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Electrospun scaffolds provide a promising approach for tissue engineering as they mimic the physical
properties of extracellular matrix. Previous studies have demonstrated that electrospun scaffolds with
porous features on the surface of single fibers, enhanced cellular attachment and proliferation. Yet, little
is known about the effect of such topographical cues on cellular differentiation. Here, we aimed at inves-
tigating the influence of surface roughness of electrospun scaffolds on skeletal differentiation of human
mesenchymal stromal cells (hMSCs). Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) analysis showed that the surface nanoroughness of fibers was successfully regulated via humidity
control of the electrospinning environment. Gene expression analysis revealed that a higher surface
roughness (roughness average (Ra) = 71.0 ± 11.0 nm) supported more induction of osteogenic genes such
as osteopontin (OPN), bone morphogenetic protein 2 (BMP2), and runt-related transcription factor 2
(RUNX2), while a lower surface roughness (Ra = 14.3 ± 2.5 nm) demonstrated higher expression of other
osteogenic genes including bone sialoprotein (BSP), collagen type I (COL1A1) and osteocalcin (OCN).
Interestingly, a lower surface roughness (Ra = 14.3 ± 2.5 nm) better supported chondrogenic gene expres-
sion of hMSCs at day 7 compared to higher surface roughness (Ra = 71.0 ± 11.0 nm). Taken together, mod-
ulating surface roughness of 3D scaffolds appears to be a significant factor in scaffold design for the
control of skeletal differentiation of hMSCs.

Statement of Significance

Tissue engineering scaffolds having specific topographical cues offer exciting possibilities for stimulating
cells differentiation and growth of new tissue. Although electrospun scaffolds have been extensively
investigated in tissue engineering and regenerative medicine, little is known about the influence of intro-
ducing nanoroughness on their surface for cellular differentiation. The present study provides a method
to engineer electrospun scaffolds with tailoring surface nanoroughness and investigates the effect of such
topographical cues on the process of human mesenchymal stromal cells differentiation into osteoblasts
and chondrocytes linages. This strategy may help the design of nanostructured scaffolds for skeletal tis-
sue engineering.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Human mesenchymal stromal cells (hMSCs) are considered as a
promising candidate cell source for skeletal tissue engineering and
regeneration due to their low immunogenic reaction in allogeneic
hosts and multilineage differentiation potential including the
chondrogenic, adipogenic and osteogenic lineages [1–4]. Moreover,
hMSCs are an easily accessible cell source [5]. In addition, hMSCs
are increasingly being known to modulate injury responses
through their paracrine/trophic secretion function [6,7]. Intrinsic
properties of the extracellular matrix (ECM), such as chemistry
and stiffness, have been demonstrated to regulate stem cell differ-
entiation. It also has been proved that tailoring surface topography
serves as one of the key roles regulating stem cell differentiation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2017.07.003&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2017.07.003
mailto:l.moroni@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.actbio.2017.07.003
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


H. Chen et al. / Acta Biomaterialia 59 (2017) 82–93 83
[8,9]. Dalby and his co-workers cultured hMSCs on poly(methyl
methacrylate) substrate with varying ordered nanopits [10] and
found that semi-ordered nanopits (120 nm diameter, 100 nm deep,
absolute or average 300 nm centre–centre spacing) induced the
expression of bone specific proteins in hMSCs in contrast to com-
pletely ordered or random nanopits. In the work by Nuno et al.,
hMSCs were cultured on polycaprolactone substrates displaying a
gradient in surface roughness [8]. Specific roughness (roughness
average (Ra) = 2.1–3.1 lm; root mean square roughness
(Rq) = 71.1–48.1 lm) steered faster osteogenic commitment and
stronger osteogenic expression compared to tissue culture
polystyrene.

Recently, electrospun fibers have been intensively utilized as
scaffolds in tissue engineering owing to their fibrous structure
mimicking the physical dimensions of natural fibrous extracellular
matrix [11–14]. Moreover, these fibers can be easily fabricated and
modified [15]. The morphology of electrospun fibrous structure
can be subdivided into the morphologies of individual fibers and
fibrous meshes [16]. The modification of the morphology of indi-
vidual fibers could be achieved via many approaches including
varying collector temperature [17], solvent and relative humidity
[11,18], or by post-processing methods such as nanoimprint
lithography [15], surface graft polymerization [19], physical coat-
ing or blending [20], wet chemical etching methods [21], and gas
plasma [22]. Among these methods, varying the solvent and rela-
tive humidity has multiple superior advantages to other methods,
since (i) it is a simple and direct process without any post-
electrospinning treatment compared to nanoimprinting [15], wet
chemical etching [21] and plasma [23]; (ii) it shows higher flexibil-
ity in controlling the degree of roughness than varying the collec-
tor temperature [17] and physical coating or blending [24]; (iii) it
results in homogeneous treatment of each single fiber in contrast
to nanoimprinting [15] and gas plasma [25] which can modify only
localized surface areas of fibrous meshes. Therefore, this approach
has been employed to produce electrospun scaffolds with nanopor-
ous features on their single fibers for a wide range of applications,
such as drug delivery, filtration, and tissue engineering [11,17].
Previous studies have demonstrated that the modification of the
morphology of individual fibers in electrospun scaffolds can
directly affect cellular response [26–30]. We previously demon-
strated that hMSCs cultured on nano-porous 10 mm fiber scaffolds
had higher proliferation rates than hMSCs cultured on smooth
10 mm fiber scaffolds [26]. In addition, these hMSC cells were found
to aggregate on smooth fibers scaffolds, whereas they showed a
more spread morphology on the nano-porous fiber scaffolds.
Shokrgozar et al. demonstrated that nanoroughness of poly
(lactic-co-glycolic acid) electrospun scaffolds could enhance nerve
cell growing rate up to 50% compared to smooth electrospun scaf-
folds [27]. Zhang et al. revealed that the introduction of elliptical
nano-pores onto the surface of aligned electrospun poly-L-lactic
acid microfibers allowed for enhanced cellular response of vascular
smooth muscle cells, including increased cell adhesion, prolifera-
tion, alignment, and expression of vascular matrix proteins [28].
However, all the above mentioned studies mainly focused on the
influence of surface roughness of electrospun fibers on cellular
adhesion and proliferation. Little knowledge on the effect of elec-
trospun fiber surface nanoroughness on stem cell differentiation
is available.

Here, we aimed at investigating the influence of electrospun
fiber surface nanoroughness on the skeletal differentiation of
hMSCs. The surface roughness of electrospun scaffolds was tailored
through varying the humidity during electrospinning. The topo-
graphical surface was determined by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The biological relevance
of each surface roughness on osteogenic and chondrogenic cell dif-
ferentiation was assessed in terms of cell morphology, metabolic
activity, alkaline phosphatase (ALP) activity or glycosaminoglycan
(GAG) production, and specific gene expression profiles.
2. Materials and methods

2.1. Fabrication of scaffolds

Poly (ethylene oxide terephthalate)/poly (butylene terephtha-
late) (PEOT/PBT, weight ratio of PEOT/PBT = 55/45, molecular
weight (g/mol) of starting PEG segments used in polymerization
process is 300) was kindly provided by PolyVation B.V. (The
Netherlands). A PEOT/PBT solution was prepared by dissolving
polymer in a mixture solvent of dichloromethane/1,1,1,3,3,3-Hexa
fluoro-2-propanol (v/v = 97/3) with a final concentration of 20%
(w/v). The electrospinning set-up was custom-made, consisted of
an environmentally controlled electrospinning chamber connected
to a syringe pump, and was able to move the spinneret in the
chamber to obtain a homogeneous fiber distribution during the
fabrication process. The polymer solution was fed at a rate of 8
mL/h using a syringe pump (KDS 100, KD Scientific). Applied volt-
age and tip-to-collector distance were 20 kV and 15 cm, respec-
tively. The temperature in the electrospinning chamber was
monitored during the process and kept constantly around 20 �C.
The relative humidity in the spinning chamber was chosen to be
around 20%, 50% and 70%, separately.

2.2. Fiber morphology and dimensions

The morphology of electrospun scaffolds was observed by SEM
(Philips XL30 ESEM-FEG). Prior to SEM imaging, samples were gold
sputtered with a Cressington Sputter Coater 108 Auto set at 30 mA
for 40 s. To create cross-section images, samples were first frozen
in liquid nitrogen and then cut. The average fiber diameter and
fiber diameter distribution were calculated by measuring at least
30 fibers in one SEM image and five images were used for each
scaffold using Adobe Photoshop CS4.

2.3. Porosity and pore diameter of scaffolds

Apparent density and porosity of scaffolds were calculated
using the following equation [14]:

p ¼ 1� q0

q�

� �
� 100%

where p is the porosity of scaffold porosity, q’ is the apparent den-
sity of scaffold and q� the density of polymer materials used for fab-
ricating scaffolds.

Pore diameter of scaffolds was calculated from SEM images
using ImageJ according to previous study [31]. The diameters in
each of at least 30 pores within an image for a total of four images
per sample were quantified.

2.4. AFM analysis

Surface roughness analysis was performed through AFM using
Tapping Mode (PicoScan Controller 2500, Molecular Imaging,
USA) with a Super Sharp TESP cantilever: 42 N/m, 320 kHz,
2–5 nm ROC, No Coatings (Bruker AFM Probes) on a 1 mm2 surface
area (n = 6). The average roughness (Ra), pore depth, and surface
area differences were determined using the Scanning Probe Image
Processor, SPIPTM, version 4.2.2.0 software. High quality images in
3D of the fiber surface were visualized at randomly different sur-
face locations to verify the reproducibility of the observed
characteristics.
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2.5. Contact angle measurements

The wettability of scaffolds was determined by sessile drop
technique using an optical contact angle device (OCA15, Data-
physics, Germany). Sessile milli-Q water drop was deposited onto
sample surface with the syringe, and the drop contour was fitted
by the Young-Laplace method. At least 3 different static contact
angle measurements on each sample were performed.

2.6. Nile Red staining and analysis

The local environment of polymer surfaces was determined
using a Nile Red adsorption technique. Fabricated scaffolds or
spin-cast polymer films (controls) were exposed to a dilute solu-
tion (1 lM) of Nile Red in milli-Q water for 1 min. After this min-
ute, the samples were briefly washed with fresh milli-Q water to
remove excess Nile Red solution; samples were then sandwiched
between a glass slide and a coverslip. Images were taken with a
confocal laser excitation microscope DM6000 (Leica, Wetzlar, Ger-
many) equipped with a DFC365FX camera. For measurement of the
local environment, Nile Red (kex = 514 nm) emission was imaged
over the range of 520–700 nm in 10 nm steps. Integrated intensity
of the region of interest was then plotted against the average
wavelength for each image, reconstituting the emission spectrum.
All experiments were performed in duplicate, on two distinct sam-
ples (total of 4 measurements).

2.7. Protein absorption on scaffolds

Protein adsorption on electrospun scaffolds was investigated as
previously described [23]. Briefly, samples were punched and
placed in a 96 well plate. They were incubated in phosphate buf-
fered saline (PBS) solution at 37 �C overnight. After removing
PBS, 200 mL of bovine serum albumin (BSA) solution (2 mg/mL in
PBS) was added to the wells and incubated at 37 �C overnight.
The samples were rinsed with PBS to remove any non-adherent
proteins. The amount of adsorbed protein was quantified using a
Bicinchoninic acid (BCA) protein assay kit (Thermo Scientific Pierce
Protein Assay Kit). The absorbance was measured at 562 nm on a
plate reader (Multiskan GO, Thermo Fisher, USA).

2.8. Cell culture and seeding

Human MSCs (donor No. 8001 L) were isolated from bone mar-
row by Texas A&M Health Science Center [32]. Briefly, bone mar-
row was aspirated centrifuged to separate mononuclear cells that
would be considered as passage zero (P0) cells after being plated
and harvested at 60–80% confluence. P0 cells were further
expanded, harvested and frozen to obtain passage 1 (P1) cells. P1
cells were expanded in T-300 flasks at a density of 3�105 cells/
cm2 and cultured in basic medium (BM), comprising a-MEM
(Gibco), 10% fetal bovine serum (Lonza), 2 mM L-glutamine (Gibco),
0.2 mM ascorbic acid (Sigma), 100 U/mL penicillin and 100 mg/mL
streptomycin (Gibco). Cells were harvested at approximately 80%
confluence for further scaffold-based study.

Electrospun sheets with an average thickness of 52 ± 11 mm
were punched into discs (1 cm in diameter) and placed in 48-
well plates. Rubber O-rings (Eriks B.V., The Netherlands) were
placed on the top of electrospun discs to prevent them from float-
ing. For sterilization, specimens were soaked in 70% (v/v) ethanol
for 15 min three times. After that, they were rinsed with sterilized
PBS 1 min for three times and immersed in BM overnight before
cell seeding. After removing the medium from scaffolds, hMSCs
were seeded on each scaffold at a density of 1.5 � 104 cells/cm2

in 80 mL BM. Cell-scaffold constructs were incubated for 4 h to
allow cell attachment, and topped up to 1 mL of BM, osteogenic
differentiation medium (OM) (BM plus 10�6 M dexamethasone),
or chondrogenic differentiation medium (CM). CM was composed
of DMEM (Gibco), 1% ITS premix (Micronic BV), 50 lg/mL ascorbic
acid (Sigma-Aldrich), 100 units/mL penicillin (Life Technologies),
100 lg/mL streptomycin (Life technologies), 100 nM dexametha-
sone (Sigma-Aldrich), 40 lg/mL proline (Sigma-Aldrich), 100 lg/
mL sodium pyruvate (Life Technologies), 0.01 lg/mL TGF-b3
(R&D systems). The cell-scaffold constructs were cultured in an
incubator with 5% CO2 humid atmosphere at 37 �C up to 21 days.
Culture medium was refreshed every two days.

2.9. Fluorescence microscopy

On day 3, samples were fixed with 4% (v/v) paraformaldehyde/
PBS for 2 h at room temperature (RT) and then washed three times
with PBS. Cells were permeabilized using 0.5% Triton X-100 solu-
tion for 10 min at RT and washed three times with PBS again. 1%
BSA in PBS solution was added to block non-specific binding over-
night at 4 �C. After withdrawing the BSA solution, phalloidin (Alexa
Fluor 647, Invitrogen; Excitation/Emission: 650/668 nm) with a
dilution (1:40) in 1% BSA/PBS was applied for 30 min at RT in the
dark and washed three times with PBS. Afterwards, 0.1 mg/mL
DAPI/PBS was applied for 5 min at RT in the dark. Images were
acquired using an inverted fluorescent microscope (Nikon Eclipse
Ti-S).

2.10. Metabolic activity

PrestoBlueTM assay was used to assess cellular metabolism.
Briefly, cell culture media in sample plates were replaced with
media containing 10% (v/v) PrestoBlueTM reagent (Life technologies)
and the sample plates were wrapped with aluminum foil to avoid
light, followed by incubating at 37 �C for 1 h. Fluorescence was
measured at 590 nm with a PerkinElmer Victor 3 1420 multilabel
plate reader. Cell metabolic activity was analyzed on day 7 and
day 21. Afterwards, samples were kept in �80 �C for further ALP
or GAG analysis.

2.11. Quantification of DNA

The total amount of DNA per scaffold was quantified as
described in a previous study [33]. Briefly, samples were washed
twice with PBS and then processed to digest for 16 h in a Tris/EDTA
buffer composed of 1mg/mL proteinase K, 18.5 mg/mL iodoac-
etamine (Sigma-Aldrich) and 1 mg/mL Pepstatin A (Sigma-
Aldrich). The lysate was divided into two parts. One part was used
for ALP or GAG assay and the left part was used for DNA assay. For
DNA quantification, the lysate was added to a buffer containing
RNase (�1000), component B (part of the DNA quantification kit)
and NaCl-EDTA buffer. Subsequently, quantification of total
amount of DNA per scaffold was performed using the CyQuant�

DNA assay (Life Technologies) according to manufacturer’s proto-
col. The signal was measured on a spectrophotometer (Victor 3
1420, PerkinElmer, USA) at an excitation wavelength of 480 nm
and emission wavelength of 520 nm.

2.12. Alkaline phosphatase (ALP) activity assay

The ALP activity was assessed as in a previous study [23].
Briefly, cell lysate mentioned in the DNA assay paragraph was
digested for 1 h at room temperature with a buffer at a pH of 7.8
composed of 0.1 M KH2PO4, 0.1 M K2HPO4 and 0.1% Triton X-100.
After that, a CDP-star� solution (Roche Life Science) was added
and samples were incubated for 15 min at room temperature.
The signal was analyzed using a Victor 3 1420 plate reader
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(PerkinElmer, USA). The value of ALP activity per scaffold was nor-
malized to its corresponding DNA quantity.
2.13. Glycosaminoglycan (GAG) assay

Cell lysates mentioned in the DNA assay paragraph were pipet-
ted in duplicate to 96-well plates. After addition of a dimethyl-
methylene blue dye (DMMB, Sigma-Aldrich) solution comprising
10 mM hydrochloric acid, 3.04 g/L of glycine, and 2.37 g/L of NaCl,
the plates were measured at an absorbance of 525 nm using a
micro plate reader (Multiskan GO, Thermo Fisher, USA). The
amount of GAG was calculated using a standard of chondroitin sul-
fate (Sigma-Aldrich).
2.14. RNA isolation and gene expression

Total RNA per scaffold was isolated following the protocol based
on a previous study [34]. Briefly, samples were rinsed with PBS
three times prior to adding 1mL TRIzol reagent (Invitrogen). Subse-
quently, 200 mL of chloroform was added to all samples, mixed vig-
orously, and centrifuged at 1200g for 15 min at 4 �C. The aqueous
phase containing RNA was transferred to filter columns provided
by the NucleoSpinRNAII ISOLATION kit (Bioke) and the purification
process was performed according to the manufacturer’s protocol.
The concentration and purity of total RNA were determined by
using an ND 1000 Nanodrop (Life Technologies, USA). One mg of
total RNA was used for first strand cDNA synthesis using iScript
(Bio-Rad, Veenendaal, The Netherlands) following the manufac-
turer’s protocol. Quantitative polymerase chain reaction (qPCR)
was carried out on a BioRad CFX96 real time PCR machine using
SYBR-green supermix (Bio-Rad) and the primers were listed in
Table 1. The Cycling conditions for running qPCR were as
following: initial denaturation was at 95 �C for 10 min, followed
by 40 cycles of 15 s at 95 �C and 1 min at 60 �C. Relative expression
of RNA was normalized to housekeeping gene B2 M, and
fold changes were calculated using the 2�DDCT method, where
DDCT = (CT,Target – CT,B2 M)time x � (CT,Target – CT,B2 M)time0.
2.15. Statistical analysis

Statistical analysis was determined using GraphPad Prism 5.01
(GraphPad software, San Diego, USA) for windows. Two-way anal-
ysis of variance (ANOVA), followed by a Tukey’s post hoc test was
performed to compare gene expression, metabolic activity, GAG
production and ALP activity. One-way ANOVA with Bonferroni’s
multiple comparison tests were used to compare the surface
roughness. A p value lower than 0.05 was considered statistically
significant.
Table 1
Sequences of primers used in real time RT-PCR.

Gene Forward primer 50 to 30 Reverse primer 50 to 30

B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA
ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT
COL2A1 CGTCCAGATGACCTTCCTACG TGAGCAGGGCCTTCTTGAG
SOX9 TGGGCAAGCTCTGGAGACTTC ATCCGGGTGGTCCTTCTTGTG
ACAN AGGCAGCGTGATCCTTACC GGCCTCTCCAGTCTCATTCTC
ALCAM ACGATGAGGCAGACGAGATAAGT CAGCAAGGAGGAGACCAACAAC
3. Results and discussion

3.1. Characterization of electrospun scaffolds

The relative humidity showed a remarkable effect on the sur-
face roughness of electrospun scaffolds. At a relative humidity of
20%, the morphology of fibers was smooth (Fig. 1A and 1D).
Increasing the relative humidity to 50% resulted in apparent
changes in surface morphology of fibers. Fig. 1E shows that surface
features or pores become evident. When the humidity increased
from 50% to 70%, the pore depth increased as well as the pore size
leaving little space between adjacent pores. The mechanism of
pore formation is complex. Breath figure and phase separation
models have been applied to elucidate the mechanism of pore for-
mation in electrospun fibers [11,35,36]. If the breath figure model
plays a major role in determining pore formation, the pore size
would primarily be a function of humidity [11]. However, in the
present study, humidity does not show an apparent influence on
pore formation when the ratio of HFIP in the solvent system was
above 5% (data not shown). A similar phenomenon was demon-
strated by Ping et al. who electrospun polystyrene fibers using
dimethylformamide (DMF) and tetrahydrofuran (THF) [35]. They
did not find a different change in fiber morphology due to variation
of humidity when THF was replaced with DMF. On the basis of this
finding, phase separation is the most probable mechanism for pore
formation in the present study. There are two main phase separa-
tion mechanisms to produce porous fibers: vapor-induced and
thermal-induced phase separation models [11,18]. The non-
solvent phase (water vapor in the atmosphere of electrospinning
chamber) penetrates into the polymer solution of jet causing a
vapor-induced phase separation. In the meantime the liquid jet
cools down considerably due to the evaporation of volatile solvent
leading to a thermal-induced phase separation. Both phase separa-
tion models cause formation of a solvent-rich phase and polymer-
rich phase. The solvent-rich phase will cause formation of pores on
the fiber surface, whereas the polymer-rich phase will eventually
evolve into a solid matrix. The cross-section images (Fig. 1G-I) indi-
cated that all fibers had solid interiors wrapped by an increasingly
porous outer layer with increasing humidity. Overall, the solvent is
one of the key elements in terms of tailoring surface nanorough-
ness via modulating humidity during electrospinning.

In addition, to investigate the effect of humidity on the topology
of pores, AFM analysis was performed. Three dimensional repre-
sentations of surface topography for the electrospun fibers illus-
trate the differences in surface roughness between fibers by
varying the humidity (Fig. 2A). These results were in agreement
with the SEM data mentioned above. The quantification results of
surface roughness parameters including Ra, pore depth and surface
area difference were presented in Fig. 2B. A significant difference in
surface roughness was observed between fibers fabricated at dif-
ferent humidity. Changing humidity from 20% to 70% corresponded
to increasing Ra from 14.3 ± 2.5 nm to 71.0 ± 11.0 nm, surface area
from 3.1 ± 0.8 nm to 63.3 ± 6.2 nm and pores depth from
27.2 ± 4.7 nm to 230.5 ± 31.9 nm. Altogether, increasing of relative
humidity resulted in an increase of roughness, depth, and surface
area of pores on the surface of electrospun fibers. Similar findings
were also reported by previous studies where a more porous mor-
phology appeared on the surface of polystyrene fibers as electro-
spinning was performed in a higher-humidity environment
[18,37,38].

Previous studies have demonstrated that fiber diameter, pore
size and porosity of scaffolds influence cell behavior such as prolif-
eration, attachment and differentiation [39–41]. To better under-
stand the effect of nanosurface roughness on hMSCs
differentiation, the surface roughness was varied while keeping



Fig. 1. Scanning electron microscope (SEM) image of PEOT/PBT fibers (A-C) and their corresponding surfaces (D-F) and cross sections (G-I) fabricated by electrospinning
under different relative humidity: 20% (A, D, G), 50% (B, E, H) and 70% (C, F,I). Scale bars are 10 mm (A-C) and 1 mm (D-I).
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other structural parameters, such as fiber diameter, pore size and
porosity of scaffolds constant. As shown in Fig. 3A and B, no signif-
icant differences in porosity and pore size of the electrospun
Fig. 2. Surface roughness of electrospun fibers was detected by atomic force microscop
sample. (B) Graphs of average surface roughness (Ra) of scaffolds. (C) Pore depth of sca
scaffolds were found when changing the relative humidity. In
addition, the obtained electrospun scaffolds had average fiber
diameters of 3.8 ± 0.8, 3.5 ± 1.0, and 4.0 ± 1.2 mm for spinning from
y (AFM). (A) Three-dimensional AFM images of 20% sample, 50% sample, and 70%
ffolds. (D) Surface area differences of scaffolds. **p < 0.01, ***p < 0.001.



Fig. 3. (A) Porosities of scaffolds. (B) Average pore diameters of scaffolds. (C-E) Distributions of fiber diameters for 20% samples (C), 50% samples (D) and 70% samples (E).
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relative humidity of 20%, 50% and 70%, respectively (Fig. 3C-E). The
relative humidity is known to have an impact on fiber dimension
which is essentially dependent on the polymer concentration as
well as solvent used [38]. Given the fiber dimension scale range
achieved in the present study, increasing relative humidity did
not cause apparent difference in fiber dimension.

Chemical functional groups and/or blocks of the polymer chains
may be reoriented during electrospinning process [42]. To deter-
mine the influence of relative humidity on the surface polarity of
electrospun fibers, a Nile Red assay was employed (Fig. 4). Nile
Red is a hydrophobic and solvatochromic dye [43] that has previ-
ously been used to determine the hydrophilicity/phobicity of a
wide range of polymers in the bulk [44] and the variability of poly-
mer surface environments [45]. Shifts in the absorption or emis-
sion maximum of the dye adsorbed to a polymer indicate
differences in hydrophilicity/phobicity (dielectric strength). The
Fig. 4. Surface polarity was determined by Nile Red staining assay. (A) A representative
emission profiles of electrospun samples. Note that the samples have overlapping emiss
electrospun fibers were stained with Nile Red homogeneously
(Fig. 4A). As shown in Fig. 4B, for all electrospun scaffolds (20%,
50%, and 70%), we found nearly identical emission intensity pro-
files (emission kmax = 600 nm); this was in contrast to control sam-
ples, where we observed shifts in the emission intensity based on
polymer composition. The identical emission profile of Nile Red
across all our samples suggested that the electrospun scaffolds
had similar polarity on their surface. To confirm these measure-
ments, control samples of spin-cast poly (methyl methacrylate)
(PMMA) and polycaprolactone (PCL) were shown to have distinctly
different Nile Red emission profiles (Fig. S1). The PMMA had a
lower emission profiles compared to PCL, which supported the fact
that PMMA was more hydrophobic than PCL [44].

Surface wettability of scaffolds plays an important role in cell
attachment and migration [46]. Wettability was assessed using
contact angle measurements (Fig. 5A and B). Generally, water
image of electrospun scaffold stained with Nile Red. Scale bar: 25 mm. (B) Nile Red
ion intensity profiles. kex = 514 nm.



Fig. 6. The effect of surface roughness on protein adsorption. Bovine serum albumin
(BSA) was used as model protein.
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sessile droplets penetrated into all scaffolds in the end, indicating
hydrophilic properties of the mesh surface, probably due to the
same chemical composition of scaffolds. In the present study, the
material used for scaffold fabrication was PEOT/PBT which had a
medium surface energy with an average contact angle of 48 ± 1�
[47]. Although water droplets would ultimately penetrate into all
scaffolds, their spreading speeds were different showing an inverse
relationship with the surface roughness of scaffolds. Surface rough-
ness, fiber diameter, and pore size are important factors affecting
the contact angle of a surface, where the material itself is not var-
ied [48]. As shown above, the scaffolds fabricated in different rela-
tive humidity displayed similar fiber dimension, pore size and
surface chemistry, but varied surface roughness. Therefore, in the
present study, the differences in surface energy were mainly attrib-
uted to their surface roughness. These findings are consistent with
the results reported by Chuah et al., who demonstrated that
increasing the surface roughness of polydimethylsiloxane (PDMS)
substrates could enhance the hydrophobicity [49].

3.2. Protein adsorption

Protein adsorption on different scaffolds was examined using
BSA as a model protein, and the results were shown after normal-
izing to the value of 20% sample. As shown in Fig. 6, no significant
difference in protein adsorption was observed between scaffolds
from a relative humidity of 20% and 50%, which could be attributed
to their closed surface structure. On the other hand, scaffolds from
a relative humidity of 70% showed significantly higher protein
adsorption than scaffolds from a relative humidity of 20%.This
could be related to the increased surface roughness and surface
porosity leading to a higher surface area. Such increased protein
absorption was also shown by Nandakumar et al. [23] who used
gas plasma for surface modification of electrospun fibers. A higher
protein adsorption on scaffolds is also known to influence the cel-
lular response such as cell adhesion, proliferation and differentia-
tion [50,51].

3.3. Cell morphology and metabolic activity

Cell morphology of hMSCs seeded on scaffolds characterized by
different surface roughness was assessed by staining with phal-
loidin for actin filaments (Fig. 7). hMSCs on smoother surfaces
(20% and 50% samples) tended to adopt an elongated and multipo-
lar morphology, unlike hMSCs on rougher surfaces (70% sample),
which adopted smaller spindle shape.

Cell metabolic activity, which is indirectly associated with cell
viability, was investigated by PrestoBlueTM assay (Fig. S2). The
metabolic activity rate in BM at day 7 was similar to that of day
Fig. 5. Contact angle measurements of electrospun scaffolds with different surface ro
different surface roughness. (B) Time-dependency of contact angle on scaffolds.
21, while a slightly lower metabolic activity was measured in
OM and CM after 21 days. The decrease in metabolic activity rate
in OM and CM could be ascribed to the differentiation of hMSCs.
No statistical differences in metabolic activity were observed
between the different surface roughness of scaffolds in all media
investigated in this study.
3.4. ALP activity and GAG production

ALP activity, a common marker for early osteogenesis, is known
to be up-regulated in the early stages of osteogenic differentiation
[52]. As shown in Fig. 8A-B and Fig. S3, at day 7 a similar ALP activ-
ity in all kind of scaffolds was found in both BM and OM. In con-
trast, fibers (70% sample) with a surface roughness of
71.0 ± 11.0 nm displayed a higher ALP activity compared to fibers
(20% sample) with a roughness of 14.3 ± 2.5 nm in BM at day 21.
A similar trend was also observed in OM. Therefore, it could be
inferred that a higher surface roughness caused a higher ALP activ-
ity in the range studied in the present work. Our results were con-
sistent with previous studies [53,54], where osteoblasts were
demonstrated to have a higher ALP activity on a rougher surface
of titanium substrates. Furthermore, our previous study has also
demonstrated that hMSCs express evidently higher ALP activity
on ceramic nanofibers displaying a rougher surface (0.7 ± 0.2 nm)
compared to a smoother one (0.4 ± 0.1 nm) under osteogenic cul-
ture conditions [55].

GAG is a long-chain sugar molecule and plays an essential
role in chondrogenic differentiation, since it is one of the main
ughness. (A) Representative images show droplets on electrospun scaffolds with



Fig. 7. Representative fluorescent images of hMSCs cultured on scaffolds with different surface roughness in basic medium (BM) at day 3. (A) 20% sample. (B) 50% sample. (C)
70% sample. Red: F-actin; Blue: cell nucleus. Scale bar: 50 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Alkaline phosphatase (ALP) activity and glycosaminoglycan (GAG) production of hMSCs cultured on scaffolds were measured at day 7 and 21. (A-B) ALP activity of
hMSCs cultured on scaffolds in basic medium (A) and osteogenic differentiation medium (B). (C-D) GAG production of hMSCs cultured on scaffolds in basic medium (C) and
chondrogenic differentiation medium (D). The final results of ALP activity and GAG production levels were normalized by DNA amount. *p < 0.05, ***p < 0.001.
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components of the proteoglycans forming articular cartilage extra-
cellular matrix [56]. In a previous study by our group, additive
manufactured three-dimensional (3D) scaffolds whose polymer
fibers had tailored surface roughness (ranging from 0.07 ± 0.01
lm to 1.95 ± 0.55 mm) were fabricated in combination with a
wet-spinning technique [57]. The results demonstrated that hMSCs
on the highest roughness scaffolds (1.95 ± 0.55 lm) showed a
higher GAG production under chondrogenic culture conditions.
Despite the GAG production in all types of scaffolds enhanced over
the experimental time course in all media (Fig. 8C-D and Fig. S4),
no statistical difference in GAG production was found between
the different surface roughness, indicating that the surface rough-
ness nanometric range investigated in this study did not signifi-
cantly influence GAG production by hMSCs during differentiation
into the chondrogenic lineage.

3.5. Osteogenic gene expression

The influence of surface roughness on osteogenic differentiation
was confirmed by real time RT-PCR (Fig. 9). To investigate osteoin-
ductive and osteoconductive properties of different nanosurface
roughness, hMSCs grown on scaffolds were treated with BM and
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OM, respectively. BM is a maintenance medium that does not trig-
ger the osteogenic differentiation of hMSCs, whereas OM induces
osteogenic differentiation of hMSCs [58]. At day 7 in BM, some
osteogenic genes, including OPN and BMP2 were significantly reg-
ulated for rougher fibers (70% sample) compared to smoother
fibers (20% sample), while other genes, such as bone sialoprotein
(BSP), collagen type I (COL1A1) and osteocalcin (OCN) showed an
opposite trend. In OM, RUNX2 expression was significantly higher
on rougher fibers (70% sample) compared to smoother fibers (20%
sample) at day 7. Conversely, BSP expression on smoother fibers
Fig. 9. Gene expression levels of osteoblast-related markers were assessed by quantita
medium (OM) and basic medium (BM). *p < 0.05, **p < 0.01, ***p < 0.001.
(20% sample) was significantly higher than that on rougher fibers
(70% sample) after day 21.

Recent studies revealed that the hierarchical combination of
micro- and nanoscale surface features promoted osteogenic differ-
entiation [59,60]. Khang et al. reported that a stronger osteogenic
differentiation of hMSCs was supported by a heterogeneous com-
position of nano and submicron hybrid surface features compared
to only nano scale or sub-nano scale features [59]. In another
study, Gittens et al. demonstrated that a combination of micro/
sub-micro scale surface roughness with nanoscale structures on
tive PCR at day 7 and 21. The scaffolds were cultured in osteogenic differentiation



Fig. 10. Gene expression levels of chondrocyte-related markers were assessed by quantitative PCR at day 7 and day 21. The scaffolds cultured both in chondrogenic
differentiation medium (CM) and basic medium (BM) were tested. *p < 0.05, **p < 0.01, ***p < 0.001.
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Titanium surfaces enhanced osteoblast differentiation [60]. There-
fore, it could be assumed that the hierarchical combination of dif-
ferent surface nanoroughness in electrospun fibers may be more
beneficial on the osteogenic differentiation of hMSCs. Different
gene expression profiles were observed between BM and OM.
The differences could be dependent on the dominant stimuli dur-
ing the process of osteogenic differentiation. In the present work,
the osteogenic differentiation of hMSCs was mainly triggered by
physical cues (such as surface roughness) and chemical stimuli
(BM or OM). In BM, the morphologically (surface associated) driven
properties, such as surface area and porosity, fibrous feature, and
surface roughness, played important roles in triggering an initial
osteogenic response. On the other hand, the chemical stimuli com-
bined with physical cues played dominant roles in regulating
osteogenesis in OM.
3.6. Chondrogenic gene expression

A panel of chondrocyte-related genes, including collagen type II
alpha 1 (COL2A1), activated leukocyte cell adhesion molecule
(ALCAM), SOX9, and aggrecan (ACAN) was investigated to assess
hMSCs chondrogenesis (Fig. 10). In BM, only SOX9 was differen-
tially regulated. On the other hand, the gene expression profiles
were much different under chondrogenic differentiation culture
conditions, most likely due to the dominant effect of chemical
stimuli. In CM, upregulation of all tested chondrogenic markers
was observed on both 20% and 50% samples compared to the 70%
sample due to their different surface roughness. However, this
trend was disappeared after 21 days. Recent work has suggested
that the tendency of hMSCs differentiation which is trigged by sur-
face topography stimuli may be discontinued when the surface
topography cues disappear [57,61]. This might have also happened
in this study when hMSCs were fully confluent on scaffolds and
started being embedded within the endogenous ECM. SOX9 is
known as an early chondrogenic transcription factor which con-
trols the expression of genes related to matrix secretion [62].
Upregulation of SOX9 could be activated in mouse stromal ST2
cells cultured in low oxygen tension (hypoxic environment) [63].
The expression of SOX9 was significantly higher on rougher fibers
(70% sample) than on smoother fibers (20% sample) in both BM and
CM after 21 days. This might be related to the higher spatial prox-
imity of the hMSCs cultured in rougher scaffolds, which facilitated
cells condensation resulting in hypoxic condition when cells were
confluent on the scaffolds [57,64].
4. Conclusion

In the present work, electrospun fibers with three types of sur-
face nanotopographies were directly fabricated by varying relative
humidity during electrospinning. These scaffolds had similar fiber
dimension, porosity and pore size, and chemical composition of
the surface, yet a different surface roughness on the fibers. SEM
and AFM results demonstrated that higher relative humidity
resulted in higher surface roughness, pore depth and surface area
in the nanoscale range. In order to investigate the impact of surface
nanotopography of individual fibers on cell differentiation, hMSCs
were cultured on scaffolds for 21 days in OM and CM. We found
that a higher surface roughness (Ra=71.0 ± 11.0 nm) showed
enhanced expression of osteogenic genes such as OPN, BMP2,
and RUNX2, while a lower surface roughness (Ra=14.3 ± 2.5 nm)
demonstrated enhanced other osteogenic genes expression,
including BSP, COL1A1 and OCN. Interestingly, a lower surface
roughness (Ra=14.3 ± 2.5 nm) showed to better support the chon-
drogenic differentiation of hMSCs at day 7 compared to higher sur-
face roughness (Ra=71.0 ± 11.0 nm). Our work opens new avenues
for tailoring surface nanoroughness of electrospun scaffolds to con-
trol the cellular response of hMSCs in tissue engineering and
regenerative medicine. It is worth stating here that some addi-
tional studies should be performed in the future, including investi-
gating release and degradation profiles, looking at the influence of
surface roughness on fiber mechanical properties, and differences
in cell adhesion depending on nanoroughness.
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