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ABSTRACT: An industrially feasible process for the fast mass-production of
molded polymeric micro-patterned substrates is here presented. Micro-
structured polystyrene (PS) surfaces were obtained through micro injection
molding (μIM) technique on directly patterned stamps realized with a new
zirconia-based hybrid spin-on system able to withstand 300 cycles at 90 °C.
The use of directly patterned stamps entails a great advantage on the overall
manufacturing process as it allows a fast, flexible, and simple one-step process
with respect to the use of milling, laser machining, electroforming techniques,
or conventional lithographic processes for stamp fabrication. Among the different obtainable geometries, we focused our
attention on PS replicas reporting 2, 3, and 4 μm diameter pillars with 8, 9, 10 μm center-to-center distance, respectively. This
enabled us to study the effect of the substrate topography on human mesenchymal stem cells behavior without any osteogenic
growth factors. Our data show that microtopography affected cell behavior. In particular, calcium deposition and osteocalcin
expression enhanced as diameter and interpillar distance size increases, and the 4-10 surface was the most effective to induce
osteogenic differentiation.
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1. INTRODUCTION

The physical and chemical properties of materials in the local
cellular microenvironment are increasingly appreciated as key
players in stem-cell fate decisions, that is the cell ability of self-
renewing and differentiating.1 Cells interact with surfaces
typically through the creation of attachment points linking
the cytoskeleton (cell’s mechanical framework) to extracellular
binding sites. For this reason the basic understanding of cell−
substrate interaction represents a crucial factor in the fields of
tissue engineering, drug development, and regenerative
medicine (tissue engineering and cell therapy).2,3 Traditionally,
substrate materials were simply considered as inert context that
carry biochemical supplements (such as growth factors) for cell
growth, differentiation promotion, or both. However, more
recently, intrinsic material properties that mimic physiologically
relevant extracellular matrix (ECM) characteristics have been
proven to regulate stem cell fate (from adhesion to proliferation
and differentiation). In particular, substrate mechanical stiff-
ness,4,5 micro- and nanometer-scale topography,6,7 and simple
chemical functionality8 each have been reported to play a
fundamental role in driving human mesenchymal stem cell
(hMSC) differentiation.9 Topography was first identified to
influence cell behavior as early as 1911, when the guidance of
cells along the fibers of a spider’s web was observed:10 the cells
followed the fibers of the web in a phenomenon called
stereotropism, or physical guidance. Since this discovery,

numerous studies have been conducted to analyze cell behavior
on various micro- and nano-features such as lines, wells, holes,
and more. After that, topography, independent from substrate
chemistry, was found not only to have a strong effect on cell
morphology,11,12 but also to provide physical, geometrical,
mechanical, and structural signals that act together as a smart
entity for guiding cell adhesion,13 orientation,14 migration,
proliferation,15,16 viability,17 cytoskeletal organization, gene
expression, and differentiation.18 Moreover, MSCs specify
lineage and commit to phenotypes with extreme sensitivity to
tissue level elasticity. Soft matrixes that mimic brain are
neurogenic, stiffer matrixes that mimic muscle are myogenic,
and comparatively rigid matrixes that mimic collagenous bone
prove osteogenic.4,5

According to this, influencing cell behavior from proliferation
to differentiation using the material design of the substrate or
implant topography has been found to be a desirable approach
for many regenerative medicine applications. As an example,
the development of a new family of implantable bioinspired
materials that better mimic the natural bone extracellular
matrix, a naturally nanocomposite tissue, can stimulate stem cell
differentiation toward osteogenic lineages in the absence of
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specific chemical treatments.19 In particular, interactions
between MSCs and surfaces with specific micro- and
nanopatterns can stimulate the cells to produce in vitro bone
mineral.20,6

Specific trends with regard to the influence of the
topographical effect on cellular behavior are, however,
challenging to establish,21 and generally, several substrates are
needed to identify the effect on cell proliferation and
differentiation induced by distinct surface topographies, for
example, through combinatorial screening approach.22 To this
end, the interest in developing manufacturing systems that
make it possible to produce polymeric micro- and nano-
substrates at a reasonable price and in large numbers, in order
to create the operational basis for an industrial production, is
continuously increasing.
In this contribution, micro injection molding (μIM)

technique23−25 has been chosen as an industrially viable
processes for the accurate and cost-effective mass production
of molded micro-patterns realized in polystyrene (PS) not
treated for cell cultures, a well-established biocompatible
material for on-chip cell culture.26,27 A great advantage of our
proposed approach is the realization of the μIM stamps through
the direct photopatterning of a zirconia-based hybrid organic−
inorganic spin-on system (hereafter referred to as TMSPM-Zr)
on flat metallic surfaces (Figure 1a,b), moving the overall
manufacturing process toward the final step of industrialization
with respect to the use of mold tools obtained through
traditional lithographic techniques.28 Among different tested
resists, we chose the zirconia-based material for its high
mechanical, thermal, and fatigue resistance, as it withstands 300
cycles at 90 °C without failure. It must be pointed out that in a
market characterized by low added value products, a durable,

low-cost master mold with well-fabricated micro/nanoscale
structures is a critical point for mass production with the micro
injection molding process. The manufacture of the mold
generally relies on expensive, time-consuming manufacturing
technologies that can create the necessary micro structures,
withstanding 103−106 cycles, but are generally characterized by
low material removal rate (MRR), for example, milling, laser
machining, and electroforming.29−31 Therefore, the need for
cheap micro- and nanostructured inserts obtained with
engineered materials as alternative inserts to the metallic
tools for micro injection molding process is increasing.
The use of directly patterned materials brings about some

advantages with respect to conventionally used micromachined
metallic stamps or traditional lithographic procedures: (1) an
easier, versatile (changes of geometries can be realized in
acceptable time, according to mask availability), time- and cost-
effective fabrication process,32,33 (2) stamps characterized by a
low thermal dispersion that allows to maintain the temperature
of the stamps during the μIM replication process, and (3) the
possibility of realizing several structures with no grain size
limitations to the final resolution and a better surface finishing,
typical problems of metallic insert and of some micro
machining tools.
Herein, stamps reporting different microfeatures (2, 3, and 4

μm diameter holes with 8, 9, and 10 μm center-to-center
distance, respectively) were fabricated in order to obtain several
corresponding PS replicas in a short time through micro-
injection molding (Figure 1c,d). Then, the effects of the
substrate topography on hMSCs adhesion, proliferation, and
osteogenic differentiation were investigated in the absence of
inductive growth factors (Figure 1e,f).

Figure 1. Direct realization of micro structured stamps for μIM through UV lithography: (a) spin coating of TMSPM-Zr solution on the metallic
substrate and UV-exposure of the film through a mask reporting the required structures; (b) final stamp obtained after development; (c) micro
injection molding of PS substrates using the zirconia-based directly patterned stamp; (d) PS microstructured stamp obtained with μIM; (e) MSC
adhesion on the PS microstructured substrate; (f) MSC differentiation into osteoblasts on the PS microstructured substrate; (g) SEM image of the
microstructured hybrid stamp; (h) the PS replica; and (i) cells adhered onto the PS substrate.
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2. EXPERIMENTAL METHODS
2.1. Materials: TMSPM-Zr Synthesis. 3-(Trimethoxysilyl)propyl

methacrylate (TMSPM) was hydrolyzed in acidic conditions (1%
molar of HCl with respect to TMSPM) at room temperature. Zr-
butoxide (Zr(OBut)4) and metacrylic acid (MAA) were separately left
stirring for 5 min. The two starting silica and zirconia precursor
solutions were then mixed together and left stirring for 1 h. The molar
ratios between the precursors were TMSPM:Zr(OBut)4:MAA =
1:0.5:1. Tetrahydrofuran (THF) was finally added to achieve the
desired concentration, and the solution was filtered through a
microporous membrane (0.2 μm Millipore) to get a better film
quality after spin coating.
Hybrid films were deposited on cleaned silicon wafer (100) by spin

coating technique at different spin speeds according to the final wanted
thickness. As reported in Figure S1 (Supporting Information), a wide
interval of thicknesses, ranging from some microns to a few hundred
nanometers, could be obtained by spin-coating the synthesized
solution at different concentrations. This aspect would enable us to
realize μIM stamps with different features size to fit the requirements
of a great number of applications.
2.2. Hybrid System Lithography. The UV patterning of

TMSPM-Zr was induced by exposing the spin-coated films through
a mask possessing the final required structures, that is, 2, 3, and 4 μm
diameter dots with 8, 9, and 10 μm center-to-center distance,
respectively. The UV lamp used for patterning was the 250 nm
enhanced type Xe−Hg Hamamatsu Lightningcure LC5 whose
emission spectrum (red line) is overlapped to TMSPM-Zr absorption
spectrum in Figure 2. The TMSPM-Zr solution absorbs the higher

energy radiation emitted by the lamp (below 270 nm). The radical
photopolymerization of the acrylic groups under UV exposure was
controlled by the addition of a commercial photoinitiator, 2-benzyl-2-
dimethylamino-1-(4-morpholinophenyl)-butanone-1 (Ciba IRGA-
CURE 369), with a molar concentration of 1% with respect to
TMSPM. Figure 3 reports the UV−Visible absorption spectra of
TMSPM-Zr films without (black line) and with 1% molar (with
respect to TMSPM) of photoinitiator (blue line) obtained with a UV−
vis spectrometer (JASCO V-570) in the wavelength range 200−800
nm: the addition of the photoinitiator clearly allows to absorb the
lower emission energies of the lamp used for patterning. The
photoinitiator chemical structure is shown in the inset.
The chemical modifications occurring in the film upon UV

irradiation were evaluated from the Fourier transform infrared spectra
(spectrometer Jasco FT-IR-620) in the range of 400−4500 cm−1 with

a resolution of ±4 cm−1. The first set of lithographic tests and the dose
matrix experiments were conducted using silicon substrates spin-
coated at different speeds with the solution diluted in THF to easily
adjust film thicknesses in the 1−6 μm range. After selecting the
optimal lithographic process parameters, we fabricated the final hybrid
microstructured stamps on circular or rectangular pieces of steel
39NiCrMo3 for injection molding. The optimal exposure conditions
were selected depending on the hybrid film thickness between 3 and
11 J/cm2 UV dose (measured between 260 and 400 nm range
wavelength). The films were then developed for 15 s in a mixture of
ethanol and acetone (100:1 v/v). Finally, after development, the films
were dried by blowing air and hard-baked at 100 °C for 1 h, with
heating rate of 1 °C/min, and the obtained results were inspected by
scanning electron microscope SEM (FEI QUANTA 450).

2.3. Experimental Setup of Microinjection Molding. For the
molding experiments, a state-of-the-art μIM machine (MicroPower 15
from Wittmann Battenfeld) was used. The machine is characterized by
a maximum clamping force of 150 kN and a maximum injection speed
of 750 mm/s. Unlike conventional injection molding machines, the
MicroPower 15 has an injection system composed of a screw with a
diameter of 14 mm and a separate plunger injection unit with a
diameter of 5 mm.

The mold cavity considered in this study is placed at the end of a
trapezoidal cold runner 16 mm long, 3−2 mm wide, and 1.5 thick,
connected through a rectangular gate 0.3 mm long, 2.7 mm wide, and
0.5 mm thick.

The material used for injection molding was a commercial
polystyrene resin PS Crystal 1540, manufactured by TOTAL, with a
melt flow index (MFI; 200 °C, 5 kg) of 12 g/10 min and a Tg of 100
°C. PS has been selected due to its known good biocompatibility, high
flowability, and high transparency. Furthermore, polystyrene was not
treated for cell cultures to better discriminate the effects of
micropillared on cell adhesion and growth.

To investigate the influence of the controllable process variables on
the replication capability (screening phase), a three-level full factorial
plan was performed. According to literature34 the following three
factors were selected: mold temperature (Tmold), injection speed (Vinj),
and holding pressure (Ppack). The range values for each factor (Table
1) were defined considering the literature, recommendations of the
material supplier and technological limits of the available experimental
setup; the melt temperature and the holding time were fixed at 240 °C
and 20 s, respectively. During injection molding experiments, an
automatic execution of the process (including part ejection and
handling) was performed for each treatment. First, 50 cycles were
carried out to stabilize the process. Subsequently, 10 parts obtained
from the following 30 cycles have been randomly collected and
analyzed to establish the best molding parameters.

The response variable for this analysis was chosen to be the
replicated height of the pillars, measured by means of a state-of-the-art
3D optical profiler (Sensofar PLu neox) operating in confocal mode
with 20× and 100× objectives.

2.4. Cell Cultures. MSCs were obtained from bone marrow (BM)
aspirates of healthy donors, after written informed consent, as
approved by the Ethics Committee of Azienda Ospedaliera
Universitaria Integrata Verona (N. Prog. 1828, May 12, 2010;
‘Institution of cell and tissue collection for biomedical research in
Onco-Hematology’). BM mononuclear cells were separated by density
gradient centrifugation and cultured with proliferation medium
containing α-minimal essential medium (α-MEM, Life Technologies,
Baltimore, MD), 18% fetal bovine serum 16000 (FBS 16000, Life
Technologies), 1% glutamine (Sigma, St. Louis, MO), and 1%
penicilline/streptomycine (Sigma). Cells were grown at 37 °C in a
humid atmosphere with 5% CO2. The medium was refreshed three
times a week. Immunophenotype and differentiation potential were
assessed as previously reported.35 MSCs were used until the fourth
passage and harvested at 80% confluence. Cells (1.5 × 104 cells/cm2)
were seeded on pillar-structured polystyrene arrays previously put
onto wells of 96-well plates and cultured with α-MEM supplemented
with 10% FBS 16000, 1% glutamine, and 1% penicilline/
streptomycine. Cultures grown on flat injection molded polystyrene

Figure 2. UV−vis absorption spectra of TMSPM-Zr (black line)
without and (blue line) with 1% molar with respect to TMSPM of
IRGACURE 369. (red line) The Hamamatsu Lightningcure LC5 lamp
spectrum is also reported for comparison. (Inset) Chemical structure
of IRGACURE 369.
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substrates were used as control. After various time points from
seeding, cell morphology, adhesion, proliferation, and osteogenic
differentiation were evaluated.
2.4.1. Scanning Electron Microscopy (SEM). At various time points

from seeding, cultures were fixed in 3.7% formaldehyde for 20 min at
room temperature and then dehydrated with a graded ethanol series.
After gold sputtering, samples were observed using a scanning electron
microscope (JEOL JSM-6490).
2.4.2. MTS Assay. To test cell viability, we used the 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS) test (CellTiter 96 AQueous One Solution
Cell Proliferation Assay; Promega, Austria), according to the
manufacturer’s instructions. Briefly, at 24 h and 3, 7, 14, and 21
days from seeding, 200 μL of cell media, containing 10% MTS, were
added into each well, and cells were incubated at 37 °C for 4 h. Optical
density of purple formazan produced in living cells was measured at
490 nm, using a Microplate autoreader EL 311 (BIO-TEK
Instruments, Inc., Winooski, VT). Results were expressed as number
of cells. The linearity of absorbance of formazan over a range of 2.5 ×
103 to 20 × 103 cells was established by determining the linear
coefficient (0.999).
2.4.3. Alizarin Staining. At 7, 14, and 21 days from seeding, cultures

were rinsed with phosphate buffered solution and fixed in 3.7%
formaldehyde. To each well was then added 40 mM Alizarin red
solution (Alizarin Red S, Sigma-Aldrich), which was then incubated at
room temperature for 20 min.36 The dye was extracted by 10% acetic
acid (200 ul/well). Acetic solutions were heated at 85 °C and
lyophilized using Savant (Savant Speed Vac Concentrator, Thermo
Scientific, Rockford, IL). Each sample was then resuspended in 10%
acetic acid (pH 4.1), and optical density was determined at 405 nm
using a Microplate Autoreader EL 311. Results were expressed as μM
alizarin.
2.4.4. Reverse Transcription Polymerase Chain Reaction (RT-

PCR). At 21 days, total RNA was extracted using TRIzol method
according to the manufacturer’s instructions (Invitrogen, Paisley,

United Kingdom) and quantified using NANODROP 2000 (Thermo
Scientific). Primers were obtained from Invitrogen, and their
sequences are reported in Table 2. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was chosen as the housekeeping gene. RT-
PCR was carried out through the Qiagen One Step RT-PCR Kit
(Qiagen, Crawley, United Kingdom) according to manufacturer’s
protocol and using total RNA at concentration of 500 ng/reaction for
each sample. The thermal cycling program consisted of 50 °C for 30
min (reverse transcription), 95 °C for 15 min (DNA-polymerase
activation), 40 two-step cycles of 95 °C for 30 s (denaturation), 50 °C
for 1 min (annealing) and 72 °C for 1 min (elongation). The
procedure was carried out using the iCycler iQ (Bio Rad). Table 2
shows the primer sequences used for PCR amplification. To obtain a
semiquantitative assessment of gene expression, data were expressed as
normalized ratios by comparing the integrated density values for
osteocalcin (OC) gene with those for GAPDH. The PCR products
were separated by 2% agarose gel electrophoresis and visualized by Gel
Red Nucleic Acid staining 1:10000 (Biotium, Hayward, California).
Images of the gel were captured with Gel Doc Imager (Bio-Rad,
Hercules, CA) and analyzed with Image Lab software (Bio-Rad).

2.4.5. Statistical Analysis. Triplicate experiments were performed.
The results were expressed as the arithmetic mean ± standard
deviation. Their statistical comparison was performed by analysis of
variance, followed by Student’s t test.

3. RESULTS AND DISCUSSION
3.1. UV Curing of the Hybrid Acrylate System. The

photopolymerization process of TMSPM with the addition of
Irgacure 369 is reported in Scheme S1 (Supporting
Information). α-Amino-alkylphenones undergo a rapid photo-
cleavage reaction that generates the highly reactive free radicals
needed for the polymerization process initiation.37

The chemical changes that occur when TMSPM-Zr films are
exposed to UV light and after the final thermal treatment at 100
°C were investigated by FTIR spectroscopy, as reported in
Figure 3a,b. With an increasing UV irradiation dose and
thermal treatment, the intensity of the band due to CC bond
at around 1640 cm−1 decreases, indicating that polymerization
of TMSPM and MAA occurs. The trend of the peak at 1640
cm−1 at increasing UV doses in Figure S2 (Supporting
Information) confirms that CC photopolymerization is

Figure 3. FTIR spectra of TMSPM-Zr films exposed to increasing UV dose and following thermal treatment at 100 °C for 1 h in the (a) 3800−2800
and (b) 1800−860 cm−1 wavenumber range.

Table 1. Process Parameters Settings of the Screening Plan

factor low level medium level high level

Tmold (°C) 50 70 90
Ppack (bar) 100 150 200
Vinj (mm/s) 200 350 500

Table 2. Primers for PCR Amplification

gene abbreviation primer sequence accession

osteocalcin OC F: TCACACTCCTCGCCCTATT NM_199173.4
R: CCTCCTGCTTGGACACAAA

glyceraldehyde 3-phosphate dehydrogenase GAPDH F: ACCACAGTCCATGCCATCAC NM_002046.5
R: TCCACCACCCTGTTGCTGTA
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more effective with the addition of Irgacure 369 with respect to
TMSPM-Zr film without photoinitiator when exposed to the
same UV dose. All the other peaks related to the vinyl C−H
stretch (3100, 3040, and 3020 cm−1), in-plane bend (1425,
1324, and 1300 cm−1), and out-of-plane bend (983 and 880
cm−1) decrease as well. The peaks at 1547 cm−1, ascribed to the
COO− band in a carboxylic acid salt formed through the
reaction between Zr precursor and MAA,38 shifts to higher
wavenumbers in the UV-irradiated areas, and the intensity of
the band becomes smaller: polymerization must induce
different coordination states of COO−. The peak related to
the CO bond typical of esters, such as TMSPM, at 1725
cm−1 shifts to higher wavenumbers and becomes broader due
to the change of molecule configuration after CC polymer-
ization. The longitudinal (LO) and transverse (TO) optical
components of the asymmetric Si−O−Si stretching vibrations
νAS(Si−O−Si) can be identified at 1120−1170 and 1040−1070
cm−1, respectively. Because the longitudinal optical component
band of νAS(Si−O−Si) in normal incidence transmission
spectroscopy is activated only thanks to the pore light
scattering of the infrared radiation, such that a fraction of the
absorbed light is effectively obliquely incident, the LO/TO
ratio can be correlated with the free-volume or porosity of the
coatings. Therefore, while the TO absorption of TMSPM-Zr
film remains almost constant, the decrease of LO mode peaks
indicates the densification of the coating with the subsequent
lowering of porosity for increasing UV exposure and thermal
treatment.39 Finally, Si−OH sol−gel condensation is promoted
by UV curing and thermal treatment as the absorption peak
around 950 cm−1 decreases.
Therefore, the overall outcome of the UV exposure of the

TMSPM-Zr hybrid resist is the organic component polymer-
ization and the condensation of the inorganic network.
3.2. UV Lithography of the Hybrid Acrylate System.

TMSPM-Zr hybrid resist showed a negative behavior, as the
unexposed areas of the film dissolved in the selected
development, that is, a mixture of 100:1 volume ratio of
ethanol to acetone. The contrast curves of TMSPM-Zr 110 g/L
solution deposited by spin coating at 2000 rpm for 30s (2 μm
thick film) is reported in Figure 4: the residual thickness of the

hybrid film after development (normalized to the initial
thickness) is presented as a function of the applied UV
exposure dose. In the investigated energy range, a dose of 4 J/
cm2 is required for preserving the 2 μm thick film after 15 s
development, thus giving an approximate evaluation of the
correct dose for UV lithography.

TMSPM-Zr 110 g/L solution was spin coated at 2000 rpm
for 30 s on steel inserts of 1−2 cm2 area to be housed in a
custom-built steel mold for microinjection molding, as reported
in Figure 5a. The hybrid films were exposed to a 4 J/cm2 UV

dose through a quartz mask, revealing the wanted structures
after development, and postbaked before being used as
injection-molding stamps. Holes with 2, 3, and 4 μm diameters
and 8, 9, and 10 μm center-to-center distances, respectively,
were fabricated, as shown by SEM images in Figure 5b−d.

3.3. Microinserts Replication through Micro Injection
Molding. We performed the three-level full factorial plan to
identify the factors that mainly affect the replicated micro pillar
height. The analysis of variance results indicated that all the
factors and their interactions (in particular, the mold
temperature) are significant, as reported in the literature.16,40

The maximum replication degree is achievable for the high
values of the factors, namely Tmold = 90 °C, Vinj = 500 mm/s,
and Ppack = 200 bar.
An image of the PS substrate replicated with injection

molding technique is reported in Figure 6a. The replication
area was a circle of 6 mm diameter, chosen as the PS replicated
substrates perfectly fit in the wells (6.4 mm) of a 96-well plate,
used for cell culture. Figure 6b−d shows SEM images at two
different magnifications of the PS microstructured surfaces
reporting 2, 3, and 4 μm diameter pillars with 8, 9, and 10 μm
center-to-center distance, respectively, and the corresponding
3D optical profiler images. The replication fidelity of the stamp
can be appreciated from Figure S3 in the Supporting
Information. Hereafter, we will refer to the different substrates
with the following names (reported in Figure 6): 2-8 (2 μm
diameter pillar and 8 μm center-to-center distance); 3-9 (3 μm

Figure 4. Contrast curve of 2 μm thick TMSPM-Zr film.

Figure 5. (a) Microstructured stamp to be housed in a custom-built
steel mold for microinjection molding. SEM images at increasing
magnification of inserts with (b) 2, (c) 3, and (d) 4 μm diameter
structures patterned with UV lithography on TMSPM-Zr films.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00481
ACS Appl. Mater. Interfaces 2015, 7, 7273−7281

7277

http://dx.doi.org/10.1021/acsami.5b00481


diameter pillar and 9 μm center-to-center distance); 4-10 (4
μm diameter pillar and 10 μm center-to-center distance).
The great advantage of the hybrid stamp used is that it

withstands 300 cycles at 90 °C, showing the best performance
compared to other tested resists (as an example, Figure S4 of
the Supporting Information shows the comparison with a
micropatterned stamp obtained with SU8-2100 negative
photoresist; MicroChem, Newton, MA). The durability of the
zirconia-based insert during the micro injection molding
process was experimentally investigated using the same process
parameters utilized for the realization of the polymeric support
for cell differentiation. The maximum target was fixed at 300
cycles. This value derives from the need to provide 200 samples

for the cell cultures with a margin of 100 samples. An automatic
execution of the process was performed, and we collected a
molded sample every 10 cycles to analyze the failure of the
mold insert. The results showed that there was not failure of
the zirconia insert after 300 cycles, and neither the stamp
microstructures were affected in terms of roughness.

3.4. Cell Adhesion. It is well-known that MSCs adhesion
on biomaterials occurring through integrin receptors regulates
growth and differentiation.41 Surface topography modulating
focal adhesion assembly and cytoskeletal stress can both
activate signaling cascades and modify the organization of
nuclear components, leading to changes in gene expression.42

Cell adhesion was evaluated by means of SEM and MTS assay
after 24 h from seeding on micropatterned and control
substrates. It must be pointed out that control substrates
were obtained by replicating a flat steel stamp with polystyrene
with the same microinjection conditions selected for the
microstructured surfaces. As shown in Figure 7, MSCs well
adhered onto all types of arrays, showing an elongated shape. A
more flattened phenotype was visible on control, compared to
that observed on 3-9, 2-8, and 4-10 where cells showed an
elongated shape (Figure 7A−D). It has been observed that a
relationship exists between cell morphology and MSC differ-
entiation, that is, high-spread cells are often committed to an
osteoblastic fate.43 The cell numbers on 2-8 and 3-9 were
significantly lower than that determined in the control cultures
grown on flat surfaces, whereas no variations were observed on
4-10. In all cultures, the number of cells was about 5-fold lower
with respect to the seeding density (4.8 × 103 cells/array). The
latter result was expected because all arrays were composed of
polystyrene not treated for cell cultures.
SEM analysis revealed that on all surfaces cells formed an

almost confluent monolayer at 7 days and then stratified at 14
and 21 days (Figure S5, Supporting Information, reports the
SEM images for cell cultures on 2-8 surfaces, taken as example,
after 72 h, 7 days, and 14 days of proliferation). In agreement
with the morphological data, in all cultures, the cell number
increased until 14 days of culture, whereas an overall slowdown
of cell proliferation was evident between 14 and 21 days
(Figure 8). Furthermore, at 21 days, the cell number on all
pillar-structured polystyrene surfaces were significantly lower
than that determined on control cultures. This data suggests
that a shift in cell cycle toward a phase of cell differentiation
may have occurred on microstructured surfaces.

3.5. Osteogenic Differentiation of hMSC. Osteogenic
differentiation of hMSCs was verified by evaluation of calcium

Figure 6. (a) Example of a PS microstructured substrate after
injection-molding; (b−d) SEM images at increasing magnification
(and corresponding 3D optical profiler images) of the PS replicated
microstructured substrates reporting 2 (named 2-8), 3 (named 3-9),
and 4 μm (named 4-10) diameter pillars.

Figure 7. Cell adhesion on pillar-structured polystyrene surfaces and control ones at 24 h after seeding. SEM micrographs at two different
magnifications: (A) control; (B) 2-8; (C) 3-9; and (D) 4-10. (E) MTS assay; results, expressed as cell number, are means ± SD of three independent
experiments; * = p < 0.05 vs control cultures, Student’s t test.
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deposition and osteocalcin mRNA expression. Figure 9 shows
that cells possessed mineralization capacity since alizarin was

detected also in cultures grown on control surfaces, and its
concentration increased during the culture period, similarly to
that occurred on pillar-structured surfaces. At 7 and 14 days
after seeding, low levels of mineralization were measured on all
surfaces, whereas stain concentration greatly enhanced at 21
days. Furthermore, at the latter time point, calcium deposition
was significantly higher on 3-9 and 4-10 in comparison to that
observed in control cultures.
At 21 days from seeding, MSCs grown on 2-8 and control

surfaces showed low levels of 113 bp PCR product coding for
OC mature form (Figure 10A). On the contrary, cells cultured
on 3-9 and 4-10 also presented a 540 bp PCR product that
codes for OC precursor. Densitometric analysis revealed that
the expression of both OC mRNAs was significantly higher in
cells grown on 3-9 and 4-10 than those determined in control
cultures. Furthermore, the highest expression levels were
detected in 4-10 cultures. Taken together, calcium deposition
and osteocalcin mRNA expression indicate a relationship
between osteogenic differentiation and diameter and interpillar
distances.

4. CONCLUSIONS

Mass-production of micropillared polystyrene surfaces was
realized through the micro injection molding process for
hMSCs proliferation and differentiation into bone minerals,
because a mandatory requirement for cell culture screening is
the high substrate number needed. Directly patternable silica−
zirconia hybrid materials enabled us to easily obtain micro-
structured mold inserts for micro injection molding with
different geometries and the ability to withstand 300 cycles at
90 °C.
Collectively, our data demonstrated that the microstructure

influences the behavior of MSCs. An elongated cell shape was
observed on cultures grown on the modified surface, showing
osteogenic potential in the absence of growth factors
commonly used to induce osteoblast differentiation. Although
no clear relationships among cell adhesion and proliferation
and microstructural size were detected, our results clearly
indicate that the mineralization and OC expression enhanced as
diameter and interpillar distance size increases. Our results
agree with those of Kolind et al.,44 who observed that the
increase in the interpillar gap enhances the expression of
osteogenic markers in human mesenchymal dental-pulp-derived

Figure 8. Cell proliferation at 3, 7, 14, and 21 days after seeding on
pillar-structured polystyrene surfaces and control ones. Results,
expressed as cell number, are means ± SD of three independent
experiments. * = p < 0.05 vs control cultures, Student’s t test.

Figure 9. Effects of pillar-structured surfaces on mineralization of
MSCs at 7, 14, and 21 days after seeding. Results, expressed as μM
alizarin, are means ± SD of three independent experiments. * = p <
0.05 vs control cultures, Student’s t test.

Figure 10. Effects of pillar-structured surfaces on OC mRNA expression of MSCs at 21 d after seeding. (A) Representative agarose gel of the PCR
products. (B) Densitometric analysis of the PCR products, normalized with the corresponding GAPDH value; (black) 113 bp and (gray) 540 bp.
Results, expressed as density ratio, are means ± SD of three independent experiments. * = p < 0.05 vs control cultures, Student’s t test.
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stem cells. On the contrary, Lovmand et al.45 demonstrated that
osteogenic differentiation of MC3T3-E1 cells, a murine
preosteoblastic cell line, was increased by smaller pillar and
interpillar sizes. This discrepancy could be due to the
differences in cell origin (mouse vs human), type (preosteo-
blastic cells vs MSCs), and size. We have not investigated at the
molecular level how pillar features could affect cell behavior.
However, as already demonstrated by several authors,7,46 we
can suppose that size, diameter, and spacing of microstructures
can modify the tension and the arrangement of cytoskeletal
fibers (actin and intermediate filaments) affecting signal
transduction and, in turn, cell fate. Finally, our data indicate
that the 4-10 surface seems to be the most effective
microstructure for osteogenic differentiation. Starting from
this evidence, we are planning to test other 4-10 surfaces with
different peak heights.
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Pedersen, F. S.; Bindslev, D. A.; Bünger, C. E.; Foss, M.; Besenbacher,
F. Control of Proliferation and Osteogenic Differentiation of Human
Dental-Pulp-Derived Stem Cells by Distinct Surfacestructures. Acta
Biomater. 2014, 10, 641−50.

(45) Lovmand, J.; Justesen, J.; Foss, M.; Lauridsen, R. H.; Lovmand,
M.; Modin, C.; Besenbacher, F.; Pedersen, F. S.; Duch, M. The Use of
Combinatorial Topographical Libraries for the Screening of Enhanced
Osteogenic Expression and Mineralization. Biomaterials 2009, 30,
2015−22.
(46) Biggs, M. J.; Richards, R. G.; Gadegaard, N.; McMurray, R. J.;
Affrossman, S.; Wilkinson, C. D.; Oreffo, R. O.; Dalby, M. J.
Interactions with Nanoscale Topography: Adhesion Quantification
and Signal Transduction in Cells of Osteogenicand Multipotent
Lineage. J. Biomed. Mater. Res., Part A 2009, 91, 195−208.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00481
ACS Appl. Mater. Interfaces 2015, 7, 7273−7281

7281

http://dx.doi.org/10.1021/acsami.5b00481

