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C
ell�biomaterial interactions have been
shown to exert a considerable influ-
ence on the function and differentia-

tion of mesenchymal stem cells (MSCs).1�4

Recent studies of the effects of nanotopo-

graphic cues from biomaterials on the sponta-

neous osteogenic differentiation ofMSCs have

shown their powerful role in regulating the

osteogenic behavior of stem cells.5,6 Nano-

metric-scale shallowpits,7 grooves,8 and raised

islands9 have been found to increase the

expression of osteoblastic marker proteins

and promote the differentiation of MSCs to

osteoblasts.10,11

Nanofibers, universally accepted as niche-
biomimetic scaffolds in bone regeneration,
have also been found to enhance the

proliferation and osteogenic differentiation
of MSCs.12,13 Hu et al. have reported that
MSCs cultured on poly-L-lactide (PLLA) nano-
fibers exhibit an enhanced osteogenic dif-
ferentiation phenotype involving higher
bone sialoprotein (BSP) and osteocalcin ex-
pression and increased alkaline phospha-
tase (ALP) activity.14 Yin et al. have reported
that randomly oriented nanofibers induce
higher ALP activities and more calcium
deposition, which is related to integrin-
and myosin-mediated mechanotransduct-
ion.15 Similar results have been reported in
our previous study showing that ALP activ-
ity and the production of collagen type I and
osteocalcin were all increased in MG63
cells cultured on randomPLLA nanofibers.16
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ABSTRACT Nanotopographic cues from biomaterials exert powerful effects on the osteogenic

differentiation of mesenchymal stem cells because of their niche-mimicking features. However, the

biological mechanisms underlying cell lineage determination by surface nanotopography have not been

clearly elucidated. Here, we explored the osteogenic behavior of human bone marrow mesenchymal

stem cells (hBMSCs) on poly-L-lactide nanofibers with different orientations and monitored the dynamic

changes in global gene expression triggered by topographical cues. RT-PCR analysis of osteogenic

marker genes and ALP activity assays demonstrated that hBMSCs cultured on random nanofibers

showed enhanced osteogenic-specific fate compared with those on aligned nanofibers. Microarray

analysis demonstrated a similar temporal change in gene expression patterns between hBMSCs cultured

on random nanofibers and those induced with an osteogenic supplement (OS). However, the extent of

osteogenic differentiation on the fibrous scaffold was much lower than that driven by chemical OS. In-

depth pathway analysis revealed that focal adhesion kinase, TGF-β, Wnt, and MAPK pathways were involved in the activation of osteogenic differentiation

in hBMSCs on random nanofibers. These findings suggested that a lower extent but similar rhythm of dynamic cellular behavior was induced on random

nanofibers when compared with the OS condition and that mechanotransduction could trigger nonspecific and multilevel responses in hBMSCs. This study

provides insight into the regulation of osteogenesis directed by substratum surfaces.
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It has been reported that PHBHHx electrospun nano-
fibers effectively enhance the osteogenic differentia-
tion of MSCs by regulating the MAPK-dependent PPAR
signaling pathway.17 Lim et al. found that the nanofiber
topography itself is sufficient to mediate stem cell
differentiation by promoting the activation of the
Wnt signaling pathway.18 These observations demon-
strate that the nanotopographic features of synthetic
fibers mimic the extracellular matrix (ECM) and may
provide essential niches to guide MSCs' osteogenic
behavior.
However, althoughmany reports have described the

phenotypic and genotypic phenomena that occur
during the nanofibrous scaffold-mediated osteogenic
differentiation of MSCs, the biological mechanisms un-
derlying the osteogenic behavior ofMSCs in response to
nanotopography have not been clearly elucidated.
In this study, temporal changes in the osteogenic

behavior and dynamic global gene expression patterns
of human bone marrow mesenchymal stem cells
(hBMSCs) were assessed during their culture on ran-
dom and aligned electrospun PLLA nanofibers without
an osteogenic supplement (OS). The slow degradation
of PLLA might help to preserve the topographic fea-
tures and eliminate the possible action of chemical
cues in this laboratory model. hBMSCs cultured on flat
polymer films and induced with OS were used as the
positive control. Osteogenic differentiation was exam-
ined by real-time quantitative PCR (RT-qPCR) and
microarray analysis at 4, 7, 14, and 21 days of culture.
In-depth pathway analysis was employed to explore

the possible mechanism triggered by nanotopographic
cues. This study provides new insights into the regula-
tion of osteogenesis directed by substratum surfaces,
thus extending our ability to control biomaterial�cell
interactions and develop novel biomaterials.

RESULTS

Characterization of PLLA Nanofibers. Before cell seeding,
100 fibers of random and aligned PLLA nanofibers
were selected to measure their diameters based on
the SEM images. As shown in Figure 1, the diameter of
random nanofibers was 624.0 ( 83.93 nm, and the
diameter of aligned nanofibers was 450 ( 50 nm.

Morphological Observation of BMSCs on Nanofibers. After 1
day of culture, hBMSCs on random nanofibers exhib-
ited a highly branched morphology with round nuclei,
and those on aligned nanofibers displayed a polarized
morphology with oval nuclei along the fiber directions
(Figure 2a�f). Furthermore, on random nanofibers, it
could be seen that some filament-like structures ex-
tend out from the MSC's body and penetrated into the
superficial layer of the nanofibrous scaffold. Mean-
while, fewer cell processes of MSCs penetrate into
the interstitial space between the aligned nanofibers.

ALP Activity of BMSCs. As shown in Figure 3, ALP
activity of hBMSCs increased slightly without significance
from day 2 to day 4 on random and aligned nano-
fibers. At day 7, the ALP activity on random nano-
fibers was 2.0 mU/mL, which was significantly higher
than that in culture on aligned nanofibers (1.3 mU/mL)
and flat polymer films without OS (1.4 mU/mL). Cells

Figure 1. SEM images of PLLA nanofiber scaffolds: (a) random and (b) aligned. The diameters measured of (c) random and (d)
aligned nanofibers (nm).
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cultured on flat polymer films with OS as the positive
control showed the highest ALP activity at 2, 4, and
7 days.

Expression of Osteogenic Marker Genes. The expression
of osteogenic marker genes is shown in Figure 4.
hBMSCs cultured on flat polymer films showed nearly
unaltered marker gene expression at all time points,
whereas they displayed time-dependent dynamic
gene expression changes on random nanofibers.
BMP2 was steadily up-regulated, reaching a 2.5-fold
increase at day 21. RUNX2 was up-regulated (1.5-fold)
at day 4, and this up-regulated level was maintained at
all other time points. SPP1 and COL1A1 were up-
regulated by more than 2-fold at day 4, which was
maintained at days 7 and 14, and achieved 5- and
6-fold increases, respectively, at day 21. SPARC was up-
regulated by 1.5-fold at days 4 and 7 and by 2-fold at

day 21. The expression level of BSP was steadily up-
regulated during culture and achieved a 2-fold in-
crease at day 21, similar to BMP2. Minor changes in
these selected osteogenic genes were observed in
hBMSCs cultured on aligned nanofibers, which were
in the range of 1.0 ( 0.3-fold. hBMSCs cultured in
medium with OS displayed the highest up-regulated
expression levels of these selected osteogenic genes at
all experiment time points. Interestingly, the same
trend of sequential changes in the expression of all
selected geneswas observed in the randomnanofibers
group and the OS group.

Temporal Global Gene Expression Profiles Determined by
Microarray Analysis. Microarray analysis using a Gene-
Chip Human Genome U133 Plus 2.0 was performed
on cells at 4, 7, 14, and 21 days. The data discussed in
this study have been deposited in the NCBI Gene
Expression Omnibus Web site, and the series number
is GSE48616. Based on the 47,000 transcripts analyzed,
a log�log scatter plot of gene expression significantly
influenced by different topographic cues is shown in
Figure 5. It shows that the number of up-regulated
genes in hBMSCs cultured on random PLLA nanofibers
increased from day 4 to 7, then decreased to a rela-
tively lower level at day 14, and finally increased to the
highest level at day 21. This trend was similar to that in
the OS group. In the aligned group, the number of up-
regulated genes increased from day 4 to 7, then
decreased from day 7 to 14, and decreased further
on day 21. In terms of the number of down-regulated

Figure 2. SEM images of hBMSCs after 1 day of culture on (a) flat polymer films, (b) random nanofibers, and (c) aligned
nanofibers. Immunofluorescence stainingof cytoskeletal actin in hBMSCson (d)flat polymerfilms, (e) randomnanofibers, and
(f) aligned nanofibers (scale bar: 100 μm). Actin is red and nuclei are blue. Cell area (g) and roundness (h) of hBMSCs cultured
on flat polymer films and nanofibers. *p < 0.05 and **p < 0.01.

Figure 3. ALP activity in culture supernatants from hBMSCs
at days 2, 4, and 7. Error bars are SD (n = 3). *p < 0.05 and
**p < 0.01 (n = 3).
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genes, all groups showed a similar trend. To testify the
microarray data analysis, mRNA levels of BMP2, RUNX2,
SPP1, COL1A1, SPARC, and BSP were validated by RT-
qPCR analysis. The results displayed that similar ex-
pression patterns of these selected genes were ob-
tained from both RT-qPCR and microarray analysis.

Gene Ontology. Temporal patterns of activated genes
in hBMSCs in the randomand aligned nanofiber groups
and under the OS condition are shown in Figure 6.
In the random group, genes involved in cell adhesion,
ECM organization, and integrin-mediated signaling
pathways were up-regulated at day 4. Then, at day 7,
expression of genes associated with cytoskeletal orga-
nization was observed to increase significantly. At day
14, osteogenic pathways, including TGF-β/BMP, MAPK,
and Wnt, were up-regulated. At the end of the experi-
ment on day 21, genes associated with mineralization
were up-regulated. hBMSCs culturedwithOS showed a
closely similar dynamic but a much higher magnitude
of gene expression changes compared with hBMSCs

cultured on random nanofibers. The changes in gene
expression associated with osteogenic differentiation in
thealignednanofibers group inparticularwerenegligible
compared with the flat polymer film control. The aligned
PLLA fibers appeared to have minimal influence on the
osteogenic differentiation of BMSCs.

Pathway Analysis of Osteogenic Differentiation Induced by
Nanofibrous Topographic Cues. The differentially expressed
genes of signaling pathways influenced by random
nanofibers are listed in Table 1. A total of 57 genes
involved in focal adhesion and morphology were
affected. Forty-three genes of the MAPK signaling
pathway, 27 genes of the TGF-β/BMP signaling path-
way, and 22 genes of the Wnt signaling pathway were
significantly affected by nanofibers with random orienta-
tions. The corresponding molecules in these pathways
were further checked by cluster analysis (Figure 7). The
results demonstrated that these molecules were respon-
sible for the activation of osteogenic differentiation in
hBMSCs.

Figure 4. RT-qPCR analysis of gene expression in cells seeded on random and aligned nanofibers and flat polymer films with
or without OS. Error bars are SD (n = 3). *p < 0.05 and **p < 0.01.
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DISCUSSION

Topography has been demonstrated to play im-
portant roles in modulating osteogenic tissue
development.19,20 Many reports have shown that the
beneficial topographical cues of biomaterials promote
the osteogenic functions of stem cells.21,22 On the basis
of the well-estalished literature, electrospun random
nanofibers have been reported to provide actual

osteogenic niches in various aspects. According to
the report of Pashuck et al., electrospun random
nanofibers could mimic the structure of ECM-derived

scaffolds,23 and their dimension seems to simulate the

structure of woven bone, which is the initial bone

phenotype formed in the healing process after

fracture.24 In our work, the diameters of the random

PLLA fibers mimic those of collagen fibrils in ECM.25

Figure 5. Schematic representation of the global gene expression profiles of hBMSCs at 4, 7, 14, and 21 days (a). Red dots
represent up-regulated genes, green dots represent down-regulated genes, and black dots represent no difference. The total
number of differential gene expression in hBMSCs cultured on nanofibers and on films induced with OS (b). OS caused the
most significant influence on genome, followed by the random group and then the aligned group.
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The apparent porosity of random PLLA fibers was
considered to favor efficient mass transportation of
nutrients, oxygen, and waste products.26 In our pre-
vious study, random PLLA nanofibers were found
capable of modulating cell morphology through fiber
orientation, favoring osteogenic differentiation of
BMSCs.16 This study was performed to monitor the
temporal behavior and gene expression dynamics of
hBMSCs on PLLA nanofibers.
The morphological changes of hBMSCs on different

topographic PLLA nanofibers in this study were con-
sistent with our previous work. These morphological
phenotypes of hBMSCs can be explained by the classi-
cal theory of contact guidance.27,28 Cross-lapped and
relatively isotropic random nanofibers may favor the

growth of hBMSCs with a highly branched morphology,
whereas aligned nanofibers result in an anisotropic
mechanical distribution that restricts hBMSCs to the
edges and to extend along the fibers. Cytoskeletal
reorganization accompanies cell shape changes and
leads to spherical nuclei on random fibers and elon-
gated oval nuclei on aligned fibers.16,29 Cell morphol-
ogy is considered to be closely correlated with the
differentiation state of stem cells, and a branched
morphology has been reported to be compatible with
osteogenic differentiation.30,31

Our results from RT-PCR analysis corroborated the
theory of “cellular shape-dependent functions”. Kumar
et al. considered that a highly branched cell shape can
act as an “osteocyte-like”morphology to push hBMSCs
toward an osteogenic lineage in the absence of OS.30 A
cellular biomechanical response was considered to be
associated with focal adhesions (FA). It has been
reported that the small and immature FA of MSCs on
aligned nanofibers was considered to represent the
cell status of migrating, while the large and super-
mature FA of MSCs on random nanofibers indicated
the cell status of sensing the mechanical properties to
act on cell lineage.17 The gene ontology data pre-
sented in this work show high expression of integrins,
cell adhesion molecules, and extracellular matrix re-
ceptors, which are considered to serve as “outside-in”
mechanical sensors and play an important role in
regulating cytoskeletal organization.32�35 Higher ex-
pressions of integrins R4, R5, R8, R10, R11, β1, and β3
in BMSCs cultured on random nanofibers compared to
those cultured on aligned ones were found, which
suggested that nanotopographical influence on cell
behavior could be initiated by the regulation of integ-
rin clustering and the subsequent focal adhesion
assembly. Notably upregulated FAK in turn could
influence F-actin organization and cell mechanical
properties to mediate downstreammechanotransduc-
tive effects.32,36,37 The expression of genes associated
with cytoskeletal organization and mechanical stimu-
lation in the random group was significantly up-regu-
lated, while hBMSCs cultured with OS showed lower
expression of genes associated with mechanical stim-
ulation and Rho protein signal transduction at all time
points. These results supported the theory that me-
chanotransduction was responsible for the osteogenic
differentiation of hBMSCs triggered by random nano-
fibers.38 Tseng et al. have also demonstrated that
intracellular mechanical stresses, including cytoskele-
tal tension, are able to induce the spontaneous osteo-
genic differentiation of MSCs.39 Moreover, it is also well
known that high tension and cell spreading are essen-
tial for the osteogenic differentiation of MSCs.2,40

In our study, the activated state of hBMSCs toward
osteogenic differentiation on random PLLA nanofibers
was much lower when compared with hBMSCs
cultured in OS conditions. Similarly, Tsimbouri et al.

Figure 6. Geneontology analysis of hBMSCs at (a) 4, (b) 7, (c)
14, and (d) 21 days. (e) Graphical summary of the four
phases of osteogenic differentiation of hBMSCs triggered
by random nanofibers.
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reported that biochemical stimulation ismore sensitive
and forceful compared with direct or indirect mechan-
ical control in regulating cell fate.41 They also demon-
strated that small RNAs that regulate signaling path-
ways may be more important in MSC self-renewal and
differentiation than the mechanical effect.42 Although
the mechanical stimulations provided by specific nano-
topographies are temperate compared with bio-
chemically active factors, they might be necessary for
creating and maintaining the niche-mimicking ECM
microenvironment and supporting cell differentiation
in regenerative medicine to some extent. When MSCs
on a niche-mimicking extracellular matrix are induced
in an osteogenic medium, the effects would be ampli-
fied because of the direct role of themicroenvironment
in facilitating the osteogenic behavior of stem cells.
Kaur et al. reported that osteo-specific genes, including
osteocalcin, osteopontin, and osteonectin, were up-
regulated and showed a maximum enhancement on a
nanotopological substratum compared with tissue
culture plastic (TCP).43 PLLA nanofibrous scaffoldswere
reported to offer a significant supporting role in reg-
ulating the osteogenic capacity of hMSCs.14,30,44

Hence, it can be postulated that the role of the niche-
mimicking microenvironment is indispensable in reg-
ulating cellular behaviors.
Microarray, gene ontology, and RT-PCR analyses

confirmed that the temporal effects of random fibers
on BMSCs were similar to those caused by OS. It was
found that random fibers share great similarity in the
rhythmof osteogenic behavior with that induced byOS.
The theory of resonant amplification used in physics
might be employed here to explain the synergisticT
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Figure 7. Expression profile of several crucial proteins in
osteogenic differentiation pathways. Red and green indi-
cate up- and down-regulation, respectively.
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action of nanotopography and OS on the osteogenic
differentiation of BMSCs. It could be hypothesized here
that resonant amplification of the common rhythms of
osteogenic behavior of BMSCs on random nanofibers
and in the OS condition might account for the amplifi-
cation of osteogenic differentiation.
In-depth pathway analysis showed activation of

FAKs, TGF-β/BMP, Wnt, and tension-specific MAPK
signaling pathways in highly branched hBMSCs on
random fibers. All of these pathways are possibly
activated by mechanical stimuli.36,38 Our results con-
firmed the finding that topography exerts mechano-
transductive effects on cells and plays critical roles in
regulating the ECM-induced osteogenic differentiation
of MSCs.45,46 These observations imply that a network
of signaling pathways rather than a single signaling
pathway is responsible for regulating mechanotrans-
duction-induced osteogenic commitment of hBMSCs.
Differences exist in the context of osteogenic differ-
entiation in OS-conditioned medium from that trig-
gered by nanotopography. The components of OS
are included to activate specific pathways.43,47 These

phenomena also suggest that mechanotransduction
plays nonspecific and multilevel functions in the os-
teogenic differentiation of BMSCs.

CONCLUSION

In this study, the temporal effects of PLLA nanofibers on
the cellular behavior and gene expression patterns of
hBMSCs were investigated. The ability of hBMSCs to
differentiate towardosteogenic lineageson randomnano-
fibers was greater than that on aligned nanofibers. The
effects of random nanofibers on lineage determination in
hBMSCsmightbemediatedbymechanotransduction. The
rhythm of dynamic changes in osteogenic marker genes
and global gene expression patterns was similar to that
drivenby chemicalOS. Topographic cues and chemical OS
may exert synergistic effects that enhance the osteogenic
differentiation of hBMSCs. A network of pathways consist-
ingof FAK, TGF-β,Wnt signaling, andMAPKwas involved
in the osteogenic differentiation of hBMSCs on PLLA
nanofibers, suggesting that mechanotransductive ef-
fects might be responsible for nonspecific and multi-
level activation of osteogenic differentiation in hBMSCs.

METHODS

Fabrication of Electrospun PLLA Nanofiber. PLLA powder (0.7 g)
was added to 10 mL of trifluoroethanol and stirred overnight.
The solution was ejected from a 20 mL syringe with a steel
needle (inner diameter: 0.5 mm) using a programmable syringe
pump (Top 5300, Japan) at a rate of 0.7 mL/h. Using high-
voltage equipment (DW-P303�-1AC, China) to provide an
unremitting voltage (15 kV) to the tip of the needle when a
fluid was ejected, a metal plate (20 � 25 cm2) was used as a
collector at a distance of 18 cm from the tip of the needle to
obtain randomly arranged PLLA nanofibers. A cylindrical drum,
which rotated at a surface linear rate of 12 m/s, was used as a
collector to obtain aligned PLLA nanofibers. To fabricate flat
PLLA films, the PLLA polymer solution was casted on a flat glass
plate and dried at 50 �C for 3 h. All these samples (PLLA
nanofibers and flat films) were kept in a vacuum oven (DZF-
6210, Bluepard, China) at room temperature for 2 weeks to
remove residual solvent. The fiber diameters (n = 100) were
measured from SEM images using image analysis software
(Image J; National Institutes of Health, USA).

Cell Culture and Seeding on PLLA Nanofibers. The hBMSCs used in
this research were supplied by Cyagen Biosciences Inc., and
theywere obtained as surgical wastematerial fromnormalmale
donors aged 20�30 years old. The culture medium was human
mesenchymal stem cell basal medium containing 10% mes-
enchymal stem cell-qualified fetal bovine serum, 10 μg/mL
glutamine, and 100 IU/mL penicillin�streptomycin (all pur-
chased from Cyagen Biosciences Inc.). The medium was chan-
ged every 2�3 days. At 80�90% confluence, hBMSCs were
detached with 0.25% trypsin/EDTA (Gibco) and subcultured at a
density of 5 � 105 cells per T75 flask. Third passage hBMSCs
were used in this study. PLLA nanofiber scaffolds and flat
polymer films were cut into 2.5 � 2.5 cm2 pieces and fixed
between the cap and the centrifugal tubes (50 mL) as in our
previous work.16 After placed into six-well plates, these devices
were sterilized with ultraviolet light for 1 h, immersed in 70%
ethanol for 10min, and then washed three times with phosphate-
buffered saline (PBS). Cells cultured on flat polymer films in
medium with OS comprising 50 mg/mL ascorbic acid, 10 mM
sodium b-glycerol phosphate, and 10�8 M dexamethasone
were used as positive controls. Negative controls were cells

cultured on flat polymer films without any osteogenic additives.
The hBMSCs were seeded on each sample in the same manner
at a density of 5.0 � 104 cells.

Morphological Observation and Fluorescence Staining of Cytoskeletal
Actin. Cell morphology was observed by SEM with an accelerat-
ing voltage of 15 kV. At 1 day after cell seeding, hBMSCs cultured
on nanofibers were washed with PBS, fixed with 2.5% glutar-
aldehyde, and then treated with 0.18 M sucrose. After three
rinses with water, the samples were dehydrated through a
series of graded alcohol solutions and then air-dried overnight.
Prior to observation, the cells were coatedwith gold using a Jeol
JFC-1200 fine coater. For fluorescence staining, cells were fixed
in ice-cold 4% paraformaldehyde for 30 min and then washed
twice in PBS. Samples were stained with Alexa Fluor 546-
phalloidin (20 nmol/L) for 1 h. Nuclei were stained with DAPI
(1 μg/mL) for 10 min at room temperature. Cells were stained
with 50 μg/mL fluorescent phalloidin-conjugate in PBS for 20
min at room temperature and then washed three times with
PBS to remove unbound phalloidin-conjugate. Images were
acquired under a laser scanning confocal microscope (TCS SP2,
Leica, Germany). Image J software was used to quantify and
compare cell morphology on PLLA nanofibers and flat polymer
films. There were 50 cells analyzed for the cell shape measure-
ments in each group.

Alkaline Phosphatase Activity Assay. Alkaline phosphatase activ-
ity measurement was performed using an alkaline phosphatase
assay kit (Abcam). Three replicates were performed for all
groups, and each replicate was prepared by pooling culture
supernatants from three wells. Culture supernatants (30 μL)
were combined with alkaline buffer and 50 μL of p-nitrophenyl
phosphate and then incubated for 60 min. The reaction was
stopped with 20 μL of stop solution (provided in the kit). The
absorbance was then measured at 405 nm. ALP activity was
calculated with the following formula: ALP activity (U/mL) =
amount of pNP generated/volume of sample/reaction time.

RT-qPCR Analysis. hBMSCs cultured on PLLA nanofibers and
flat polymer films with or without OS were harvested at 4, 7, 14,
and 21 days and quantitatively assessed using an RT-PCR
system. Total RNA was extracted using an RNeasy mini kit
(QIAGEN) as per the manufacturer's instructions. RNA (1 μg)
was added to a 20 μL reverse transcription reaction mixture
containing 10� reverse transcription buffer, 25 mM MgCl2,
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10 mM dNTPs, recombinant RNasin ribonuclease inhibitor, 15 U
AMV reverse transcriptase, and 0.5 μg of oligo (dT) primer.
RT-qPCR was performed according to the method described by
the manufacturer: 45 cycles of 95 �C for 30 s, 60 �C for 30 s, and
72 �C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene. Quantification of
geneexpressionwasbasedon theCTvalue for each sample,which
was calculated as the average of three replicate measurements,
and each replicatewas prepared by pooling cell lysates from three
wells. The primers were designed based on the sequences of the
corresponding human mRNA in GenBank (Table 2).

Microarray Analysis. Total RNA from hBMSCs after 4, 7, 14, and
21 days of culture on PLLA nanofibers and flat polymer films
with or without OS was extracted using the RNeasy mini kit.
Total RNA samples were analyzed by CapitalBio (CapitalBio
Corp, Beijing, China). The quality and quantity of each RNA
sample were confirmed using an ultraviolet spectrophotometer
(NanoDrop, ND-1000) and 1.2% formaldehyde agarose gel
electrophoresis. Briefly, 200 ng of total RNA was used to
synthesize first-strand cDNA followed by double-stranded
cDNA using a Message Amp Premier RNA amplification kit
and PCR apparatus (MJ, PTC-225). Biotin-labeled cRNA was
synthesized using a MessageAmp Premier RNA amplification
kit (Ambion). The concentration of cRNA was measured using
the NanoDrop ND-1000, and 15 μg of fragmented cRNA was
hybridized to each GeneChip Human Genome U133 Plus 2.0
Array (Affymetrix), which contains more than 54 000 probe sets
to cover over 47 000 transcripts and variants, at 45 �C for 16 h
(Affymetrix Hybridization Oven 640) according to the manufac-
turer's instructions. After hybridization, the arrays were washed,
stained with streptavidin phycoerythrinonan using an Affyme-
trix Fluidics Station 450, and followed by scanning with the
Affymetrix Scanner 3000 7G. Three replicates of the microarray
experiment were performed until high reproducibility was
achieved. Each replicate was made by pooling cell lysates from
three wells.

Data Processing. Data preprocessing and normalization were
performed using the Bioconductor Affymetrix package.48 For
the analysis, two factors were used: topography (control, ran-
dom, aligned, andOS groups) and time (4, 7, 14, and 21 days). To
select the differentially expressed genes, threshold values of
g1.5 or e0.667 of ratio change were used. The hierarchical
clustering was performed on log2 transformed data using
Cluster 3.0 software; then the clustering results were visualized
by the Treeview program. Then in comparative analysis, we
applied a two class unpaired method in the Significant Analysis
of Microarray software (SAM, version 3.02) to identify signifi-
cantly differentially expressed genes between TEST and CON-
TROL groups.

Gene Ontology. The expression of genes significantly altered
in the four groups was categorized by gene ontology using
Molecule Annotation System V3.0 (CapitalBio). Altered gene
expression was compared with the expression of all genes
present on the array, and over-represented ontologies were
identified automatically by the software with p < 0.05 consid-
ered significant.

Pathway Analysis. We assessed pathways with the greatest
representation of gene expression that was significantly altered
by topography based on KEGG pathway annotations. Over-
representation of genes in a KEGG pathway is present if a larger
fraction of genes within that pathway is expressed differentially.

Statistical Analysis. The experimental results and measurements
were performed in triplicate and expressed as the mean (
standard deviation (SD). Statistical analysis was performed using
the Student's paired t-test, andp<0.05was considered significant.
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