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ABSTRACT: Material composition and topography of the
cell-contacting material interface are important considerations
in the design of biomaterials at the nano and micro scales. This
study is one of the first to have assessed the osteoblastic
response to micropatterned polymer−ceramic composite
surfaces. In particular, the effect of topographic variations of
composite poly(ε-caprolactone)/hydroxyapatite (PCL/HAp)
films on viability, proliferation, migration and osteogenesis of
fibroblastic and osteoblastic MC3T3-E1 cells was evaluated.
To that end, three different micropatterned PCL/HAp films
were compared: flat and textured, the latter of which included
films comprising periodically arranged and randomly dis-
tributed oval topographic features 10 μm in diameter, 20 μm in separation and 10 μm in height, comparable to the dimensions of
MC3T3-E1 cells. PCL/HAp films were fabricated by the combination of a bottom-up, soft chemical synthesis of the ceramic,
nanoparticulate phase and a top-down, photolithographic technique for imprinting fine, microscale features on them. X-ray
diffraction analysis indicated an isotropic orientation of both the polymeric chains and HAp crystallites in the composite samples.
Biocompatibility tests indicated no significant decrease in their viability when grown on PCL/HAp films. Fibroblast proliferation
and migration onto PCL/HAp films proceeded slower than on the control borosilicate glass, with the flat composite film
fostering more cell migration activity than the films containing topographic features. The gene expression of seven analyzed
osteogenic markers, including procollagen type I, osteocalcin, osteopontin, alkaline phosphatase, and the transcription factors
Runx2 and TGFβ-1, was, however, consistently upregulated in cells grown on PCL/HAp films comprising periodically ordered
topographic features, suggesting that the higher levels of symmetry of the topographic ordering impose a moderate
mechanochemical stress on the adherent cells and thus promote a more favorable osteogenic response. The obtained results
suggest that topography can be a more important determinant of the cell/surface interaction than the surface chemistry and/or
stiffness as well as that the regularity of the distribution of topographic features can be a more important variable than the
topographic features per se.

KEYWORDS: calcium phosphate, controlled drug delivery, hydroxyapatite, nanoparticles, photolithography, poly(ε-caprolactone),
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1. INTRODUCTION

Optimization of the cell/material interface presents a major
aspect of the design of biomaterials for specific therapeutic and/
or diagnostic applications. The biomaterial surface is a key
determinant of the attachment of cells and the physisorption of
macromolecular species, the effects on which the biological fate
of the material greatly depends. For example, implantation of a
bone substitute that sustainably supplements an infected bone
with an antibiotic presents an onset of the so-called “race for
the surface” that involves bone cells and bacteria.1 Both the
winner of this race and the outcome of the therapy are often
decided by the surface properties of the material. Delineating
the surface properties that boost the affinity and proliferation of

bone cells is thus of great interest for advanced bone
engineering applications.
In addition to chemical, crystallographic and mechanical

surface properties, its topography is another important
consideration in the design of biomaterials at the molecular
scale. Previously, it has been demonstrated that moderately
rough surfaces frequently favor the attachment and proliferation
of several different cell types compared to flat surfaces.2−4

Titanium implants with naturally smooth surfaces have thus
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been comparatively ineffective in tissue adhesion; to enhance
their integration with the body, they are often subjected to
sandblasting and/or acid etching prior to implantation.5,6 In
fact, the proliferation rate of human bone marrow-derived
mesenchymal cells on abraded titanium surfaces was even
higher than on smooth titanium coated with bioactive layers of
hydroxyapatite (HAp), suggesting that topography can out-
weigh chemistry when it comes to a search for biomaterial
properties for an ideal osseointegration.7 A systematic review of
works published on the effect of titanium surface topography
on bone integration concluded that smooth and minimally
rough surfaces had demonstrated consistently weaker bone-to-
implant contacts than rougher surfaces.8 Gas plasma treatment
of borosilicate glass coverslips can remove the surface islands
with ca. 1−3 μm in diameter and 1−3 nm in height and thus
render them incapable of providing a surface for the attachment
and proliferation of fibroblasts.9 Molecular adsorption mecha-
nisms are, in fact, driven by the Gibbs isotherm, which dictates
that the greater the surface energy, the greater the adsorption.
Hydrogen adsorption capacity, for example, becomes markedly
enhanced as one shifts from using perfectly ordered carbon
crystals on the atomic scale to those containing topological
defects,10 whereas no adsorption of carbon monoxide was
detected on atomically smooth gold.11 Owing to the quantum
confinement effect and anisotropic surface energy, atomic
smoothness in thin films and nanostructures in general is, in
fact, a metastable state, which, upon annealing, transforms to a
thermodynamically stable, but roughened state comprising
surface clusters whose size and shape are defined through the
structural magic numbers.12

Because cell attachment is preceded by the adsorption of cell
adhesion proteins, it also tends to proceed more facilely on
topographically uneven surfaces. For example, the proliferation
rate and the expression of alkaline phosphatase were higher for
osteoblastic MC3T3-E1 cells on etched alumina than on a
polished one.13 Other studies have shown that rough surfaces
favor the adhesion of osteoblasts,14 osteogenesis15 and
osseointegration of the implant.16 One such irregular top-
ography typifies biological apatite due to its intrinsic nano-

particulate nature.17 Bone remodeling involves coordinated
action of different cell types and resorption pits created by
osteoclasts are thought to present an important factor that
facilitates the adhesion of osteoblasts to the bone.18

Consequently, introduction of nanosized grooves onto
polystyrene substrates boosted the gene expression of
osteocalcin, collagen type I and β1-integrin, leading to higher
levels of bone mineral formation.19 Topographically irregular,
unsmooth surfaces were also able to enhance the differentiation
of mesenchymal stem cells (MSCs) into osteoblasts.20,21 An
increase in the distance between periodically arranged 700 nm
wide polyurethane posts from 1.7 to 4.9 μm was also able to
change the fate of MSCs from adipogenic to osteogenic.22

Moreover, a combination of (a) microroughness with (b)
nanoscopic topographic elements induced a higher production
of osteopontin in MC3T3-E1 cells than accomplished by a or b
alone.23 All these studies combined confirm that topography at
both micro and nano scales is as important in the biomaterials
design as chemistry and mechanical properties.
The design of multifunctional composite materials is

important for the next generation of biomedical implants or
tissue scaffolds. Bone is an example of one such material, as the
strengths of both of its components compensate for the
weaknesses of each, i.e., HAp imparts high elastic modulus and
compressive strength to the bone, whereas collagen yields
toughness, elasticity and moderate tensile strength to it.
Polymer/HAp composites present one class of artificial
composite materials that has attracted the particular attention
of bone engineers owing to their wide range of unique
properties, particularly in terms of their ability to emulate the
soft/hard composite structure of bone. HAp, on one hand,
presents an ideal hard component of bone tissue substitutes,
given the fact that it already comprises the great majority of
bone (70 wt %) as well as that it is (i) biocompatible, (ii)
bioactive, (iii) tunable to a wide window of biodegradation
rates,24 (iv) capable of binding comparatively large amounts of
organic molecules via adsorption,25 (v) able to facilitate
endosomal escape,26 (vi) osteoconductive, but also (vii)
osteoinductive for specific particle structures and dosages.27,28

Figure 1. Schematic description of the fabrication of PCL/HAp films using a combination of bottom-up and top-down synthetic techniques.
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Combinations of HAp with poly(ε-caprolactone) (PCL), the
polyester used in this study, have, for example, resulted in the
improved tensile strength of the ceramic phase and the
improved elastic modulus of the polymeric phase by several
orders of magnitude.29−31 Additionally, complementing a
ceramic powder with a viscous polymeric phase allows for the
direct injection of the former to the bony defect, bypassing the
need for surgical implantation. Then, polymeric layers are
potentially able to stabilize the drug physisorbed on the HAp
surface and prevent its burst release.32 More sustained and
multiple stage release profiles could thus be also obtained.33

The hydrolysis of polyesters also exposes carboxylic acid
moieties to the local biological environment,34 but this
acidification effect, known to have caused bone resorption in
the past,35 could be compensated for by synchronizing their
degradation with that of alkaline HAp.36

In this study, we have looked at how topographical variations
of PCL/HAp films affect the behavior of fibroblastic and
osteoblastic cells cultured on them. To that end, we compared
three different PCL/HAp surfaces: flat and textured, the latter
of which included films comprising periodically arranged and
randomly distributed topographic features. Only a few studies
so far have dealt with the osteoblastic response to micro-
patterned polymeric surfaces37−39 and this is one of the first
studies of this type involving a polymer−ceramic composite.40

The method used to fabricate these composite films was a
combination of a bottom-up, soft chemical synthesis of their
ceramic, nanoparticulate phase and a top-down, photolitho-
graphic technique for imprinting fine, microscale features on
them. Both of these approaches to synthesis of fine structures
suffer from inherent weaknesses, such as difficult integration of
products into device components in the case of the former and
relative robustness, expensiveness and massive equipment in
the case of the latter.41 Probing of the middle-ground synergies
between the two, which may help to overcome each other’s
downsides, is thus of vital importance for the field of materials
science and engineering and presents another unique aspect of
this study.

2. MATERIALS AND METHODS
2.1. Synthesis of PCL/HAp Films. A schematic description of the

fabrication of PCL/HAp composite films based on a combination of
bottom-up and top-down processing is presented in Figure 1. The
composite films with specifically designed surface features were
prepared by a photolithographic method. Two blueprints for the
photomasks were created in AutoCAD (Autodesk, Inc., 2013), one of
which was composed of translationally symmetrical circles with 10 μm
in diameter and 20 μm in separation, and the other one of which
comprised identical circles, but randomly arranged in 2D. The surface
density of topographic features was the same on both the ordered and
randomized substrates: 1200 circles per mm2. Custom photomasks
were made from Teflon based on the given blueprints (CAD/Art
Services, Inc.). A layer of Omnicoat (MicroChem) was spin-cast at 500
rpm and the ramp speed of 100 rpm/sec for 5 s and at 3000 rpm and
the ramp speed of 300 rpm/sec for 30 s onto a round silicon wafer
(Addison Engineering, Inc.) with 380 μm in thickness, 3″ in diameter
and ⟨111⟩ crystal planes exposed on the surface using a PMW32 spin
coater (Headway Research) and baked for 1 min at 200 °C. After the
silicon wafer cooled, a layer of SU-8 2005 negative photoresist
(Microchem) was spin-cast onto the Omnicoat-covered silicon wafer
first at 500 rpm and the ramp speed of 100 rpm/sec for 10 s and then
at 1000 rpm and the ramp speed of 300 rpm/sec for 30 s, and then
prebaked at 95 °C for 3 min. An array of micropillars was then
patterned into the photoresist using the Teflon photomask and
exposing the photoresist to UV light for 30 s at the intensity of 11

mW/cm2 using a Karl Suss MJB 3 mask aligner (SUSS MicroTec).
The SU-8 molds were then postbaked at 95 °C for 4 min and the
photoresist unexposed to UV irradiation was dissolved in gently
agitated SU-8 Developer (Microchem) in a Petri dish for 3 min. The
wafers were then rinsed with isopropyl alcohol and dried at 95 °C for
30 s. Such prepared master stamps were used as inverse templates for
the fabrication of poly(dimethylsiloxane) (PDMS) films. The PDMS
base (Sylgard 184 Silicone, dimethylvinyl-terminated) and the curing
agent were mixed in a 10:1 weight ratio and degassed under vacuum
for 30 min. Ten grams of such mixture were poured onto a single SU-8
micropatterned wafer, degassed for additional 30 min and then baked
at 65 °C for 1 h. Once cured, the PDMS was peeled from the silicon
master. The obtained PDMS layer was then used as an inverse
template for the fabrication of PCL/HAp composite films.

Narrowly dispersed spherical HAp nanoparticles were first prepared
by adding 150 mL of 0.06 M aqueous solution of NH4H2PO4
containing 7 mL of 28% NH4OH dropwise to the same volume of
0.1 M aqueous solution of Ca(NO3)2 containing 15 mL of 28%
NH4OH, while vigorously stirring with a magnetic bar (400 rpm) and
keeping the suspension on a plate heated to 50 °C. After the addition
of NH4H2PO4 was complete, the suspension was brought to boiling,
then immediately removed from the heater and let cool in air. Stirring
was suspended and the precipitate alongside its parent solution was left
to age in atmospheric conditions for 24 h. After the given time, the
precipitate was centrifuged (3 min at 3500 rpm) and the supernatant
was decanted. The precipitate was then washed with distilled water to
eliminate the excess alkali and the centrifugation and decantation
procedure was repeated. Three milliliters of the resulting gelatinous
HAp precipitate were then mixed with 3 mL of 2,2,2-trifluoroethanol
and vortexed (Thermolyne Maxi Mix II) for 10 s. Three milliliters of
the resulting colloidal suspension of HAp (3 mL) were then added to
7 mL of the previously prepared, 100 mg/mL solution of 80 kDa PCL
in 2,2,2-trifluoroethanol, and the solution was agitated for 1 min in an
ultrasound field using a Q700 QSonica ultrasonicator with a 1/8″ tip,
the power of 15 W and the overall delivered energy of 1 kJ. The given
PCL solution was made by dissolving the polymer (Mw = 80−100
kDa) in 2,2,2-trifluoroethanol under mild agitation for 3 h at 65 °C.
The resulting colloidal suspension of HAp and PCL in a 1:5 weight
ratio was poured over the PDMS films and let dry in the atmospheric
conditions for 2 h, after which the PCL/HAp films were peeled off the
PDMS surface with forceps and used for in vitro cell experimentation.

2.2. Characterization of PCL/HAp Films. The morphology of
PCL/HAp films was characterized on an Olympus BX60 optical
microscope equipped with a Zeiss AcioCam MRm camera and on a
Carl Zeiss Ultra 55 field-emission scanning electron microscope at the
voltage of 2 kV. The samples were sputtered with iridium (∼3 nm)
prior to observation. PCL/HAp films were also characterized on an
Ambios Technology XP-2 Stylus Profiler (Santa Cruz, CA). The
profilometry analysis was performed using the scan speed of 50 μm/
sec, the scan length of 0.5 mm, and the stylus force of 0.5 mg. X-ray
diffraction analysis in the transmission mode was performed on a
Bruker Advanced D-8 diffractometer equipped with a Johansson
monochromator in the 2θ range of 8−70° and the scan step of 0.05°.
X-ray diffraction analysis in the reflection mode was performed on a
Philips 1050 diffractometer using the Bragg−Brentano parafocusing
method and the same 2θ range and scanning resolution. The most
intensive reflections, (110) for PCL and (211) for HAp, were used to
estimate the average crystallite size (d) for the two components using
the Debye−Scherrer equation in the following form, with β1/2 being
the half-width of the given diffraction peak (in radians), θ being the
diffraction angle and λ being the wavelength of Cu Kα as the radiation
source (1.5418 Å):

λ β θ=d 0.94 / cos1/2

2.3. Model Drug Loading and Release. Fluorescein sodium
(C20H10Na2O5; log P = 3.4; Mw = 376.28 g/mol, d ∼ 0.7 nm, Fluka)
was used as a small molecule model drug in this study. One milliliter of
20 mg/mL fluorescein−Na dissolved in 2,2,2-trifluoroethanol was
added to 4 mL of the aforementioned PCL/HAp mixture, vortexed
and poured over the PDMS substrates. After the films dried, they were
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removed with the forceps. Model drug release experiments were
conducted by immersing 5 mg of such prepared fluorescein-loaded
PCL/HAp films in 5 mL of phosphate buffered saline (PBS, pH 7.4)
and incubating them in the dark at 37 °C with no agitation for up to 1
month. Every 24−48 h, 10 μL aliquots were sampled, mixed with 90
μL of PBS and analyzed for fluorescence (Packard Fluorocount,
λexcitation = 495 nm, λemission = 525 nm) convertible to the concentration
of the released fluorophore. After 2 months, fluorescein-loaded PCL/
HAp films were dissolved by adding 2 mL of 2,2,2-trifluoroethanol to
the solutions containing them and incubating overnight at 37 °C. The
resulting fluorescence was measured and used to calculate the overall
amount of the model drug initially contained by the films. Each sample
was analyzed in triplicates and the fluorescence of each experimental
replica was determined as the average of three independent
measurements.
2.4. Cell Culture. Mouse calvarial preosteoblastic cell line,

MC3T3-E1 subclone 4, was purchased from American Tissue Culture
Collection (ATCC, Rockville, MD) and cultured in Alpha Minimum
Essential Medium (α-MEM; Gibco) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and no ascorbic acid (AA). The
medium was replaced every 48 h, and the cultures were incubated at
37 °C in a humidified atmosphere containing 5% CO2. Every 7 days,
the cells were detached from the surface of the 75 cm2 cell culture flask
(Greiner Bio-One) using 0.25 wt % trypsin, washed, centrifuged (1000
rpm × 3 min), resuspended in 10 mL of α-MEM and subcultured in a
1:7 volume ratio. Cell passages 21−27 were used for the experiments
reported here. The cultures were regularly examined under an optical
microscope to monitor growth and possible contamination.
PCL/HAp films were cut with a scalpel in the shape of 48- or 96-

well plates, placed into them and sterilized via exposure to UV light for
1 h. Before positioning the film inserts into the wells, their bottoms
were glazed with silicone sealant, which helped in gluing them to the
bottom of the wells. MC3T3-E1 cells were then seeded on the films at
the density of 3 × 104 cells/cm2 and in 250 μL/cm2 of the above-
mentioned medium. The medium was replaced every 48 h, and the
cultures were incubated at 37 °C in a humidified atmosphere
containing 5% CO2.
2.5. MTT and Proliferation Assays. For the purpose of MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in vitro
toxicological assay, MC3T3-E1 cells were seeded on PCL/HAp films
in 48-well plates and cultured in 180 μL of the above-mentioned AA-
free medium for different periods of time. The AA-free medium was
replaced every 48 h. At the end of the incubation period, 20 μL of 5
mg/mL MTT (Sigma M-5655) in PBS were added to each well. After
4 h of incubation at 37 °C, 220 μL of MTT solubilization solution
(Sigma M-5655) were added to each well. Following an additional 2 h
of incubation of softly shaken wells (60 rpm) at room temperature,
100 μL aliquots from each well were analyzed for absorbance at 570
nm on a UV/vis spectrophotometric microplate reader (Molecular
Devices, Spectra Max 190). All the particle types were analyzed in
biological triplicates and the resulting absorbance values were
normalized to the negative control. For the purpose of proliferation
measurements, cells grown under the same conditions were detached
after different periods of time by incubating first with 200 μL of PBS
for 10 min and then with 200 μL of 0.25 wt % trypsin for an additional
10 min, after which the suspended cells were counted on a
hemocytometer.

2.6. Migration Assay. The migration assay was carried out by
adhering PCL/HAp films covering 50% of the bottom 12-well surface
after 5 days of incubation of MC3T3-E1 cells seeded at the density of
3 × 104 cells/cm2. Glass slides were used as a positive control. After 3
days of additional incubation, the films were peeled off, washed with
PBS and trypsinized with 0.25 wt % trypsin. The number of cells was
counted on a hemocytometer and normalized to the positive control.
All the PCL/HAp films were analyzed in triplicates and six
independent measurements were taken of each sample.

2.7. Immunofluorescent Staining. A portion of the cells was
stained after 7 days of incubation for collagen type I and nucleus. The
staining procedure began with washing the cells with PBS (pH 7.4)
and fixing them for 15 min in 3.7% paraformaldehyde. The cells were
then washed with PBS 3 × 5 min and then with the blocking solution
(PBT = 1% bovine serum albumin (BSA), 0.1% Triton X-100 in PBS)
2 × 5 min. The cells were then blocked and permeabilized in PBT for
48 h, and then incubated in 500 μL/well of the primary antibody, 10
μg/mL rabbit anticollagen-type-1 (Abcam) in PBT for 1 h. The cells
were then washed with PBS 3 × 10 min and incubated with 500 μL/
well of the secondary antibody, 10 μg/mL AlexaFluor 555 goat
antirabbit IgG (Invitrogen) and 20 μg/mL 4′,6-diamidino-2-phenyl-
indole dihydrochloride nuclear counterstain (DAPI, Invitrogen), all in
PBT for 1 h and then washed with PBS 3 × 5 min. The coverslips
containing the fixed and stained cells were mounted onto glass slides
using hard set Vectashield and nail polish and were subsequently
imaged on a confocal laser scanning microscope − C1si (UCSF Nikon
Imaging Center) at 60× magnification in oil. The final images were
obtained by z-stack volume-rendering 15−20 raw images spaced by 1
μm. All the experiments were done in triplicates.

2.8. Real-Time PCR. For the purpose of the real-time polymerase
chain reaction (qPCR) analysis, MC3T3-E1 cells were first seeded on
PCL/HAp films in 96-well plates at the density of 3 · 104 cells per well
and cultured in 100 μL of the above-mentioned AA-free medium for
48 h. The AA-free medium was then substituted with the AA-
supplemented medium. After an additional 48 h incubation period, cell
lysis, reverse transcription (Bio-Rad) and qPCR (Applied Biosystems,
StepONEPlus) were performed using the Fast SYBR Green Cells-to-
CT kit (Ambion) in accordance with the manufacturer’s instructions.
Each experiment was done in triplicates and each experimental replica
was analyzed for mRNA expression in triplicates too (n = 3 × 3). The
expressions of one housekeeping gene, β-actin (ACTB), and six
additional ones, including osteocalcin (BGLAP), osteopontin (BSP-1),
procollagen type I (Col I), alkaline phosphatase (ALP), and the
transcription factors, Runx2 and TGFβ-1 were analyzed. Table 1 shows
the primer pair sequences used. The real-time PCR results were
analyzed using the ΔΔCt method and all the data were normalized to
ACTB expression levels.

3. RESULTS AND DISCUSSION
3.1. Microstructural and Topographic Characteristics

of the Composite. Blueprints of the topographic features of
PCL/HAp films drawn in AutoCAD, along with the
corresponding PDMS templates and SEM images of the final
products, are shown in Figure 2. The PCL/HAp films were of
two types: those with a high order of translational symmetry
and those typified by the absence of any translational
symmetry. The profilometry data presented in Figure 3a

Table 1. Primer pair sequences used for the qPCR analysis

gene forward 5′-3′ primer reverse 5′-3′ primer

ACTB GGCCCAGAGCAAGAGAGGTATCC ACGCACGATTTCCCTCTCAGC
BGLAP CTCACAGATGCCAAGCCCA CCAAGGTAGCGCCGGAGTCT
Runx2 AAATGCCTCCGCTGTTATGAA GCTCCGGCCCACAAATCT
ALP TCCTGACCAAAAACCTCAAAGG TGCTTCATGCAGAGCCTGC
Col I GCGAAGGCAACAGTCGCT CTTGGTGGTTTTGTATTCGATGAC
BSP-1 AGGAGGAGGCAGAGCACA CTGGTATGGCACAGGTGATG
TGFβ-1 AGCCCGAAGCGGACTACTAT TCCCGAATGTCTGACGTATTG
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demonstrate the regularity and irregularity, respectively, of
protuberances on the surface of the PCL/HAp films, whereas
X-ray diffractograms in Figure 3b verify the presence of both
HAp and PCL in the composite films. The two most intense
diffraction peaks, at 2θ = 21.5 and 23.9°, are derived from the
(110) and (200) planes of semicrystalline orthorhombic PCL,

respectively,42,43 whereas all other indexed peaks belong to
hexagonal HAp reflections (space group P63/m). Unlike the
sharp reflections of PCL, the diffraction peaks of HAp were
comparatively broad and the lower limit for the crystallite size
was estimated using the Debye−Scherrer equation at only 8
nm, as compared to >100 nm for PCL. Even though the
addition of HAp to a PCL matrix suppressed the crystallization
of the polymer,44 crystallinity of PCL is expected to further
increase with the degradation time, as the hydrolytic scission of
long molecular chains leads to an increased mobility of the
shorter polymeric chains and their greater tendency to adopt a
more symmetric ordering in space.45 The low crystallinity of
HAp that is to be applied as a bone filler is expected to favor
the resorption of the implant and its timely replacement with
the newly formed bone,46 an effect that the nanoscopic particle
size additionally contributes to.47,48 No difference was detected
between diffractograms recorded in the transmission and
reflection modes, suggesting that the composite films comprise
an isotropic distribution of HAp crystallites (Figure 3b).
Likewise, as also visible from Figure 3b, no peaks were detected
during the texture analysis on the two most intense reflections
for PCL and on (002) reflection of HAp (2θ = 25.9),
corresponding to the most probable preferential growth, along
the z-axis, thus reconfirming the isotropic distribution of HAp
crystallites and demonstrating that there was also no specific
orientation of the polymeric chains in the sample.
Both of the textured films comprised oval surface features

with the average height of 10 μm, the diameter of 10 μm and
the separation length of 20 μm. These dimensions were
deliberately chosen because they are comparable to the average
size range of MC3T3-derived fibroblasts: 20−60 μm. Electro-
magnetic radiation interacts most intensely when its wavelength
is comparable to the size of the physical objects that it
encounters and the distance between the object’s elementary
constituents that it passes through (e.g., diffraction), and we

Figure 2. AutoCAD blueprints (a, b), optical images of PDMS
templates with wells on their surface (c, d) and SEM images of PCL/
HAp films (e, f) with ordered (a, c, e) and disordered (b, d, f) pillar-
shaped topographical features. The diameter of the spherical features is
20 μm.

Figure 3. (A) Profilometry diagrams of three different PCL/HAp films synthesized: (a) flat; (b) topographically disordered; (c) topographically
ordered. (B) X-ray diffractograms of PCL/HAp films in transmission and reflection modes and the intensity of (110) reflection of PCL and (200)
reflection of HAp in PCL/HAp films as a function of the angle, φ, denoting rotation around the axis perpendicular to the sample plane in the
transmission mode. Diffraction peaks indexed with * are PCL-derived, whereas those indexed with + are HAp-derived.
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hypothesized that a similar principle may hold true for the
interaction between cells and foreign surfaces (Figure 4). The

surface density of topographic features was chosen to be
identical on both the ordered and randomized PCL/HAp
substrates, equaling 1200 pillars per mm2, so as to ensure no
difference in wettability between the surfaces. Flat films,
comprising no topographic features on the micrometer scale,
were also produced. The surface profiles of the three
topographically distinct films are shown in Figure 3a. All the
films possessed a fine degree of porosity, which is presumed to
have resulted from the local pockets of phase segregation and
the entrapment of air bubbles entailed by it. Spin-casting films
on PDMS templates did not manage to eliminate this porosity.
Its role may be important considering the intended utilization
of these films for the release of antibiotics either in the
treatment of osteomyelitis or in the prophylaxis against
implant-related infections, whereby a finite level of burst
release caused by these pores is thought to be a desirable
feature.
3.2. Model Drug Release. Indeed, the release profile for a

small molecule, fluorescein, from PCL/HAp films, shown in
Figure 5, demonstrated a finite amount of burst release
occurring in the first hour following the immersion of the films
into the solution, though accounting for only ∼10% of the
entire drug load. The release pattern then entered its second
phase when the release stabilized at ∼0.6 μg/h. In theory, if the
same drug release profile in this stage applied to an antibiotic
molecule of a similar size and diffusion coefficient, such as
clindamycin, gentamicin or tobramycin, the minimal inhibitory
concentration would be exceeded for most bacteria in the
immediate vicinity of the implanted film. Unlike pure HAp,
typified by the initial burst release of the adsorbed drug and the
rather insubstantial release in the subsequent, sustained release

phase, PCL has been used to ensure extended release profiles
both alone49,50 and in composites.51,52 Owing to its
comparatively long hydrocarbon chains and the resulting
hydrophobicity, PCL is one of the slowest degrading poly(α-
hydroxy esters), needing several years to undergo complete
degradation at the molecular weight of 80 kDa.53 Con-
sequently, only 48 ± 4% of the model drug was released
from the films after 2.5 months of incubation in an unstirred
physiological solution. At the rate of release observed toward
the end of the incubation time, it would take approximately 7
more months for the entire load to be released from the
composite films. However, degradation and drug release from
polymeric and other implants in vivo are typically higher than
in vitro.54,55 One of the contributing factors would, in this case,
be the hydrolytic action of proteases, which have been shown to
be able to fully degrade PCL implants in vitro in only 1 month
or so.56 Another contributing factor might be the possibly
higher degradation rate of PCL at acidic pHs,57 the conditions
under which osteoclasts degrade boney tissues. Phagocytosis,
biomechanical stress and increased wetting in biological
conditions can present other factors that may lead to higher
degradability of the given composites in vivo.58,59 The thickness
of PCL/HAp films is a parameter that has not been
systematically investigated in this study and that could be
increased to more than 100 μm to additionally extend the drug
release time window.

3.3. Phenotypic Response of the Osteoblastic Cells.
The initial proliferation of fibroblasts on PCL/HAp films, 4
days after the seeding, was hampered compared to their
proliferation on the control polystyrene surface (Figure 6a).
The number of cells at this early time point was thus 37.5% of
the control on the periodically arranged PCL/HAp films, 61%
on the irregularly textured ones and 68% on the flat ones. After
the growth times ranging from 7 to 10 days, however, the cell
number on PCL/HAp substrates was restored in comparison
with the control and no significant difference in cell number
was found. The morphologies of cells counterstained at this
point against collagen type I and nucleus appeared healthy and
well spread across the underlying surface (Figure 7). Equally
solid production of collagen among the entire cell population
served as an evidence of the cells’ uncompromised ability to
form extracellular matrix following growth on PCL/HAp films.
Interestingly, after 12 days of growth, the number of cells on all
PCL/HAp films was higher than on the control plastic. In
contrast, no consistently significant decrease in the mitochon-

Figure 4. Size of the surface features and the distance between them
were chosen to be in the same order of magnitude as that of the size of
fibroblastic cells, assuming that the surface effects on the cells would be
maximized thereby, in analogy with the light diffraction process, which
is most intense when the spacing between the scattering entities and
the wavelength of the diffracted light are in the same range, as could be
seen from Bragg’s equation, where λ is the wavelength of the incident
X-ray photons, θ is the diffraction angle, d is the spacing between two
nearest planes containing the scattering entities and n is the integer
signifying the order constructive interference, with n = 1 being the
most probable and intense one.

Figure 5. Temporal profile for the sustained release of fluorescein
from PCL/HAp films in PBS.
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drial activity of cells, directly indicative of their viability, was
detected following their growth on PCL/HAp films for any
period of time between 1 and 12 days (Figure 6b).
Figure 8 demonstrates that the migration of MC3T3-E1

fibroblasts onto PCL/HAp films proceeded slower than on the
control borosilicate glass. The flat composite films, however,
fostered more cell migration activity than the films containing

topographic features. The fact that the migration of fibroblasts
onto PCL/HAp films was slower than onto the control glass
surface might have certain therapeutic repercussions, given that
the bone substitute implantation presents the onset of the
above-mentioned “race for the surface” involving bone cells and
opportunistic bacteria, with its winner often determining the
success of the therapeutic outcome. Compared to the flat PCL/
HAp films, the microtextured ones led to slower cell migration
onto them, illustrating the ability of the surface features to
hinder cell movement. This ability, however, has its potential
positive effects too, as in theory, it may favor a more intimate
material/tissue interface, especially because it is known that
adhesion antecedes osteogenesis.60 Provided that the cells
succeed in adhering to the topographically enriched substrate, it
can be expected that a lesser mobility of the adherent soft tissue
and its tighter adherence to the implant may result.61

3.4. Genotypic Response of the Osteoblastic Cells.
The lower proliferation of cells seeded on the topographically
symmetrical PCL/HAp substrates coincided with the lowest
expression of the housekeeping gene, β-actin, in cells grown on
these very same surfaces. Similar to what was seen with
proliferation and migration assays, cells grown on the
topographically asymmetrical PCL/HAp substrates had higher
levels of β-actin, but not as much as those grown on the flat
PCL/HAp surfaces, let alone on the control tissue culture
polystyrene. The fact that the absolute β-actin expression trend
was identical to that of the proliferation assay (Figure 8)
implied that the expression of this housekeeping gene could be
used as a valid normalization factor in assessing the expression
of osteogenic marker genes. In contrast with the results of
proliferation and migration assays, the gene expression data
demonstrate that the osteogenic activity was significantly
increased for the cells grown on PCL/HAp films comprising
topographically ordered features compared to both the control
polystyrene surface and two other types of PCL/HAp films
analyzed (Figure 9). Table 2 lists the main osteogenesis-related
functions of the proteins encoded by genes analyzed for mRNA
expression. From osteocalcin, a least ambiguous osteogenic
marker, whose upregulation practically always correlates with
an increase in the bone density, to alkaline phosphatase, a
protein involved in numerous biological processes and present
in virtually all tissues, the expression of all the analyzed genes
was increased typically multifold with respect to the control

Figure 6. (A) Proliferation of MC3T3-E1 cells after 4, 7, 10 and 12 days of incubation on different PCL/HAp films, (b) topographically ordered, (c)
topographically disordered and (d) flat, normalized to proliferation on control cell culture polystyrene (a). The proliferation ratio is represented as a
number of cells counted per surface area for a given sample (N) normalized to the number of cells per surface area for the control sample (Nc). (B)
MTT viability assay for MC3T3-E1 cells on control cell culture polystyrene (a) and on different PCL/HAp films, (b) topographically ordered, (c)
topographically disordered and (d) flat, after 1, 3, 7 and 12 days of incubation. Samples for which a statistically significant difference (p < 0.05) was
observed when compared to the control are denoted with *.

Figure 7. Volume-rendered confocal optical micrographs of
osteoblastic MC3T3-E1 cells grown for 7 days on various PCL/
HAp substrates and fluorescently stained for collagen type I (red) and
nucleus (blue): (a) topographically ordered, (b) topographically
disordered and (c) flat.

Figure 8. Migration assay for MC3T3-E1 cells onto control cell
culture borosilicate glass (a) and onto different PCL/HAp films, (b)
topographically ordered, (c) topographically disordered and (d) flat,
after 3 days of incubation. Migration density is represented as a
number of cells counted per surface area for a given sample (N)
normalized to the number of cells per surface area for the control
sample (Nc). Statistically significant difference (p < 0.05) is denoted
with *.
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sample as well as to the cells grown on flat or topographically
randomized PCL/HAp substrates. In contrast, no consistently
significant increase in the expression of any of the seven
osteogenic markers was detected for the flat PCL/HAp films
when compared to the control polystyrene. These observations
support the notion that topography can be a far more
important determinant of the cell/surface interaction than the
surface chemistry, stiffness and ζ-potential. Moreover, the fact
that the osteogenic activity was markedly more stimulated on
the topographically ordered PCL/HAp films compared to
topographically disordered films of the same composition
implies that the regularity of the distribution of topographic
features can be a more important variable than the topographic
features per se and an essential one to consider in the design of
biomaterials.
Perhaps the cause of this elevated expression of osteogenic

markers in cells seeded on polymer−ceramic composite
substrates with topographies exhibiting high levels of transla-
tional symmetry can be correlated with the largest amount of
mechanical stress imposed on the cells by them. Namely, as can
be seen from Figure 7a, after 96 h of incubation, which is the
same time range in which the real-time PCR data shown in
Figure 9 were collected, the cell number was significantly lower
on PCL/HAp surfaces than on the polystyrene control, before

it caught up at longer incubation times (≥7 days). Proliferation
is typically hindered at the onset of cell differentiation and,
consequently, its drop was directly suggestive of the ability of
the topographically ordered PCL/HAp substrates to accelerate
the differentiation of fibroblastic MC3T3-E1 cells into an
osteoblastic lineage. Previous studies have concordantly
demonstrated that preosteoblastic cells do exit the proliferation
phase and enter the osteogenic differentiation phase earlier
when grown of microrough surfaces than when they are seeded
on smooth surfaces.72 Also, the absolute expression of β-actin
followed the same trend as for proliferation, being the highest
for the control polystyrene and the lowest for the topo-
graphically ordered PCL/HAp films. β-actin is a housekeeping
gene and its expression correlates well with the cell number and
can be therefore used as another optional proliferation marker.
Additionally, both proliferation and β-actin expression were
significantly higher for cells grown on flat PCL/HAp films than
on any of the textured ones, serving as an evidence for the
stressful effect of topographic features on the cell growth when
the dimensions of the two are in the same range, as it happened
to be inherent in the design of this study (Figure 4). Even cells
grown on disarrayed PCL/HAp films initially proliferated
better and expressed β-actin more abundantly than the ordered
ones, the reason presumably being more sufficient spacing
between the surface features, allowing for more facile settling of
the cells in-between them. Imposition of a moderate
mechanochemical stress onto osteoblasts by the bone
replacement materials may thus be an inescapable route for
producing conditions of higher osteogenic activity and
increasing the bone regeneration potential of their application.

3.5. Correlation with the Essentiality of Inflammation
for Bone Regeneration. The deduced idea that the
imposition of an optimal mechanochemical stress onto
osteoblasts increases their regenerative capacity is tied to the
common misconception that inflammation is undesirable in
tissue regeneration as it interferes adversely with the healing
process. Rather, by attracting leukocytes and macrophages to
the implantation site and stimulating angiogenesis, moderate
inflammation promotes tissue regeneration. On one hand, this
helps in swelling the biodegradable polymeric implants,
speeding up their degradation via hydrolysis, while on the
other hand, it induces a signaling cascade that results in the

Figure 9. Normalized mRNA expression of six different osteogenic markers in MC3T3-E1 cells grown on control cell culture polystyrene (a) and on
different PCL/HAp films, (b) topographically ordered, (c) topographically disordered and (d) flat, after 96 h of incubation. mRNA expression was
detected by quantitative RT-polymerase chain reaction relative to the housekeeping gene β-actin (ACTB). Data normalized to the expression of
ACTB are shown as averages with error bars representing standard deviation. Genes significantly (p < 0.05) upregulated with respect to the control
group are marked with *. Genes significantly (p < 0.05) downregulated with respect to the control group are marked with †.

Table 2. Genes Analyzed for mRNA Expression Using
qPCR, the Proteins They Encode for and Their Main
Biological Function during Osteogenesis

gene protein name main role during osteogenesis

BGLAP osteocalcin promoter of mineral nucleation62,63

Runx2 runt-related
transcription
factor 2

mesenchymal precursor for cell differentiation
into osteoblastic lineage64,65

ALP alkaline
phosphatase

dephosphorylation enzyme and a byproduct of
osteoblastic activity66

Col I procollagen
type I

precursor of collagen type I, the main organic
phase of boney tissues67

BSP-1 osteopontin mineral nucleation inhibitor and the functional
antagonist of osteocalcin68

TGFβ-1 transforming
growth factor
β-1

antagonist of bone morphogenetic proteins in
the canonical Smad-dependent signaling
pathways69 and osseointegration stimulant70

ACTB β-actin cytoskeletal microfilament regulating motility
and structural integrity of the cell71
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production of cytokines and differentiation of monocytes into
osteoclasts,73 the cells that would, together with phagocytes, go
on to resorb the organic and biodegradable ceramic implants.
Inflammation paralleled with the increased concentration of
lymphocytes has also been shown to promote the proliferation
and differentiation of MSCs, the cells capable of migrating to
the sites of inflammation or injury to partake in their healing.74

Delayed inflammatory response to injury thus usually directly
translates to impaired tissue regeneration.75 The fact that Si-
and Sr-doped calcium phosphate implants are more smoothly
taken up by the body than the pure compounds76,77 could
potentially be explained by the ability of these two foreign ions
to trigger a mild immunological alarm, which would produce
just enough of the inflammatory response to ensure the
resorption of the implant and the formation of new bone at its
place in the stead of inert encapsulation. To further bone
regeneration, some of the traditional reparative techniques in
orthopedics have thus directly prescribed an infliction of injury
or infection, as in the case when short bones are fractured by
the physicians to induce their elongation or when swabs
contaminated with staphylococci are applied to an open bone
following a surgery performed on it so as to speed up its
recovery. Similarly, for gene transfection to be effectively
performed, required is a carrier that exhibits moderate levels of
cytotoxicity, able to rupture and penetrate the cell membrane
prior to releasing the therapeutic agent targeting the nucleus.
Moreover, it was shown that activation of inflammatory
pathways is favorable for the purpose of a successful gene
therapy in a sense that it opens chromatin and allows for the
genetic information to be interfered with, which has led to the
coinage of the term “transflammation” to more veritably
describe the process of gene transfection.78 Regeneration and
inflammation signaling pathways in the cell are, in fact, tightly
entwined, and stimulating one may not be possible without
stimulation of the other. This can be exemplified by a number
of proinflammatory molecular mediators that act as essential
components of regeneration pathways within the cell.79 The
activation of proinflammatory cytokines is thus a prerequisite
for proper bone healing to occur,79 leading to an inextricable
entwinement of injury and repair in the clinical context. By
analogy, we could conclude that drug delivery devices and
tissue regeneration materials may need to be optimally injurious
to the body in order to achieve a maximal therapeutic effect.
3.6. Need for Surface Feature Optimization at Both

Micro and Nano Scales. Hereby we demonstrate the greatest
level of osteoblastic activity induced in cells grown on PCL/
HAp surfaces comprising periodically arranged topographic
features, as opposed to the control polystyrene, flat PCL/HAp
films or PCL/HAp films with identical but randomized surface
features. In a former study by Dalby et al., the opposite was
found: namely, randomly patterned poly(methyl methacrylate)
substrates, though with nanosized, not microsized features,
substituted for the role of osteogenic supplements and induced
the differentiation of MSCs to osteoblasts, unlike the
chemically identical substrates with a perfect translational
symmetry.80 The different outcomes of these two studies may
have been caused by the different cell types used (MSCs vs
MC3T3-E1), by the different compounds used to grow the cells
on (poly(methyl methacrylate) vs PCL/HAp), or perhaps by
the 2 orders of magnitude lower size scale of the features
utilized (120 nm in diameter, 300 in spacing and 100 nm in
depth vs 10 μm in diameter, 20 μm in separation and 10 μm in
height). Different effects accomplished by the topographic

features on the micro scale and on the nano scale suggest that
tailoring of the surface of a biomaterial for a most favorable
interface with the adjacent tissue should be done at both scales.
Perhaps neither of the topographies outweighs in its
importance the other one. The precisely defined topographic
spacing at the nano scale, such as the 40 nm wide gap and the
27 nm wide overlap region of collagen fibers, can be sensed by
the cells and even the finest changes on this length scale can
have a relatively large effect on cell adherence and
proliferation.81 On the other hand, here we show that, in
analogy with the world of optics, characteristics of the surface
features comparable in size with the cells seeded on them can
have a similarly drastic effect on their growth. Moreover, our
earlier study showed that calcium phosphate nanoparticles
augment proliferation and the osteogenic response of
osteoblastic cells to a greater extent than the microsized
particles do.82 In this work, however, we demonstrate that the
choice of the right features at the micro scale could be used to
impose moderate mechanochemical stress on the adherent cells
and thus boost their osteogenic activity.

4. SUMMARY

Both sole bottom-up and top-down techniques for the synthesis
of nanostructures suffer from inherent weaknesses. As for the
former, they include difficult integration of the products into
devices, whereas the downsides of the latter include expensive
processing and robust equipment that deters the easy transfer
of technologies.83 Enforcing either one or the other approach
to the fabrication of nanostructures can be blamed for the fact
that nanomaterials, not nanodevices, still comprise the major
share of patents in the field of nanotechnologies as well as that
the global market for nanotechnologies was, in 2009, only 1.1%
of its value predicted by the National Science Foundation five
years earlier.84 It has been hypothesized therefore that various
combinations of the two may hold the greatest prospect in
advanced materials synthesis.85,86 As a proof of principle,
composite films comprising PCL and HAp were fabricated in
this study using a combination of bottom-up, wet, precipitation
synthesis of the nanoparticulate phase, in this case HAp, and
top-down, photolithographic imprinting of precisely designed
topographic features. The films were able to capture a
considerable amount of small model drug molecules and
release it over extended periods of time. Their performance in
vitro, as a substrate for the growth of the fibroblastic and/or
osteoblastic MC3T3-E1 cell line, was evaluated. The greatest
level of mechanochemical stress was, however, imposed on cells
by the PCL/HAp films with regularly distributed surface
features and this elevated stress directly translated to osteogenic
activity higher than (a) on flat PCL/HAp films, (b) on PCL/
HAp films comprising randomly distributed features and (c) on
the control tissue culture polystyrene. It was thus shown that
topography can be a more important determinant of the cell/
surface interaction than the surface chemistry and/or stiffness
as well as that the regularity of the distribution of topographic
features can be a more important variable than the topographic
features per se. The broad conclusion of the study is that the
precise tailoring of the surface of artificial bone substitutes and
biomaterials in general for the most favorable material/cell
interaction has to take into account both the dimensions of the
surface features and the level of their translational symmetry.
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