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Nanotopographic Substrates of Poly (Methyl
Methacrylate) Do Not Strongly Influence the Osteogenic
Phenotype of Mesenchymal Stem Cells In Vitro
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Abstract

The chemical, mechanical, and topographical features of the extracellular matrix (ECM) have all been documented to
influence cell adhesion, gene expression, migration, proliferation, and differentiation. Topography plays a key role in the
architecture and functionality of various tissues in vivo, thus raising the possibility that topographic cues can be instructive
when incorporated into biomaterials for regenerative applications. In the literature, there are discrepancies regarding the
potential roles of nanotopography to enhance the osteogenic phenotype of mesenchymal stem cells (MSQ). In this study,
we used thin film substrates of poly(methyl methacrylate) (PMMA) with nanoscale gratings to investigate the influence of
nanotopography on the osteogenic phenotype of MSCs, focusing in particular on their ability to produce mineral similar to
native bone. Topography influenced focal adhesion size and MSC alignment, and enhanced MSC proliferation after 14 days
of culture. However, the osteogenic phenotype was minimally influenced by surface topography. Specifically, alkaline
phosphatase (ALP) expression was not increased on nanotopographic films, nor was calcium deposition improved after 21
days in culture. Ca: P ratios were similar to native mouse bone on films with gratings of 415 nm width and 200 nm depth
(G415) and 303 nm width and 190 nm depth (G303). Notably, all surfaces had Ca:P ratios significantly lower than G415 films.
Collectively, these data suggest that, PMMA films with nanogratings are poor drivers of an osteogenic phenotype.
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Introduction ligands, mechanical properties, and topography [8,9]. Cells adhere
to the ECM’s various adhesion motifs through transmembrane
integrin receptors, which are capable of transducing adhesive
signals into biochemical signals and which physically connect the
ECM to the cell’s underlying cytoskeleton. Different ECM ligands
may engage different integrin receptors, and specific integrins are
known to regulate osteogenic differentiation [10]. Matrix me-
chanical properties have also been shown to influence osteogenic
differentiation, with more rigid substrates driving osteogenic
differentiation in 2D cell cultures [11-13]. Other studies have
shown micro- and nanotopography of varied surface chemistries to
influence osteogenic differentiation as well [2—4,10,14—20].

Due to an aging population and the continued prevalence of
bone defects worldwide, orthopedic procedures are increasingly
needed each year [1,2]. Revision surgeries continue to rise as well
[1]. The cost of orthopedic injuries is estimated to be $17-20
billion annually in the United States [3]. Thus, strategies which
enhance knowledge of bone formation or enhance current clinical
practices are desirable. Improvements may prolong implant
lifetime, reduce the need for revisions, and drive down the
economic impact.

Mesenchymal stem cells (MSCs) are self-renewing marrow
derived cells that are multipotent [4]. Because of the relative ease
of isolation and high degree of plasticity, MSCs have been
explored for tissue engineering and regenerative medicine
applications [5-8]. MSCs’ plasticity includes the ability to
differentiate into chondrogenic, adipogenic and osteogenic phe-
notypes. Differentiation along an osteogenic lineage may be useful
for bone tissue engineering strategies when combined with
scaffolds to produce functional bone for various orthopedic
therapies [2].

A cell’s environment is critical to its function and behavior, and
an important feature of the cellular microenvironment is the
extracellular matrix (ECM). Cells sense and respond to both
chemical and physical cues within the ECM, including adhesive

Bone is a hierarchical tissue that is mainly composed of type 1
collagen, hydroxyapatite (HA), and water. Human bone structure
ranges many orders of magnitude in size: from whole bones nearly
one meter in length to the individual collagen triple helices that are
approximately 300 nm long and have a diameter of 1.5 nm [21].
Collagen is essential for HA formation [22]; together HA and
collagen form a highly aligned composite matrix that gives bone its
toughness and strength [21,23]. Thus, attempts to reproduce  vivo
mineral # vitro may be enhanced by mimicking the structure of
native bone. Many studies have reported on the influence of
micro- and nano-topographies on the proliferation, genotype, and
protein levels of osteoprogenitor cells, but rarely have they
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Table 1. Nomenclature for PMMA films with
nanotopographic features.

Period Groove depth Duty cycle Line width
Name (nm) (nm) (%) (nm)
G415 833 200 50 416
G303 606 190 50 303
G140 278 110 50 139

doi:10.1371/journal.pone.0090719.t001

quantitatively assessed the deposited mineral. Hence, it is unclear
whether topography drives a phenotype capable of producing
mineral i vitro or in vivo similar to physiologically relevant bone.
Ultimately, control of osteogenic differentiation via topography
may be desirable for bone and orthopedic implant applications if
indeed mineral production can be enhanced or if the mineral
produced is similar to native bone.

In this study, we created an approximate replica of the
nanotopographic structure of bone using an idealized surface of
poly(methyl methacrylate) (PMMA) to investigate the role of
surface nanotopography in driving the osteogenic differentiation of
MSCs. Clinically, PMMA is used as a bone cement in orthopedic
applications [24,25]. Thus, motivated by the potential to enhance
osteointegration and bone healing via imprinted nanotopographic
cues on an FDA-approved orthopedic material, we focused
specifically on mineralization as a functional metric of the mature
bone phenotype. We hypothesized that our nanoPMMA surfaces
with aligned features on the order of collagen fibrils would
enhance mineral quantity. To test this hypothesis, we used PMMA
films manufactured via capillary assisted ultra-violet (UV) lithog-
raphy and characterized with atomic force microscopy (AFM) and
scanning electron microscopy (SEM) to validate their submicron
dimensions. MSCs were subsequently seeded and cultured on the
nanofilms for up to 21 days. Focal adhesion size, cell proliferation,
cell alignment, ALP levels, calcium and phosphate deposition, and
Ca:P ratios were assessed at various time points to investigate the
role of PMMA nanotopography on osteogenic differentiation in

MSCs.

Materials and Methods
Manufacturing of PMMA films

Films were made using a precursor solution of (poly) methyl
methacrylate (PMMA) (M,,: 120,000 g/mol) dissolved in methyl
methacrylate (MMA) (8% wt./wt.) (all chemicals are from Sigma,
Saint Louis, MO, unless otherwise specified). A photoinitiatior,
2,2-dimethoxy-2-phenylacetophenone (DMPA) (Acros Organics)
(2% wt/wt), was added to the solution prior to polymerization.
The PMMA precursor solution was deposited on (heptadeca-
fluoro-1,2,2,2-tetrahydrodecyl) trichlorosilane (FIDS) (Gelest,
Morrisville, PA) coated silicon molds (LightSmyth Technologies,
Eugene OR). The silicon (Si) molds were patterned with square
wave gratings of different depths and widths in order to create
PMMA films with varied nanotopography (Table 1). No. 1
coverglass slides (Fisher Scientific, Pittsburgh, PA) were coated
with ~1 mM (3-acryloxy propyl) methyl dichlorosilane (APMDS)
(Gelest) under vacuum overnight in a solution of dimethyl
formamide (Fisher Scientific) and 1, 4- benzoquinone
(9.25 mM). APMDS coated slides were rinsed in n-heptane and
then dried with nitrogen gas. The pre-cursor solution was placed
on top of the silicon molds and coated glass slides were placed on-
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Figure 1. Capillary assisted UV lithography polymerization
method was used to produce PMMA films with nanotopogra-
phy. A precursor solution of PMMA and MMA was placed on a Si mold
containing nanoscale gratings. A glass slide was placed on top of the
precursor solution, which was then exposed to UV light for one hour.
After polymerization the mold was removed. The final product was a
PMMA film with nanoscale gratings of varied width and depth. See
Table 1 for dimensions.

doi:10.1371/journal.pone.0090719.g001

top of the pre-cursor solution and subjected to UV-light ~365 nm
(3.1 mW/cm®) for an hour (Figure 1). Smooth PMMA films absent
of topography were also manufactured. PMMA films will be
designated by the following names for simplicity and clarity:
smooth, G415, G303, and G140.

Characterization of PMMA films with atomic force

microscopy

To assess the topographic surface features of nanoPMMA films,
a Dimension Icon scanning probe microscope (Bruker, Camarillo,
CA) was used for imaging. Specifically, NCH-10 silicon probes
(NanoAndMore USA, Lady’s Island, SC) were used to scan the
PMMA substrates.

Determination of contact angles

A Ramé-Hart standard contact angle goniometer (model 200-
F1; Succusunna, NJ) with Drop Image Advanced software was
used to measure contact angles on PMMA films. Data was
acquired as volume was added or retracted from the surface to
determine the advancing and receding contact angles. A minimum
of three independent measurements were made on each surface
using deionized water and dioodomethane (DIM).

Surface free energy calculations

We used equations first presented by Owens and Wendt [26]
and used recently for nanoPMMA films to determine surface free
energy.[27] Briefly, the relation between contact angle and surface
free energy (SFE) is:
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where v;= /4y and v, = .4/ are the surface free energies of a
given liquid and solid. The contributions from different intermo-
lecular forces are denoted by the superscripts: h and d refer to the
hydrogen bonding and dispersion force components, respectively.
Thus, using contact angles from two different liquids (water and
DIM; see above), two equations can be solved simultaneously for
y_‘;’i and y_‘./l, to obtain 7,, in this case the SFE of PMMA. We used
the average advancing angles to compute a SFE value. Addition-
ally, we used y//=49.5 mN/m, y/=1.3 mN/m and y//=51 mN/
m, v;/=21.8 mN/m for the respective DIM and water surface frec
energy components.

Cell culture

Human bone marrow-derived MSCs were obtained from a
commercial source (Lonza, Walkersville, MD) at passage 2. As
part of the manufacturer’s quality control, MSCs were tested for
purity by flow cytometry and for their ability to differentiate into
osteogenic, chondrogenic and adipogenic lineages and are positive
for the cell surface markers CD105, CD166, CD29 (integrin B1),
and CD44, and negative for CD14, CD34 and CD45. MSCs were
maintained in high glucose (4.5 g/L) Dulbecco’s modified Eagle
medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS, Invitrogen). All cultures were
incubated at 37°C and 5% CO,. Media were changed every 2-3
days. MSCs were routinely expanded in 2D cultures and harvested
with 0.05% Trypsin-EDTA (Invitrogen). Cells were used between
passage 6 and 10.

Initial cell adhesion and proliferation

PMMA substrates were cut to approximately 1 cmx1 cm and
sterilized under UV light for ten minutes. After UV sterilization,
the substrates were rinsed twice with sterile Dulbecco’s phosphate
buffered saline (PBS) (Invitrogen) pH 7.4, and then placed in 24
well plates prior to cell seeding. To determine if nanoPMMA
influenced the number of adherent MSCis, cells were seeded at
5000 cells/cm? and allowed to adhere for four hours in ostcogenic
growth media (OGM), consisting of alpha-minimum essential
media («(MEM, Invitrogen), 20% IBS, 2 mM L-glutamine
(CellGro, Manassas, VA), 1% penticillin/streptomycin (CellGro),
and 5 mg/mL gentamicin (Invitrogen). After 4 hours, cells were
rinsed with PBS, and then fixed with 4% paraformaldehyde in
PBS, stained and imaged as described below. At least 5 different
images (10X images) were observed on three separate surfaces.
Values were normalized to the average number of cells observed
on smooth PMMA surfaces. To determine the influence of
nanoPMMA on proliferation, MSCs were seeded at an initial
density of 2000 cells/cm? and allowed to proliferate in OGM. At
day 4, 7, and 14, cells were rinsed with PBS, and then fixed with
4% paraformaldehyde in PBS. Cells were then rinsed with PBS
three times. Cells were stained with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) in PBS (1:5000) for 10 minutes to identify
their nuclei. After staining, MSCs were rinsed with PBS and then
imaged on an Olympus IX81 microscope equipped with a 100 W
high-pressure mercury burner (Olympus America, Center Valley,
PA), a Hamamatsu Orca II CCD camera (Hamamatsu Photo-
noics, K.K., Hamamatsu City, Japan), and Metamorph Premier
software (Molecular Devices, Sunnyvale, CA). Cells that stained
positive for DAPI were manually counted using Image J (NIH,
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Bethesda, MD). At least six (10X) images were analyzed for each
condition. The number of cells per field was converted to cells per
area, and then normalized to the initial number of cells seeded
(2000 cells/cm?). Three independent measurements were made
and averaged.

Visualization of actin and vinculin using fluorescence
microscopy

Cells were seeded at 2000 cells/cm? on PMMA films (sterilized
as previously described) and grown in osteogenic base media
(OBM), consisting of OGM, 10 mM B-glycerol phosphate, and
50 ng/mL L-ascorbic acid (Fisher Scientific). At day 1, 4, and 7,
cells were washed with PBS, permeabilized with 10 mM
N-2-hydroxyethylpiperazine-N'-2-cthanesulfonic acid (HEPES)
pH 6.9, 50 mM NaCl, 3 mM MgCl,, 300 mM sucrose, and
1 mM ethylene glycol tetraacetic acid (EGTA) with 0.5% Triton
X-100 for one minute, washed, and then permeabilized again for
30 seconds in the same buffer before fixation. Cells were then fixed
with 4% paraformaldehyde in PBS. These short permeabilization
steps prior to fixation remove cytosolic vinculin as previously
described [28]. Cells were washed with Tris-buffered saline
(250 mM Tris, 27 mM KCl, 1.37 M NaCl pH 7.4; TBS, Fisher
Scientific)+0.1% Triton X-100 (ITBS-T) prior to blocking. Cells
were then blocked with Abdil (2% bovine serum albumin in TBS-
T) for 20 minutes and washed again with TBS-T. Cells were then
incubated with Oregon Green 488 Phalloidin (Invitrogen) to stain
F-actin (1:40) and mouse anti-human vinculin (1:250) to label focal
adhesions in Abdil for 45 minutes. Following incubation, a TBS-T
wash was used to remove unbound antibodies. Cells were then
incubated for 45 minute with goat anti-mouse Alexa Fluor 594
(Invitrogen) in Abdil (1:450). Cells were then washed in TBS-T at
least three times. Stained MSCs on PMMA substrates were
imaged on the Olympus IX81 microscope equipped as described
above.

Measurement of Cell Alignment

To determine the alignment of MSCs with respect to their
underlying topography measurements were made using Image J at
day 1, 4 and 7. First, the angle of the gratings was determined
relative to the horizontal using the measure angle feature in Image
J. Next, the long axis (with respect to the horizontal) of a minimum
of 36 cells on each substrate was measured. The orientation angle
was then computed. An angle of 0° represents perfect alignment
with the underlying topography, 45° represents random orienta-
tion, and 90° represents a cell that is perpendicular to the

topography.

Focal Adhesion size

Images were taken on the Olympus IX81 as described above,
converted to grey scale and processed with a high-band pass filter
using Metamorph Premier (v 7.7.2.0, Molecular Devices,
Sunnyvale, CA) to sharpen and enhance the focal adhesions.
Focal adhesion size was determined by tracing a line along the
length of the adhesion of interest and measured using the
‘Measure’ feature in Image J similar to the procedure described
previously [29]. A minimum of 90 adhesions were analyzed per
condition.

Osteogenic differentiation

PMMA films were prepared and sterilized as described above.
For osteogenic differentiation, MSCs were seeded at 5,000 cells/
em? in a 24-well plate for functional assays. Cells were cultured in
OBM as described above and as previously reported [30,31].
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Alkaline phosphatase assays

Cellular alkaline phosphatase (ALP) activity was measured at 1,
7, and 14 days, as previously described [12]. Briefly, cells were
rinsed with PBS and lysed using passive lysis buffer (Promega,
Madision, WI). 10 mM Tris-HCl (pH 7.4) was added to the
lysates; they were then briefly vortexed and centrifuged at
10,000 rpm for 10 minutes. ALP activity was assayed at 37°C in
a buffer containing 100 mM glycine (Biorad, Hercules, CA) and
1 mM MgCl, (Fisher Scientific) (pH 10.5) for 20 minutes using p-
nitrophenol phosphate (pNPP; Fisher Scientific) (50 mM) as a
substrate. The reaction was terminated using 0.1 N NaOH (Fisher
Scientific). The amount of pNPP liberated was determined
spectrophotometrically using a Genova MK3 (Jenway, Stafford-
shire, United Kingdom) spectrophotometer at 405 nm. ALP
activity (units/mlL) was normalized by total protein levels for each
specimen. A minimum of three samples were assayed for each
condition.

Cells were also stained to visualize ALP activity. After an initial
PBS rinse, cells were fixed with 4% paraformaldehyde in PBS for
one minute and rinsed with ultrapure water twice. Cells were then
rinsed in TBS-T and stained with a 0.08 M Tris buffer (pH 8.2)
with 0.8 mg/mL of Fast Blue RR salt and 67.2 pg/mL napthol
AS-MX phosphate powder for 10 minutes while protected from
light, similar to procedures described elsewhere [17,32]. After
staining, cells were rinsed in DD water for one minute and then
rinsed with TBS-T prior to imaging. Images were taken on an
Olympus IX81 with a DP25 color camera.

Von Kossa staining

Cells were rinsed 2X in PBS and then fixed in 4%
paraformaldehyde in PBS at 4°C for 30 minutes after 14 and 21
days in OM. After fixation, cells were rinsed in ultrapure water 3X
and then immersed in 5% AgNOj and subjected to UV light
(~365 nm) for 40 minutes. After UV exposure cells were rinsed
3X in DD water. The cells were then rinsed in sodium thiosulfate
for 3 minutes and rinsed in DD water 3X. Images were taken on
an Olympus IX81 with a DP25 color camera.

Calcium quantification

Calcium content in osteogenic cultures was quantified using the
ortho-cresolphthalein complexone (OCPC) method, as previously
described [33,34]. Cells were initially sceded at 5000 cells/cm? on
sterile PMMA films as described above. To account for any
differences in cell number, MSCs were counted by quantifying
DAPI-stained nuclei as described above; the total numbers of cells
after 14 and 21 days of culture on each substrate were used to
normalize the total calcium levels. After cell number determina-
tion, cells were washed in PBS before incubation in 1 mL of 1 N
acetic acid overnight. The OCPC solution was prepared by adding
OCPC to DD water with 1 N KOH (Acros) and 1 N acetic acid
(Fisher Scientific). The dissolved solutions (10 puL. per replicate)
were then mixed with a working solution (300 uL per replicate) of
OCPC solution and ethanolamine/boric acid/8-hydroxyquinoline
buffer. Absorbance values were recorded using a Thermo
Scientific Multiskan Spectrum spectrophotometer at 570 nm.
Calcium values were quantified via a standard curve from 0 to
150 ug/mkL. Specimens and standards were assayed in triplicate.
Three samples of each condition were analyzed. Values were
normalized to account for potential differences in cell number and
substrate surface area, and then by the average calcium level
observed after 14 days on smooth PMMA.
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Scanning electron microscopy (SEM)

At day 21, cells were washed in PBS and subsequently fixed for
20 minutes in 4% PFA in PBS. After fixation, cells were washed
twice in ddH2O and allowed to air dry overnight. The specimens
were sputter-coated with gold and examined with a Phillips
XL30FEG SEM equipped with an EDAX Phoenix X-ray energy
dispersive spectrometer (XEDS). A working distance of 10 mm
and an accelerating voltage of 15 kV were used for XEDS mineral
chemical micro-analysis. A minimum of three areas from three
distinct fields of view were scanned for 60 seconds to determine
Ca:P ratios. Hydroxyapatite (HA) and mouse femur were used as
controls. Briefly, hydroxyapatite powder was embedded in a
viscous polymer resin and allowed to dry overnight at 40°C. The
femur section was harvested from an 8-week old mouse and fixed
in 4% paraformaldehyde in PBS for 2 days. The tissue was
dehydrated in graded solutions of ethanol over 5 days, and then
embedded in methyl methacrylate (MMA) using benzoyl peroxide,
nonylphenyl polyethylene glycol acetate, and N,N-dimethyl-p-
toluidine. After embedding, the tissue was sectioned into ~100 pm
thick slices. Both HA and femur controls were sputter-coated with
gold.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism
software. All data were assessed for normality (where appropriate)
using the D’Agostino-Pearson normality test. When appropriate,
one-way ANOVA or the Kruskal-Wallis analysis with the
respective post-hoc (Tukey or Dunn’s) test was performed. Data
are reported as means * standard deviations. Significance was set
at p<<0.05.

Results

Nanotopography on PMMA films is confirmed by AFM

PMMA films with nanotopographic features were fabricated
using UV-assisted capillary force lithography (Figure 1). The
topographic dimensions of the films were confirmed using AFM.
As expected, the films had similar dimensions to the Si master
molds that were used for polymerization, and the substrates were
designated G415, G303, and G140 based on these dimensions
(Table 1; Figure 2).

Contact angle measurements illustrate anistropic
wettability

Measurements of contact angle using water and diiodomethane
revealed contact angle anisotropy (Figure 3). Our results are in
agreement with reports that suggested that as groove depth
increases the contact angle decreases [35] and anistropic wetting
increases as groove depth increases [36] as observed in our contact
angle measurements on nanoPMMA parallel to the gratings
(Figure 3B). Additionally, measurements of contact angles
orthogonal to the gratings showed an increase. This increase is
due to pinning at the grating wall as additional energy is needed
for the drop to continue spreading orthogonal to the gratings.
Thus, spreading is preferential along the grooves rather than
perpendicular to the grooves as the energy cost is lower. [37]

Surface free energy calculations illustrate slight
differences and anisotropy

Using the contact angle measurements, we then calculated the
surface free energy of each surface using the approximation from
Owens and Wendt for polymers. [26] We realize that this
approximation may not fully model the physical situation,
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Figure 2. Capillary assisted UV lithography produced thin film substrates with nanotopography. (A) Scanning electron microscopy
(SEM) was utilized to image nanoPMMA films. Micrographs confirm the presence of nanoscale dimensions in all three of the different film types
utilized in this study: G415, G303, and G140 (scale bar =1 micron). (B) lllustrations show the approximate dimensions (height and width) of the PMMA
films. (C) Atomic force microscopy was used to confirm that PMMA films had the expected nanotopographic features (see Table 1 for dimensions).

doi:10.1371/journal.pone.0090719.g002

however, to the best of our knowledge, most theoretical
thermodynamic approximations for microscale and nanoscale
gratings have yet to be verified experimentally.[38—40] Experi-
mental validation is important as the Wenzel and Cassie theories
do not always hold up in practice; three phase contact line
approaches seem to be more valid. [41] One report validated
contact angle measurements parallel to micro and nanogratings (in
agreement with Wenzel) but did not discuss SFE estimations
different than Owens and Wendt. [42] The surface free energy of
smooth PMMA was calculated to be 40.0 mN/m, very similar to
the 40.2 mN/m value reported by Owens and Wendt. Our SFE
calculations for nanoPMMA revealed changes in values depending
on the direction of measurement (Table 2). SFE parallel to the
gratings was higher for G415 and G303 surfaces and slightly lower
but similar for G140 surfaces compared to smooth PMMA SFE.
Perpendicular SFE values were slightly lower than smooth PMMA
SFE and lower than SFE for nanofilms parallel to nanogratings.
These values are similar to those reported previously. [27] Our
calculations confirm nanoPMMA film anisotropy.

PLOS ONE | www.plosone.org

MSCs cultured on nanotopography show altered

alignment and proliferation

Initial cell attachment was not significantly altered on
nanotopography (Figure 4A). Cells did start to elongate after
4 hours on nanotopography (Figure 4B). MSCs preferentially
oriented parallel to the alignment of the nanotopography
(Figure 4C.D). At day 1, cells cultured on G415 and G303
surfaces were significantly more aligned compared to those
cultured on smooth and G140 PMMA. On G415, G303, and
G140 PMMA films, MSCs had an eclongated shape and were
predominately aligned parallel to the underlying topography
(Figure 4D). Cells grown on smooth PMMA were spread but
showed no preferential alignment (Figure 4D). Quantitatively,
nanotopographic substrates of all feature sizes significantly
influenced cell alignment on both day 4 and day 7 compared to
smooth PMMA controls (Figure 4C). Cell proliferation was
assessed by counting DAPI-stained cell nuclei on days 4, 7, and
14. Increases in cell nuclei were not significantly altered on
PMMA nanotopography compared to smooth controls at day 4
and day 7 (Figure 4E). By day 14, total cell number was
significantly higher on all topographies compared to smooth
controls. These data suggest that topography can be influential on
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Figure 3. Contact angle measurements show anisotropy dependent on surface orientation. (A) Images illustrating wettability of water or
diiodomethane on smooth or G415 PMMA films. Insets on G415 images show the direction of the underlying topography (L indicates a drop
perpendicular to the long axis of the topography; || indicates a drop parallel to the long axis of the topography). Contact angle anisotropy can be
observed on the G415 surfaces and also occurred on other nanoPMMA films (data not shown). (B) Graphs illustrate the quantification of the contact
angles both parallel and perpendicular to the grating direction. Significant differences were seen between smooth PMMA and G415 and G303
(parallel) for water and DIM ($) contact angles ($). All surfaces, when perpendicular contact angles for nanoPMMA were compared to smooth PMMA
for both liquids, were significant. W indicates contact angle measurement of water; DIM indicates indicates contact angle measurement of
diiodomethane. All significance was p<<0.05 (or smaller), n=3.

doi:10.1371/journal.pone.0090719.g003

cell proliferation after two weeks but does not significantly impact MSCs cultured on nanotopography exhibit altered
proliferation at earlier time points (day 4 and 7). cytoskeletal structures and focal adhesions
F-actin in cells grown on nanotopography was organized
parallel to the underlying surface topography, while cells cultured

Table 2. Calculated surface free energy values for PMMA films.

(mN/m) Smooth G415 || G303 || G140 || G415 L G303 L G140 L
s 354 40.2 394 33.1 310 326 328
vh 46 57 6.0 6.1 0.1 16 1.2

Total e ] 400 459 455 392 311 342 340

doi:10.1371/journal.pone.0090719.t002
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Figure 4. Nanotopography modulated MSC alignment and proliferation but did not modulate initial adhesion. (A) Similar numbers of
MSCs adhered to all PMMA surfaces after four hours as quantified by DAPI stained cells. (B) Phase contrast images illustrate that cell adhesion was
similar on all PMMA surfaces after four hours. Scale bar represents 100 um. (C) Quantification of MSC alignment revealed significantly more MSC
alignment (denoted by alignment angles closer to 0°, parallel to the underlying topography) on G415 and G303 substrates relative to smooth PMMA
at all times points. Significant differences in alignment were also observed on G140 substrates (relative to smooth PMMA) at day 4 and 7. Data are
plotted in a box and whiskers format, with the horizontal bars representing the medians, the boxes denoting the 25th and 75th confidence intervals
of the data, and the whiskers denoting the boundaries of the 5th and 95th intervals. A minimum of 36 cells were analyzed for each of the conditions
at each time point (nearly all the data sets were non-normally distributed, hence Kruskal-Wallis analysis was used, see Materials and Methods). (D)
MSCs cultured on patterned PMMA aligned parallel to the direction of the nanotopography, as shown in these representative images following 14
days of culture. Scale bar represents 100 um. (E) MSCs grown on G415 (p<<0.005) and G140 (p<0.05) substrates proliferated at statistically greater
rates compared to smooth PMMA after 14 days. Error bars represent standard deviation, n=3 for day 4, 7 and n=>5 for day 14 (* p<<0.05, ** p<<0.01,
**% £<0,005).

doi:10.1371/journal.pone.0090719.g004
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on smooth surfaces exhibited F-actin arranged randomly
(Figure 5A). Vinculin, a key structural component of focal
adhesions [43,44], also showed altered expression patterns on
substrates containing nanotopography. Vinculin staining from day
7 cultures revealed elongated focal adhesions that were aligned
parallel to the underlying topography (Figure 5B). Focal adhesions
in cells grown on smooth films were randomly arranged around
the cell periphery and were not as elongated. Quantification of
focal adhesion size using Image ] revealed that they were not
significantly elongated at day 1 and day 4 on G415, G303, and
G140 films compared to smooth PMMA (Figure 5C). After 7 days,
focal adhesions were significantly longer on G415 and G303 films
compared to G140 and smooth PMMA surfaces (Figure 5B,C).
Histograms of the focal adhesion size distributions at day 7 not
only revealed the differences in focal adhesion lengths between
smooth PMMA and nanotopographic films, but also showed that
the larger adhesions are present more frequently in cells cultured
on the G415 and G303 films (Figure 5D).

Nanotopography did not enhance ALP activity in MSCs
ALP, a marker of the early stages of osteogenic differentiation
[43], was assessed using the Fast Blue RR stain at day 1, 7, and 14,
(Figure 6A), illustrating that ALP activities of the MSCs was
similar on all substrates on day 7. To verify these qualitative
observations, ALP activities were also quantified using the
colorimetric pNpp assay. Results from this assay revealed that
ALP activities increased with culture time on all substrates, but
confirmed that nanotopography induced no significant changes
(relative to smooth controls) after 1, 7, or 14 days (Figure 6B).

Calcium levels are minimally enhanced on
nanotopography at day 14

To assess the influence of nanotopography on the ability of
MSCs to produce a mineralized matrix, the amount of deposited
calcium was quantified after 14 and 21 days of culture using the
OCPC assay (Figure 7A, B). To ensure that differences in cell
proliferation on the PMMA films had no impact on the levels of
calcium observed, the results were normalized by cell number (see
Materials and Methods for details). Increases in calcium deposition
on nanotopography (G303 and G140 films) were observed relative
to smooth PMMA after 14 days (Figure 7B). No significant
differences were observed after 21 days in culture when comparing
nanotopography to smooth PMMA, though calcium levels were
approximately 2 to 3 times higher on G303 and G140 surfaces.
Significant increases in calcium deposition occurred when
comparing G415 at day 21 versus day 14 (with similar results
for G303 and G140 films); a statistically insignificant increase was
observed on smooth PMMA.

Mineral Ca:P ratios are influenced by nanotopography
To assess composition, mineral deposits were stained via the
Von Kossa method to visualize the presence of phosphates [46].
Topographic and smooth surfaces stained positive for phosphates
(data not shown). Additionally, deposited mineral was observed
using SEM (Figure 8A). To determine the presence of calcium and
phosphorous, XEDS was used. Analysis showed that there were
significant differences in the Ca:P ratio (Figure 8B). Mineral
deposited on G415 films was the most similar to bone (Ca:P ratio
1.39 and 1.32 respectively) For reference, we observed the Ca:P
ratio in hydroxyapatite to be 1.65 (theoretical ratio 1.67). Ca:P
ratios in mouse femur were significantly higher than on G140, and
smooth PMMA films and mineral on G415 films Ca:P ratios were
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significantly higher than on G303, G140, and smooth PMMA
films.

Discussion

The ECM is a multifaceted instructive material that plays an
important role in both normal and pathologic development, and is
central in many regenerative strategies. Over the past 10-15 years,
an increasing number of studies emphasizing the ECM’s physical
features, including its mechanical rigidity and its topography, have
shown that cells sense and respond to ECM cues beyond just the
adhesive ligands known to bind integrin receptors. In this study,
we created PMMA substrates with nanoscale gratings via capillary
assisted UV lithography and used them to assess the potential
functional influence of ECM topography on the osteogenic
phenotype of MSCs. Cell alignment and proliferation were both
influenced by topography, consistent with numerous prior studies.
However, assessments of calcium quantity and composition
showed that PMMA nanotopography, at least of the feature sizes
studied here, was not in fact a strong driver of an osteogenic
phenotype  vitro.

After quantitatively confirming the features molded on PMMA
films, we investigated the wettability and calculated surface free
energies from contact angle measurements. The anisotropy of the
surface features was reflected in the contact angle measurements
and the surface free energy calculations. Our calculated surface
energies for smooth PMMA were similar to values reported by
Owens and Wendt and our nanoPMMA SFE values were similar
to those in a previous report [26,27]. Next, we investigated the
influence of nanotopography on the shape, alignment, prolifera-
tion, and initial adhesion of MSCs on PMMA gratings. Our results
confirm that topography did alter cell shape, alignment at day 1, 4,
and 7, and proliferation at day 14, but did not influence the
number of MSCs that initially attached to the surface. Numerous
other studies have reported that nanoscale gratings induce similar
changes in the alignment of a wide range of cell types, including
smooth muscle cells [47], fibroblasts [48], rat osteoblasts [49],
cardiac myocytes [50], and even MSCs [3,51,52]. Prior studies
have suggested that cell orientation (of macrophages and
fibroblasts) may also be dependent on groove depth [53,54].
Our results showed greater alignment on nanopatterns with
greater depth (G415-depth 200 nm; see Table 1); however, in our
study, grating width also varied. Thus, the increased alignment we
observed cannot solely be attributed to increased grating depth.
Furthermore, nanoscale gratings on PMMA films increase the
available surface area (up to 79% greater surface area) compared
to smooth PMMA films. This increase in surface area combined
with the increased cell alignment may increase the available space
for cell growth, providing a possible explanation for the increased
proliferation observed on PMMA substrates with nanotopography.

Because we observed changes in shape, alignment, and (to a
lesser degree) proliferation of MSCs cultured on nanotopography,
we next examined the actin cytoskeleton and focal adhesions.
Fluorescent images of the actin network revealed that the
cytoskeleton was oriented parallel to the underlying topography
when MSCs were cultured on patterned substrates. The focal
adhesions also exhibit some degree of aligned orientation parallel
to the topography, but the effect was less pronounced on the G140
substrates (those with the smallest gratings, and closest in
topography to the smooth substrates). Quantification of the focal
adhesion sizes showed that the G415 and G303 substrates not only
supported more clongated, fibrillar adhesions than the G140 or
smooth substrates, but also that these larger adhesions were
present in MSCs at higher frequencies. A prior study also
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Figure 5. MSCs grown on nanotopography exhibit aligned actin cytoskeletons and more elongated focal adhesions. (A)
Representative fluorescent photomicrographs of MSCs cultured on PMMA substrates for 4 days revealed the aligned orientation of the actin
cytoskeleton in cells cultured on patterned substrates. Arrows indicate the orientation of the underlying topography (in A and B). Scale bar represents
25 um. (B) Representative fluorescent photomicrographs (contrast enhanced to show differences) of MSCs cultured on PMMA substrates for 7 days
following permeabilization, fixation, and staining of vinculin revealed qualitatively more elongated focal adhesions on substrates with larger
topographic features (G415). Scale bar represents 25 um. (C) Quantification of (unenhanced images of) focal adhesion size using Image J from cells
cultured for 1, 4, and 7 days on PMMA substrates revealed no significant increases in focal adhesion size on the nanoPMMA substrates relative to
smooth controls on Day 1 and Day 4. On Day 7, focal adhesions were significantly longer on G415 and G303 films compared to G140 and smooth
PMMA surfaces. Data are plotted in a box and whiskers format, with the horizontal bars representing the medians, the boxes denoting the 25th and
75th confidence intervals of the data, and the whiskers denoting the boundaries of the 5th and 95th intervals. A minimum of 90 adhesions was
assessed per condition (nearly all the data sets were non-normally distributed, hence Kruskal-Wallis analysis was used, see Materials and Methods, *
p<<0.05, *** p<<0.005). (D) Histograms of the focal adhesion size distributions at day 7 showed that larger adhesions are present more frequently in
cells cultured on the G415 and G303 films. The numbers on each graph represent the mean (+/—S.D.) adhesion size (in um) for MSCs cultured on the
PMMA substrates.

doi:10.1371/journal.pone.0090719.g005
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Figure 6. Alkaline phosphatase activities were not altered by culturing MSCs on nanotopography. (A) Micrographs of MSCs stained for
active ALP after 7 days in osteogenic media (OBM) revealed no qualitative differences on PMMA nanotopgraphy. Scale bar represents 100 um. (B)
Quantification also revealed no significant differences in ALP activity for MSCs grown on nanotopography versus smooth PMMA substrates. The
control group represents MSCs grown on smooth PMMA in osteogenic growth media (OGM).Data represent mean +/— standard deviation (n=3 for
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doi:10.1371/journal.pone.0090719.g006

mvestigated focal adhesion size of human osteoprogenitor cells
grown on PMMA surfaces with nanopits or microgratings, and
reported a decrease in focal adhesion number and size on
topographic surfaces compared to planar PMMA [10]. Similar
findings were reported on polycarbonate [55]. Another study
reported a decrease in the levels of zyxin, a molecular marker of
mature focal adhesions, in hMSCs grown on 350 nm gratings of
polydimethylsiloxane, suggesting that topography may disrupt
focal adhesion maturation [4]. In our case, certain topographic
sizes (G415 and G303) actually supported larger adhesions than
smooth substrates, suggesting that the correlation between
adhesion size and nanotopography is likely a strong function of
the size, shape, and chemistry of the nanoscale feature.

To characterize the influence of PMMA nanotopography on
the osteogenic phenotype of MSCis, we focused on ALP activity
and mineral deposition. ALP effectively increases the relative
concentration of extracellular phosphate leading to more favorable
conditions for hydroxyapatite formation [22]. Our results showed
that MSCs expressed ALP to similar levels and activities on all
PMMA substrates investigated, regardless of topography. Char-
acterization of mineral deposition via qualitative von Kossa
(phosphate) staining and a quantitative calcium assay revealed
no significant increase in mineralization on topography after 21
days of culture in the presence of osteoinductive supplements.
However, our data do suggest that topography may alter mineral
quality by modulating the Ca:P ratio, as MSCs grown on G415
substrates produced mineral with a similar ratio as mouse bone.
Other surfaces produced a highly calcium deficient mineral. In vivo
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bone is inherently calcium deficient, especially when newly
formed, with reported calcium phosphate ratios of approximately
1.5 to 1.6 in rat and bovine specimens [56,57]. Low i vivo Ca:P
ratios are often associated with osteogenesis imperfecta, which
may be related to non-ideal collagen fibril sizes [58]. G415
surfaces may potentially accelerate the maturity of newly formed
HA minerals due to a collagen matrix more representative of that
found in bone. Additional investigation is needed to address this
possibility.

Many prior studies have investigated the influence of substrate
nanotopography on the osteogenic phenotype of MSCs, but there
are substantial discrepancies that remain to be resolved. Several
reports claim that nanoscale features can control the osteogenic
differentiation of MSCs [14,59], but the topography utilized in
those studies was composed of nanoscale pits rather than the
gratings used here. Likewise, numerous other studies have
reported that nanoscale cues can induce the expression of
osteogenic genes in MSCs [14,59,60], but did not characterize
mineral quantity and quality as we did here. One study that
characterized mineral deposited by rat osteoblast-like cells
cultured on nanotopography showed that the mineral contained
calcium and phosphorous and aligned parallel to the underlying
topography [49]. However, neither the amount of calcium nor the
Ca:P ratio were assessed. Another study showed that rat MSCs
grown on polystyrene nanogratings had lower ALP levels than did
those grown on flat substrates, but there were no significant
differences in calcium deposition on topography relative to flat
controls [52]. Most similar to our study, hMSCs grown in
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Figure 7. Calcium deposition was minimally influenced on nanotopgraphy. (A) Representative phase microscopy images illustrating
mineral formed on PMMA films after MSCs were grown for 21 days in osteogenic mineralization media (OBM). Arrows indicate the direction of the
underlying topography. Scale represents 200 um. (B) Quantification of total calcium levels showed that G303 and G140 PMMA nanotopographic
substrates supported slightly higher levels of calcium deposition on day 14 (* p<<0.05). However, there were no significant differences after 21 days
(n=3). Symbols %, $ and ! all indicate significant differences (* p<<0.05) between day 14 and day 21 time points for the respective conditions.

doi:10.1371/journal.pone.0090719.g007

osteogenic media on polyurethane gratings of 200 nm width and
300 nm depth showed increased deposition of calcium compared
to smooth films at day 7, but not at day 14 or 21 [3]. Other sizes
(700 nm and 2000 nm width) did not increase calcium deposition.

Besides differences in characterization methods and functional
assessments of phenotype, there are many other possible reasons
for the disparate observations regarding nanotopograhpy and
MSC osteogenic differentiation in the literature. Amongst the most
obvious are differences in material chemistry and topographic
feature size. A wide variety of materials have been imprinted with
topographic cues of a variety of shapes and sizes. In the case of
nanotopographic gratings like those we have used here, there are
studies that have used polystyrene [49,52], polyurethane [3], and
PDMS [20,51], among others. Differences in material surfaces
(due to different material chemistries, treatments, or topographies)
are likely to influence the SFE [61] and thus the wettability [62],
perhaps leading to changes in identity and conformation of
adsorbed proteins [63-65]. Changes in protein conformation have
been linked to differences in topography [64] and result in altered
cell behavior [66-68]. Surface features that change the SFE
landscape, therefore, may be at least partially responsible for the
observed changes in cell behavior.

Our results suggest that the slight differences in calculated SFE
had little influence on the osteogenic phenotype of MSCs. This
finding indicates that either SFE differences observed here were
not sufficient to alter the protein landscape or the competitive
adsorption from FBS mitigated any changes in ECM identity,
spatial presentation, or conformation that could have potentially
enhanced the osteogenic potential of MSCs on nanoPMMA. Since
ECM ligand identity [69,70] and spatial presentation [71] are
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already known to be strong determinants of the osteogenic fate of
MSCs, it may very well turn out that specific surface chemistries
and nanotopographic features may indirectly alter ligand identity
and spatial presentation to impact cell fate, perhaps in much the
same way (and via the same mechanisms) as matrix elasticity.
However, with the wide range of materials and topographies
available for study, attaining consensus regarding the instructive
role of topography on differentiation remains a significant
challenge.

A number of previous studies combine physical topography with
a single type of ECM protein (via coating, stamping etc.)
[16,17,50,66]. The single adhesion cue coupled with topography
could be a strong driver of the various cell behaviors observed. In
contrast, we investigated the influence of topography and
uncontrolled protein adsorption from FBS on MSC osteogenic
behavior in an attempt to replicate iz vivo implant-protein
environments [72]. Multiple ECM proteins in FBS are known to
adsorb to surfaces, hence the osteogenic influence of one protein
type may be masked by the presence of other proteins due to the
abundance of multiple and varied adhesion epitopes. Disparate
ligand identity has shown to play a varied role on MSC’s
osteogenic differentiation [70,73], thus competition for a number
of ECM adhesion epitopes likely hinders activation of an
osteogenic phenotype, preventing any topographic differentiation
enhancement from being evident.

In this study, we focused on PMMA because of its application as
a bone cement in orthopedic applications [24,25], motivated by
the possibility that simply imprinting nanotopographic cues on an
FDA-approved orthopedic material might enhance osteointegra-
tion and bone healing. Ultimately, whether or not nanotopogra-
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phy can be used to enhance bone formation and implant
integration will depend on studies demonstrating its utility i vivo.
A recent study created nanotopography on titanium implants.
They found increased bone to implant contact area on most
nanograting surfaces compared to the control at 4 and 8 weeks [1].
Mechanical stability of the implants was not assessed. Implants
capable of promoting tissue integration and lamellar bone could
reduce recovery time and reduce patient discomfort. Thus,
topography may turn out to be important clinically, but further
investigations are needed.

Conclusion

In this study, we showed that MSC alignment, focal adhesion
and cytoskeleton assembly, and proliferation are all influenced by
nanotopographic gratings of PMMA in the 140415 nm size
range. However, using both qualitative and quantitative assess-
ments of mineralization, we conclude that PMMA nanotopgraphy
is a poor driver of the ostegenic differentiation of MSCs i vitro.

References

1. Prodanov L, Lamers E, Domanski M, Luttge R, Jansen JA, et al. (2013) The
effect of nanometric surface texture on bone contact to titanium implants in
rabbit tibia. Biomaterials 34: 2920-2927.

2. Kim J, Kim HN, Lim KT, Kim Y, Pandey S, et al. (2013) Synergistic effects of
nanotopography and co-culture with endothelial cells on osteogenesis of
mesenchymal stem cells. Biomaterials 34: 7257-7268.

PLOS ONE | www.plosone.org

Differences in Ca:P ratios present in deposited mineral were
influenced by topographic surfaces with specific feature sizes,
suggesting that certain feature sizes might enhance maturation of
deposited mineral.

Acknowledgments

We acknowledge Dr. Anish Tuteja, Sai Pradeep Reddy Kobaku, Dr.
Mohamed El-Sayed, Dr. Scott Medina, and Dr. Rameshwar Rao for
equipment access and assay technical advice. We also thank the staff of
Electron Micro Analysis Laboratory for assistance with and use of
instrumentation. Finally, we thank Michael Starbuck of the Bone
Histomorphometry Core Laboratory at the MD Anderson Cancer Center
of the University of Texas for help with bone sectioning.

Author Contributions

Conceived and designed the experiments: IA] YPK AJP. Performed the
experiments: IA] YPK. Analyzed the data: IA] AJP. Contributed reagents/
materials/analysis tools: IA] YPK AJP. Wrote the paper: IA] YPK AJP.

3. Watari S, Hayashi K, Wood JA, Russell P, Nealey PF, et al. (2012) Modulation
of osteogenic differentiation in hMSCs cells by submicron topographically-
patterned ridges and grooves. Biomaterials 33: 128-136.

4. Kulangara K, Yang Y, Yang J, Leong KW (2012) Nanotopography as
modulator of human mesenchymal stem cell function. Biomaterials 33: 4998
5003.

5. Rao MS, Mattson MP (2001) Stem cells and aging: expanding the possibilities.
Mechanisms of Ageing and Development 122: 713-734.

March 2014 | Volume 9 | Issue 3 | 90719



20.

21.

22.

26.

27.

28.

30.

31.

32.

. De Coppi P, Bartsch G, Siddiqui MM, Xu T, Santos CC, et al. (2007) Isolation

of amniotic stem cell lines with potential for therapy. Nature Biotechnology 25:

100-106.

. Yen ML, Hou CH, Peng KY, Tseng PC, Jiang SS, et al. (2011) Efficient

Derivation and Concise Gene Expression Profiling of Human Embryonic Stem
Cell-Derived Mesenchymal Progenitors (EMPs). Cell Transplantation 20: 1529~
1545.

Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, et al. (2009) Control of
Stem Cell Fate by Physical Interactions with the Extracellular Matrix. Cell Stem
Cell 5: 17-26.

. Huebsch N, Mooney DJ (2011) A Role for Integrin-ECM Bonds as

Mechanotransducers that Modulate Adult Stem Cell Fate. Mechanobiology of
Cell-Cell and Cell-Matrix Interactions: 23-46.

. Biggs MJP, Richards RG, Gadegaard N, Wilkinson CDW, Oreffo ROC, et al.

(2009) The use of nanoscale topography to modulate the dynamics of adhesion
formation in primary osteoblasts and ERK/MAPK signalling in STRO-
I+enriched skeletal stem cells. Biomaterials 30: 5094-5103.

. Khatiwala CB, Kim PD, Peyton SR, Putnam AJ (2009) ECM Compliance

Regulates Osteogenesis by Influencing MAPK Signaling Downstream of RhoA
and ROCK. Journal of Bone and Mineral Research 24: 886-898.

. Khatiwala CB, Peyton SR, Metzke M, Putnam AJ (2007) The regulation of

osteogenesis by ECM rigidity in MC3T3-E1 cells requires MAPK activation.
Journal of Cellular Physiology 211: 661-672.
Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem
cell lineage specification. Cell 126: 677-689.

. Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, et al. (2007) The

control of human mesenchymal cell differentiation using nanoscale symmetry
and disorder. Nature Materials 6: 997-1003.

. Khang D, Choi J, Im YM, Kim Y], Jang JH, et al. (2012) Role of subnano-,

nano- and submicron-surface features on osteoblast differentiation of bone
marrow mesenchymal stem cells. Biomaterials 33: 5997-6007.

. Kilian KA, Bugarija B, Lahn BT, Mrksich M (2010) Geometric cues for

directing the differentiation of mesenchymal stem cells. Proceedings of the
National Academy of Sciences of the United States of America 107: 4872-4877.

. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Cell shape,

cytoskeletal tension, and RhoA regulate stem cell lineage commitment.

Developmental Cell 6: 483-495.

. Prodanov L, te Riet J, Lamers E, Domanski M, Luttge R, et al. (2010) The

interaction between nanoscale surface features and mechanical loading and its
effect on osteoblast-like cells behavior. Biomaterials 31: 7758-7765.

. Wood JA, Ly I, Borjesson DL, Nealey PF, Russell P, et al. (2012) The

modulation of canine mesenchymal stem cells by nano-topographic cues.
Experimental Cell Research 318: 2438-2445.

Yim EKF, Darling EM, Kulangara K, Guilak F, Leong KW (2010)
Nanotopography-induced changes in focal adhesions, cytoskeletal organization,
and mechanical properties of human mesenchymal stem cells. Biomaterials 31:
1299-1306.

Weiner S, Wagner HD (1998) The material bone: Structure mechanical function
relations. Annual Review of Materials Science 28: 271-298.

Allori AC, Sailon AM, Warren SM (2008) Biological basis of bone formation,
remodeling, and repair - Part II: Extracellular matrix. Tissue Engineering Part

B-Reviews 14: 275-283.

. Kerschnitzki M, Wagermaier W, Roschger P, Seto J, Shahar R, et al. (2011) The

organization of the osteocyte network mirrors the extracellular matrix
orientation in bone. Journal of Structural Biology 173: 303-311.

. Lewis G (2011) Viscoelastic properties of injectable bone cements for

orthopaedic applications: State-of-the-art review. Journal of Biomedical
Materials Research Part B-Applied Biomaterials 98B: 171-191.

. Jaberi J, Gambrell K, Tiwana P, Madden C, Finn R (2013) Long-Term Clinical

Outcome Analysis of Poly-Methyl-Methacrylate Cranioplasty for Large Skull
Defects. Journal of Oral and Maxillofacial Surgery 71: E81-E88.

Owens DK, Wendt RC (1969) Estimation of Surface Free Energy of Polymers.
Journal of Applied Polymer Science 13: 1741-&.

Liu YJ, Loh WW, Leong ESP, Kustandi TS, Sun XW, et al. (2012)
Nanoimprinted ultrafine line and space nanogratings for liquid crystal
alignment. Nanotechnology 23.

Cunningham ][], Linderman [J, Mooney DJ (2002) Externally applied cyclic
strain regulates localization of focal contact components in cultured smooth
muscle cells. Annals of Biomedical Engineering 30: 927-935.

. Peyton SR, Raub CB, Keschrumrus VP, Putnam AJ (2006) The use of

poly(ethylene glycol) hydrogels to investigate the impact of ECM chemistry and
mechanics on smooth muscle cells. Biomaterials 27: 4881-4893.

Krause U, Seckinger A, Gregory CA (2011) Assays of Osteogenic Differentiation
by Cultured Human Mesenchymal Stem Cells. Mesenchymal Stem Cell Assays
and Applications 698: 215-230.

D J.P Prockop GD, B. . Bunnell (2008) Mesenchymal Stem Cells: Methods and
Protocols. Totowa, New Jersey: Humana Press.

Burstone MS (1958) Histochemical demonstration of acid phosphatases with
napthol AS-phosphates. Journal of the National Cancer Institute 21: 523-539.
Ter Brugge PJ, Jansen JA (2002) In vitro osteogenic differentiation of rat bone
marrow cells subcultured with and without dexamethasone. Tissue Engineering

8: 321-331.

PLOS ONE | www.plosone.org

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

54.

56.

57.

58.

59.

60.

61.

NanoPMMA Films Do Not Enhance MSC Osteogenesis

. Rao RR, Jiao A, Kohn DH, Stegemann JP (2012) Exogenous mineralization of

cell-seeded and unseeded collagen-chitosan hydrogels using modified culture
medium. Acta Biomaterialia 8: 1560-1565.

. Yong X, Zhang LT (2009) Nanoscale Wetting on Groove-Patterned Surfaces.

Langmuir 25: 5045-5053.

Zhao Y, Lu QH, Li M, Li X (2007) Anisotropic wetting characteristics on
submicrometer-scale periodic grooved surface. Langmuir 23: 6212-6217.
Chung JY, Youngblood JP, Stafford CM (2007) Anisotropic wetting on tunable
micro-wrinkled surfaces. Soft Matter 3: 1163-1169.

Li W, Fang GP, Lij YF, Qiao GJ (2008) Anisotropic wetting behavior arising
from superhydrophobic surfaces: Parallel grooved structure. Journal of Physical
Chemistry B 112: 7234-7243.

. Leroy F, Muller-Plathe F (2012) Can Continuum Thermodynamics Character-

ize Wenzel Wetting States of Water at the Nanometer Scale? Journal of
Chemical Theory and Computation 8: 3724-3732.

Hirvi JT, Pakkanen TA (2007) Wetting of nanogrooved polymer surfaces.
Langmuir 23: 7724-7729.

Gao LC, McCarthy TJ (2009) An Attempt to Correct the Faulty Intuition
Perpetuated by the Wenzel and Cassie “Laws”. Langmuir 25: 7249-7255.
Kusumaatmaja H, Vrancken RJ, Bastiaansen CWM, Yeomans JM (2008)
Anisotropic drop morphologies on corrugated surfaces. Langmuir 24: 7299
7308.

Wozniak MA, Modzelewska K, Kwong L, Keely PJ (2004) Focal adhesion
regulation of cell behavior. Biochim Biophys Acta 1692: 103-119.

Coyer SR, Singh A, Dumbauld DW, Calderwood DA, Craig SW, et al. (2012)
Nanopatterning reveals an ECM area threshold for focal adhesion assembly and
force transmission that is regulated by integrin activation and cytoskeleton
tension. Journal of Cell Science 125: 5110-5123.

. Farley JR, Baylink DJ (1986) Skeletal Alkaline-Phosphatase Activity as a Bone-

Formation Index Invitro. Metabolism-Clinical and Experimental 35: 563-571.
Bonewald LF, Harris SE, Rosser J, Dallas MR, Dallas SL, et al. (2003) Von
Kossa staining alone is not sufficient to confirm that mineralization in vitro
represents bone formation. Calcified Tissue International 72: 537-547.

Yim EKF, Reano RM, Pang SW, Yee AF, Chen CS, et al. (2005) Nanopattern-
induced changes in morphology and motility of smooth muscle cells.
Biomaterials 26: 5405-5413.

Kim DH, Han K, Gupta K, Kwon KW, Suh KY, et al. (2009)
Mechanosensitivity of fibroblast cell shape and movement to anisotropic
substratum topography gradients. Biomaterials 30: 5433-5444.

Lamers E, Walboomers XF, Domanski M, te Riet J, van Delft FCMJM, et al.
(2010) The influence of nanoscale grooved substrates on osteoblast behavior and
extracellular matrix deposition. Biomaterials 31: 3307-3316.

. Kim DH, Lipke EA, Kim P, Cheong R, Thompson S, et al. (2010) Nanoscale

cues regulate the structure and function of macroscopic cardiac tissue constructs.
Proceedings of the National Academy of Sciences of the United States of
America 107: 565-570.

Teo BK, Wong ST, Lim CK, Kung TY, Yap CH, et al. (2013) Nanotopography
modulates mechanotransduction of stem cells and induces differentiation
through focal adhesion kinase. Acs Nano 7: 4785-4798.

Wang PY, Li WT, Yu JS, Tsai WB (2012) Modulation of osteogenic, adipogenic
and myogenic differentiation of mesenchymal stem cells by submicron grooved
topography. Journal of Materials Science-Materials in Medicine 23: 3015-3028.

. WojciakStothard B, Curtis A, Monaghan W, Macdonald K, Wilkinson C (1996)

Guidance and activation of murine macrophages by nanometric scale
topography. Experimental Cell Research 223: 426-435.

Walboomers XF, Monaghan W, Curtis ASG, Jansen JA (1999) Attachment of
fibroblasts on smooth and microgrooved polystyrene. Journal of Biomedical
Materials Research 46: 212-220.

. Biggs MJP, Richards RG, Gadegaard N, Wilkinson CDW, Dalby MJ (2007)

Regulation of implant surface cell adhesion: Characterization and quantification
of S-phase primary osteoblast adhesions on biomimetic nanoscale substrates.
Journal of Orthopaedic Research 25: 273-282.

Kuhn LT, Grynpas MD, Rey CC, Wu Y, Ackerman JL, et al. (2008) A
comparison of the physical and chemical differences between cancellous and
cortical bovine bone mineral at two ages. Calcified Tissue International 83: 146
154.

Bigi A, Cojazzi G, Panzavolta S, Ripamonti A, Roveri N, et al. (1997) Chemical
and structural characterization of the mineral phase from cortical and trabecular
bone. Journal of Inorganic Biochemistry 68: 45-51.

Cassella JP, Ali SY (1992) Abnormal Collagen and Mineral Formation in
Osteogenesis Imperfecta. Bone and Mineral 17: 123-128.

McMurray RJ, Gadegaard N, Tsimbouri PM, Burgess KV, McNamara LE, et
al. (2011) Nanoscale surfaces for the long-term maintenance of mesenchymal
stem cell phenotype and multipotency. Nature Materials 10: 637-644.

You MH, Kwak MK, Kim DH, Kim K, Levchenko A, et al. (2010)
Synergistically Enhanced Osteogenic Differentiation of Human Mesenchymal
Stem Cells by Culture on Nanostructured Surfaces with Induction Media.
Biomacromolecules 11: 1856-1862.

Hermitte L, Thomas F, Bougaran R, Martelet C (2004) Contribution of the
comonomers to the bulk and surface properties of methacrylate copolymers.
Journal of Colloid and Interface Science 272: 82-89.

Gao LC, McCarthy TJ (2007) How Wenzel and Cassie were wrong. Langmuir
23: 3762-3765.

March 2014 | Volume 9 | Issue 3 | 90719



63.

64.

66.

67.

68.

Lim JY, Shaughnessy MC, Zhou ZY, Noh H, Vogler EA, et al. (2008) Surface
energy effects on osteoblast spatial growth and mineralization. Biomaterials 29:
1776-1784.

Koh LB, Rodriguez I, Venkatraman SS (2010) Conformational behavior of
fibrinogen on topographically modified polymer surfaces. Physical Chemistry
Chemical Physics 12: 10301-10308.

. Lord MS, Foss M, Besenbacher F (2010) Influence of nanoscale surface

topography on protein adsorption and cellular response. Nano Today 5: 66-78.
Denis FA, Pallandre A, Nysten B, Jonas AM, Dupont-Gillain CC (2005)
Alignment and assembly of adsorbed collagen molecules induced by anisotropic
chemical nanopatterns. Small 1: 984-991.

Koh LB, Rodriguez I, Venkatraman SS (2010) The effect of topography of
polymer surfaces on platelet adhesion. Biomaterials 31: 1533-1545.

Li D, Chen H (2012) Regulation of Protein/Surface Interactions by Surface
Chemical Modification and Topographic Design. Proteins at Interfaces Iii: State
of the Art 1120: 301-319.

PLOS ONE | www.plosone.org

14

69.

70.

71.

72.

73.

NanoPMMA Films Do Not Enhance MSC Osteogenesis

Salasznyk RM, Williams WA, Boskey A, Batorsky A, Plopper GE (2004)
Adhesion to Vitronectin and Collagen I Promotes Osteogenic Differentiation of
Human Mesenchymal Stem Cells. J Biomed Biotechnol 2004: 24-34.

Kundu AK, Putnam AJ (2006) Vitronectin and collagen I differentially regulate
osteogenesis in mesenchymal stem cells. Biochem Biophys Res Commun 347:
347-357.

Trappmann B, Gautrot JE, Connelly JT, Strange DG, Li Y, et al. (2012)
Extracellular-matrix tethering regulates stem-cell fate. Nature Materials 11: 642~
649.

Rabe M, Verdes D, Seeger S (2011) Understanding protein adsorption
phenomena at solid surfaces. Advances in Colloid and Interface Science 162:
87-106.

Salasznyk RM, Klees RF, Boskey A, Plopper GE (2007) Activation of FAK is
necessary for the osteogenic differentiation of human mesenchymal stem cells on
laminin-5. Journal of Cellular Biochemistry 100: 499-514.

March 2014 | Volume 9 | Issue 3 | 90719



