated overnight. b-actin was

used to normalize data. Bands were analyzed using the

enhanced chemiluminescence detection system and

exposed to Kodak BioMax X-ray film.

Alkaline phosphatase assay

The alkaline phosphatase (ALP) activity of PMSCs

cultured on scaffolds was measured according to the

provided protocol. The PMSCs/scaffold constructs

seeded for 7 and 14 days were collected and sonicated

into ice in protein extraction buffer. PMSCs seeded

into 6-well plate were used as a positive control

(Corning, USA). Cell lysates at the same concentra-

tion were incubated with p-nitrophenyl phosphate

solution (16 mM, Sigma Chemical, St. Louis/MO,

USA) at 37 �C for 30 min. ALP activity was normal-

ized by total protein content of the samples. The

production of p-nitrophenol in the presence of ALP

was measured by monitoring light absorbance at

405 nm. Each assay was performed in triplicate and

the assays were repeated for three times.

Statistical analysis

All experiments in this study were performed in at

least three independent replicates. The statistical

differences between the experimental groups were

evaluated by Student’s t test; differences were con-

sidered significant when p values were below 0.05.

Results

Characterization of isolated PMSCs

In this study, the culture of PMSCs was initiated by

cultivation of collagenase II digested placenta. After

48 h of incubation, the fibroblast-like cells began to

migrate-out from the placentas, and after a 72 h

culture period colonies could be observed (Fig. 1a).

After culturing for 2 passages, classical fibroblast-like

or vortex-shaped structure could be observed

(Fig. 1b). Only the cells before 5 population doubling

were use in the experiments.

Cell surface phenotype

Flow cytometric phenotype showed that PMSCs were

positive for CD29, CD44, CD105, CD166, and

negative for hematopoietic markers CD45 (Fig. 2).

Morphology of three-dimensional nanofiber

scaffolds

SEM of electrospun PCEC nanofiber revealed a 3D

nonwoven network with a diameter of 2875 ±

445 nm (Fig. 3a, b). Fibers were porous (95 ±

45 nm) in structure (Fig. 3c).

704 Cytotechnology (2012) 64:701–710

123



Fig. 3 Electrospun PCEC nanofibers characterization. a Mesh-like structure of PCEC under SEM; b higher SEM magnification of

PCEC; c imaging of the individual fiber surface

Fig. 1 Morphology of placenta derived mesenchymal stem

cells (PMSCs). a After initial culturing for 72 h, fibroblast-like

cells migrated out from the enzyme-digested placenta tissues

and fibroblastic colony formation could be observed Scale bar

200 lm. b Cells prominently displayed a fibroblast-like or

vortex-shaped morphology after 2 passages of cultivation. Scale
bar 200 lm

Fig. 2 Immunophenotypic characterization of PMSCs detected

by flow cytometry (FCM). Cells were labeled with specific

monoclonal antibodies for mesenchymal markers (dotted line)

or isotype controls (solid line). The isolated PMSCs were

positive for CD29 (b), CD44 (c), CD105 (d) and CD166 (e), but

negative for hematopoietic marker CD45 (a) (Passage 5). The

experiments were repeated at least three times, and similar

results were observed
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Adhesion and growth of PMSCs cultured on three-

dimensional nanofiber scaffolds

SEM was used to evaluate the morphology and

biocompatibility of PMSCs cultured on PCEC scaf-

folds. As shown in Fig. 4, the predominant PMSCs

covered the surface of the scaffolds and spread with a

physiological adherence pattern. Fluorescence micro-

scopic images were taken for further study the

cytocompatibility of PCEC nanofiber scaffolds for

growing PMSCs (Fig. 5a). Fig. 5b showed that the

cells were spread and maintained an elongated and

fibroblast-like shape after 2 days of cultured on the

scaffolds compared with that in 6-well plate (Fig. 5c, d).

Our study demonstrated that the hydrophilic but less

acid PCEC nanofiber scaffolds were suitable for the

adhesion of PMSCs.

Proliferation of PMSCs cultured on PCEC

nanofiber scaffold

As the statistical analysis data showed (Fig. 6) there

was no significant difference in the initial proliferation

rate (day 1, 3) when cells were cultured under

differentiation conditions. After 5 days of culture,

mean cell proliferation rates of PMSCs on PCEC

nanofiber scaffolds were significantly higher com-

pared to cells growth in 96-well plate (Fig. 6).

Nevertheless, 7 days later this effect was not signif-

icant any more, and PMSCs cultured on scaffolds or

96-well plate had the same relative cell densities after

2 weeks of cultivation. This demonstrated that PCEC

nanofiber had little impact on PMSCs proliferation,

which is important for the application of biomaterial

nanofiber scaffolds in regenerative medicine and

tissue engineering.

Differentiation of PMSCs into osteogenic cells

on PCEC nanofiber scaffolds

To evaluate the osteogenic differentiation of PMSCs

on PCEC nanofiber scaffold, the cells were cultured

with induction factors as described above. Alizarin red

staining was used to qualitatively confirm calcium

deposition. As shown in Fig. 7, 2 weeks’ incubation of

PMSCs on PCEC nanofibers resulted in an increase of

mineral depositions, which was similar to that on

6-well plate. These data demonstrated that, the PCEC

nanofiber scaffolds had no observable negative influ-

ence on osteoblast differentiation of PMSCs.

Western blot analysis

As shown in Fig. 8, PMSCs cultured on PCEC

nanofibers showed no significant difference from

PMSCs cultured on 6-well plate in osteogenic differ-

entiation medium, but PMSCs cultured on PCEC

nanofibers with osteogenic induction medium had

significantly increased the expression of OPN and OC

compared to those cultured with DMEM–HG. This

result showed that PCEC nanofiber scaffolds have no

negative influence on the osteogenic differentiation of

PMSCs, which indicated that PCEC nanofiber scaf-

folds can be used as carriers for PMSCs culture and

delivery systems.

Alkaline phosphatase activity

PMSCs seeded into 6-well plate were used as positive

control. For performing the alkaline phospatase

activity tests, the same concentration of cell lysates

was incubated with p-nitrophenyl phosphate solution

(16 mM) at 37 �C for 30 min. The ALP activity of

PMSCs cultured on PCEC nanofiber scaffolds

increased from 0.1077 ± 0.0104 at 7 days of culture

to 0.5203 ± 0.024 at 14 days of culture (Fig. 9). The

levels of ALP activity did not show statistical signif-

icance compared with the cells cultured on 6-well

plate on the 7th day (0.0906 ± 0.006, p = 0.074) on

the 14th day (0.456 ± 0.038, p = 0.066). These

results indicated that PCEC nanofiber scaffolds had

Fig. 4 SEM micrographs of PMSCs (black arrow) growing on

nanofibers after 2 days culture. Scale bar 100 lm
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no negative influence on the initiation of osteogenic

differentiation of PMSCs.

Discussion

With the development of regenerative medicine and

tissue engineering, MSCs are increasingly used in pre-

clinical and clinical studies (Uccelli et al. 2008).

However, due to the low yield and the complicated

invasive procedure of MSCs (Pederson and Parran

1999; Shamsul et al. 2004) the use of MSCs is

hampered. PMSCs that are similar to BMSCs in cell-

surface marker and multilineage differentiation

potency but can be harvested much easier and at

much higher numbers than BMSCs (Miao et al. 2006;

Wulf et al. 2004) will undoubtedly play a key role in

the development of regenerative medicine.

Fig. 5 Fluorescent micrographs of PMSCs cultured on PCEC

nanofibrillar surfaces. a Green fluorescence images of couma-

rin-stained PCEC scaffolds. Scale bar 200 lm. b Red fluores-

cence images of CM-Dil stained PMSCs (white arrows) cultured

on PCEC scaffolds; scale bar 200 lm. c PMSCs (white arrows)

cultured in 6-well plate. Scale bar 200 lm. d Red fluorescence

images of CM-Dil stained PMSCs (white arrows) cultured in

6-well plate. Scale bar 200 lm

Fig. 6 MTT assay for assessing the proliferation of PMSCs

cultured on PCEC scaffolds on days 1, 3, 5, 7, and 14, with the

PMSCs cultured in tissue culture plate as control. Error bars
represent means ± SD for n = 3, Significant differences were

confirmed statistically: Student’s t test, * p \ 0.05
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Our previous studies have found that PCEC micro-

spheres showed a higher potential as carriers for protein,

peptide and gene delivery systems than the commonly

used PCL and PLA due to the introduction of hydro-

philic PEG segments into the PCL backbones (Gou et al.

2009). In the present study, we demonstrated that PCEC

nanofiber scaffolds can also be used as carriers for cell

delivery systems. After 14 days of culture, PMSCs

cultured on PCEC showed no significant difference

compared with PMSCs cultured in 6-well plate in vitro

cell growth and osteogenic differentiation. In particular,

the ALP activity and the expression of the osteogenic

marker OC, OPN for PMSCs cultured on PCEC

nanofibers showed no significant difference with

PMSCs cultured in 6-well plate. In addition, our

preliminary data also show that PCEC nanofibers have

a better potential for the attachment, colonization and

differentiation of PMSCs compared with PCL and PLA

(data not shown). Further studies should be carried out

to test the proliferation and differentiation of PMSCs on

PCEC absorbed with chemical compounds or proteins,

such as growth factors.

Fig. 7 Alizarin Red staining. a PMSCs (white arrows) seeded

in 6-well plate and treated with osteogenic differentiation

medium as positive control. Scale bar 50 lm. b PMSCs (white

arrows) seeded on PCEC nanofibers and treated with osteogenic

differentiation medium showed positive staining to Alizarin Red

S after 2 weeks of culture. Scale bar 50 lm

Fig. 8 Western blotting analysis of osteocalcin and osteopontin

expression for PMSCs cultured on PCEC nanofiber scaffolds.

a PMSCs seeded in 6-well plate and treated with DMEM–HG

with 10 % FBS as negative control; b PMSCs seeded on PCEC

nanofibers and treated with DMEM–HG with 10 % FBS;

c PMSCs seeded in 6-well plate and treated with osteogenic

differentiation medium as positive control; d PMSCs seeded on

PCEC nanofibers and treated with osteogenic differentiation

medium Fig. 9 ALP activity of PMSCs cultured on PCEC nanofiber

scaffolds. Measurements correspond to ALP activity on days 7

(p = 0.074) and 14 (p = 0.066) (n = 3). Data represent

means ± SD of three independent experiments. ns no significance

708 Cytotechnology (2012) 64:701–710

123



In conclusion, in the present study we described a

safe, reliable and high-yield protocol for isolation and

culture of PMSCs from placenta, and for the first time

we demonstrated that PMSCs are able to attach,

colonize, and undergo robust osteogenic differentia-

tion on PCEC electrospun nanofiber meshes. Further

studies are needed to investigate the use of PMSCs

cultured on PCEC nanofiber scaffolds as a cell

delivery vehicle for the repair of bone defects in vivo.
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