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Bioinert high performance ceramics exhibit detrimental features for implant components with direct
bone contact because of their low osseointegrating capability. We hypothesized that periodical
microstructures made of inert alumina ceramics can influence the osteogenic differentiation of human
mesenchymal stromal cells (hMSC). In this study, we manufactured pillared arrays made of alumina
ceramics with periodicities as low as 100 pum and pillar heights of 40 pm employing direct inkjet printing
(DIP) technique. The response of hMSC to the microstructured surfaces was monitored by measuring cell

iﬁ'r";’l';;‘;s" morphology, viability and formation of focal adhesion complexes. Osteogenic differentiation of hMSCs
Microstructures was investigated by alkaline phosphatase activity, mineralization assays and expression analysis of
Stem cells respective markers. We demonstrated that MSCs react to the pillars with contact guidance.

Subsequently, cells grow onto and form connections between the microstructures, and at the same time
are directly attached to the pillars as shown by focal adhesion stainings. Cells build up tissue-like
constructs with heights up to the micropillars resulting in increased cell viability and osteogenic differ-
entiating properties. We conclude that periodical micropatterns on the micrometer scale made of inert
alumina ceramics can mediate focal adhesion dependent cell adhesion and stimulate osteogenic differen-
tiation of hMSCs.

Additive manufacturing
Direct inkjet printing

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

High performance ceramics like alumina (Al,03) exhibit high
strength and wear resistance, and are especially suitable for artic-
ulating components of joint implants [1,2]. Due to its bioinert
properties alumina, like other high performance ceramics, is not
capable of stimulating bone formation and osseointegration both
of which are major issues for implants with direct bone contact
[3]. However, high performance ceramics are still respected to be
convenient implant materials e.g. because of their tooth-like color
in dental implantology [4]. Numerous approaches have been
employed to bioactivate alumina surfaces, e. g. by inorganic coat-
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ings like hydroxyapatite or bioglass [5], hydroxylation [6], and
immobilization of biomolecules [7-10]. Changing the chemical
composition of the surface with other molecules such as crosslink-
ers to introduce biomolecules seems feasible on a small scale.
However, strict regulations associated with these pharmaceutically
active surfaces have prompted implant developers to explore
alternative solutions yielding similar results.

Since it is known that material topography such as roughness or
structured surfaces influence cellular responses, cell-material
interface modifications are used extensively for metallic and cera-
mic materials [11,12]. Modifying techniques include anodization
[13], acid etching [14], particle blasting [14,15], plasma spraying
[16], and ionic [17] and electron beam radiation [18], which have
been used to produce ripples, grooves, or pillars within the
micrometer, submicrometer or nanometer range. Some of these
techniques result only in random-like surface structures, impairing
any interpretations of observed cell responses. It has also been
found that surface topography is capable of enhancing the
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response of neighboring cells in an in vivo situation [19,20]. Pedi-
monte et al. induced nanopores by anodization and observed that
osteoblast cell lines showed enhanced adherence and activity [21].
Pores of alumina substrates with sizes of 20nm and 100 nm
affected mesenchymal stromal cell proliferation, morphology,
expression of adhesion proteins, and osteogenic differentiation
[22]. Nadeem et al. produced 50 pum grooves using embossing
techniques and observed higher levels of osteonectin, bone
morphogenic protein receptor 2, and osteocalcin in hMSCs, how-
ever their 10 pm groove resulted in cell alignment but no effect
on osteogenesis [23]. Micropits mimicking osteoclast resorption
pits revealed elevated expressions of osteopontin and increased
mineralization [24]. Microgrooves fabricated by micromolding
with progressively increasing ridge and groove widths enhanced
the osteogenic differentiation of hMSCs validated by ALP activities,
mineralization, and gene levels of osterix, ALP, osteopontin,
RUNX2, and osteocalcin with 180 pm alumina grooves exhibiting
the highest levels [25]. Despite moderately roughened alumina-
toughened zirconia implant surfaces being well accepted by rat
bone tissues, the osseointegration process seems to proceed more
slowly compared to titanium [26].

To tailor ceramic surfaces further, direct ink writing [27], an
additive manufacturing technique developed as a processing tool
to build complex 3D structures [27-31], has been employed.
Droplet-based techniques include the direct inkjet printing (DIP)
process, in which two kinds of print heads for this drop-on-
demand printing can be used: piezoelectric and thermal [28]. In
piezoelectric head systems, a volumetric change in the fluid reser-
voir is induced by the application of a voltage pulse to a piezoelec-
tric element [31]. Thermal systems have a heating element as a
thin-film resistor. When an electrical pulse is applied at the head,
a high current passes through the resistor and the fluid in contact
with it is vaporized, resulting in increased pressure which ejects a
droplet through the nozzle [32]. Three-dimensional structures
require a continuous distribution of material and this necessitates
contact and adhesion between individual drops after printing [29].
Droplet size can be varied by adjusting the applied temperature
gradient, pulse frequency, solid content and ink viscosity
[33-35]. Ozkol et al. proposed that, in contrast to other printing
technologies, thermal DIP allows high resolution and accuracy
[30]. Drawbacks of this technique are the dimensional constraints
by the small building platform, with typical sizes around
50 mm x 100 mm, limiting the production capabilities to small,
detailed objects. Furthermore, accuracy limitations are a constant
concern, both by agglomeration of particles within the ejection
chamber as well as clogging of the nozzle. However, the drop-
wise buildup is able to generate very fine microstructures on
numerous surfaces. Overall, the application of 3D printing in med-
icine could provide benefits, including cost-effectiveness and the
customization and personalization of medical products [36,37].

In this study, micropillar arrays made of alumina ceramics were
designed and fabricated with two different micropatterns with
pillar distances of 100 or 300 pum. We hypothesized that such peri-
odical microstructures made of inert alumina ceramics would not
only be able to induce contact guidance but also could stimulate
the viability and osteogenic differentiation of human mesenchymal
stromal cells (hMSCs).

2. Materials and methods
2.1. Fabrication of alumina specimens
Using an alumina powder (CT 3000 LS SG, Almatis, Lud-

wigshafen, Germany), a slurry was synthesized to slip cast disc-
shaped substrates with a green body diameter of 14.5 mm. After

drying, the samples were subsequently ground using silicon nitride
abrasive paper with grades 100 and 1000 respectively to a thick-
ness of approximately 1 mm. Final grinding was performed with
conventional paper sheet and inspections via stereo microscope
(Stemi 2000-CS, Carl Zeiss, Jena, Germany) until no optically visible
scratches could be detected. The micropatterning was performed
using a prototype printing system for Direct Inkjet Printing (DIP)
[36]. Alumina (CT 3000 LS SG, Almatis GmbH, Germany) was
processed in a high energy mill (MicroCer, Netsch-Group, Selb,
Germany) until a particle size of D50=0.4 um with a narrow
particle distribution was measured using laser granulometry
(Mastersizer 2000 W, Malvern Instruments, Worcestershire, GK).
The suspension was dispersed in aqueous medium using a disper-
sant based on polyacrylic and carboxylic acid. The physical proper-
ties of the suspension were adjusted by the addition of ethanol
(Merck, Darmstadt, Germany) and glycerol (Glycerol 85%, Hedin-
ger, Stuttgart, Germany). The printing was done according to the
thermal drop-on-demand principle with individual print heads.
Each print head provided approximately 300 nozzles of 27 um
diameter arranged in two rows, resulting in a resolution of
600 dpi. Based on these conditions, the suspension was applied
directly onto the substrates using a bitmap file to build up the cor-
responding micropillar arrays. Due to the repetitive behavior
within the cross sections of the chosen structure the same bitmap
file was used for each printed layer. After processing, a short
debinding step was integrated into the subsequent sintering step.
The alumina samples were cleaned for reuse using ultrasonic treat-
ment in ethanol three times for 1 min, followed by two cleanings in
pure water for 1 min. The samples with printed surfaces were ster-
ilized at 180 °C for 2 h. After osteogenic induction experiments,
samples were additionally treated with 16% (v/v) HCl, heated to
80 °C and gently shaken. Subsequently, the samples were cleaned
three times in pure water by ultrasonic treatment and sterilized
as described above. The microstructures were then controlled by
scanning electron microscopy (SEM) to ensure integrity, and the
ground samples additionally controlled by contact angle measure-
ments before and after the cleaning.

2.2. Cell culture

Human mesenchymal stromal cells (hMSC) were isolated from
the femoral heads of patients receiving hip joint arthroplasty after
informed consent approved by the Ethics Committee of RWTH
Aachen University Hospital (EK 300/13) [38,39]. Isolation of hMSCs
was carried out according to the minimum criteria of the Interna-
tional Society of Cellular Therapy. Single-cell suspension was pre-
pared by flushing the spongiosa several times with hMSC growth
medium (Mesenpan, PAN Biotech, Aidenbach, Germany) containing
2% FCS (Pan Biotech, Aidenbach, Germany) and 1% penicillin/strep-
tomycin (Gibco, Invitrogen, Carlsbad, CA) using a 22 g-needle and
plating the cells after centrifugation in a T75 culture flask (VWR,
Radnor, USA). After 24 h, non-adherent (hematopoietic) cells were
removed by medium change. Adherent spindle-shaped cells were
recovered from the primary culture after 4-7 days. All cells were
cultured at 37 °C, in 5% CO, and 90% humidity. Adherent hMSCs
in culture were expanded to 5000 cells/cm? in hMSC growth med-
ium. The medium was changed twice per week and cells were not
used when older than passage three. Stromal cells were tested for
their activity to proliferate and to differentiate into osteoblasts
measured by mineral formation (see Chapter 2.3). Cell viability
was measured by the ability of cells to reduce resazurin to fluores-
cent resorufin using the CellTiter-Blue assay (Promega, Fitchburg,
USA) according to the manufacturer’s instructions. An increase in
fluorescence correlates with cellular growth and this assay is there-
fore applied to estimate cell proliferation [40].
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2.3. Osteogenic differentiation

One day after seeding 31,000 cells/cm?, osteogenic differentia-
tion was initiated by moving the cells to osteogenic induction med-
ium (=0IM, DMEM (#D6046, Sigma-Aldrich, St. Louis, MO, USA),
including 10% FCS (Pan Biotech, Aidenbach, Germany), 10 mM
sodium Bglycerophosphate, 100nM dexamethasone, and
0.05 mM tr-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis,
MO, USA). The medium was changed three times per week over a
period of 14-21 days. At day 21, cell culture supernatants were
harvested, centrifuged to remove cell debris and stored at —80 °C
until the analysis of alkaline phosphatase (ALP) activity was con-
ducted. ALP was calculated by a colorimetric assay (#ab83369,
Abcam, Cambridge, UK) according to the manufacturer’s instruc-
tions. Calcium mineral formation was stained using Alizarin Red
S (ARS, Sigma-Aldrich, St. Louis, MO, USA), quantified and normal-
ized to DNA concentrations in the lysates measured by picoGreen
(Invitrogen, Carlsbad, USA). In brief, the cells were fixed in 100%
ice-cold ethanol for 1 h at —20°C. Then, they were rinsed with
water several times and stained with 40 mM ARS/NaOH pH 4.1
for 20 min at RT. Excess staining solution was rinsed away several
times with water. To solubilize calcium complexes, 800 pl of 10%
(v/v) acetic acid was added and the samples were gently shaken
for 30 min. Subsequently, the cell layers and supernatants were
transferred to tubes, heated to 85 °C for 10 min and cooled on ice
for 5 min. All samples were pelleted at 20,000xg for 15 min, and
500 pl of the supernatants were pipetted into 200 pl 10% (v/v)
ammonium hydroxide. Absorbance at 405 nm was measured in
duplicates from 150 pl. The cell lysate was frozen at —80 °C for
DNA concentration determination using Quant-iT PicoGreen
dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, USA).

2.4. Real-time PCR (qPCR)

Isolation of total RNA from cell cultures was carried out using
the RNeasy Mini Kit together with the QIAshredder homogenizer
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions, and 0.5-0.8 pig RNA served as a template for the cDNA
synthesis by the First Strand cDNA Synthesis Kit (#K1612, Thermo
Fisher Scientific, Waltham, USA). The concentration of cDNA was
evaluated using the Quant-iT PicoGreen dsDNA Assay Kit (Thermo
Fisher Scientificc Waltham, USA) and the cDNA was diluted in
nuclease free water (Carl Roth, Karlsruhe, Germany) to 4.5 ng/pl.
Semi-quantitative real-time PCR (qPCR) was then performed with
1 ul cDNA and gene specific oligonucleotides mixed with the
Universal Mastermix (Diagenode, Liége, Belgium) according to
the manufacturer’s instructions, on the qPCR machine Rotor-
Gene Q and analyzed by Rotor-Gene Q Series Software Version
2.3.1 (Qiagen, Hilden, Germany). PCR efficiencies for each individ-
ual primer pair of target and reference genes (B-actin) were evalu-
ated at least twice. The fold change of gene expression was
calculated using the averaged efficiencies according to the Pfaffl
method [41]. Primer sequences and annealing temperatures of f-
actin (ACTB), ALP (ALPL/TNSALP), collagen I (COL1A1) and RUNX2
were published in [42]. Cycling was performed 40 times with
95°C 155, and 60°C for 60s. For the analysis of osteopontin
(OPN/SPP1) gene expression, the QuantiTect Primer Assay
(#QT01008798, Hs-SPP1-1-SG, Qiagen, Hilden Germany) was used.
The gPCR was run as mentioned above, SYBR green fluorescence
was detected after an additional step at 75 °C for 5 s.

2.5. Laserscanning microscopy (LSM)
The three-dimensional profile of the periodical ceramic

microstructures was characterized by LSM and software-assisted
line scan analysis (Keyence VK-X 100 series). The width (x), the

distance (y) and the height (z) (Supplementary (Suppl.) Fig. S1)
were evaluated from five samples, and from each of the samples
one random region of interest served to test nine structures, three
each from left top, middle and bottom. For the five ground surface
images the average roughness R,-values were determined (n = 45).

2.6. Scanning electron microscopy (SEM)

In the next step, alumina specimens were coated with a thin
gold film using a high vacuum sputter coater (SCD 020, Oerlikon
Balzers Coating, Liechtenstein) and imaged on a scanning electron
microscope (Leo 440i, LEO Electron Microscopy, GB). Human MSCs
were seeded on 15 mm-diameter alumina samples. After 3, 7, and
21 days of incubation, cells were fixed to the samples with 3% glu-
taraldehyde for at least 24 h in sodium phosphate buffer (0.1 M,
Merck, Darmstadt, Germany), dehydrated in an ascending ethanol
series and air dried or dried with HMDS (hexamethyldisilazane,
Sigma-Aldrich, Steinheim, Germany). Prior to SEM imaging using
the FEI-Philips XL30 ESEM FEG, a 12.5 nm gold film was deposited
on the insulating alumina surfaces using Leica EM SCD500 high
vacuum sputter coater to avoid sample charging. For the analysis
of mineral formation by EDX, alumina samples were not coated.

2.7. Fluorescence microscopy

Human MSCs were seeded at a density of 5000 cells/cm? and
incubated in growth medium for five days, then washed once with
prewarmed PBS and fixed with 4% (w/v) paraformaldehyde/PBS
(Sigma-Aldrich, Steinheim, Germany) for 15 min. The cells were
permeabilized in 0.1% Triton X-100/PBS for 3-5 min, washed twice
with PBS, and incubated with 1% BSA/PBS for 30 min. Vinculin
(mouse monoclonal, 1:5000 in 0.5% BSA/PBS, MAB3574, Merck Mil-
lipore, Darmstadt, Germany) and integrin-B5 (rabbit monoclonal,
1:200 in 0.5% BSA/PBS, D24A5, #3629S, Cell Signaling, Danvers,
USA) were stained by incubation for 45, or 60 min, respectively,
and washed three times with 0.5% BSA/PBS. Secondary anti-
mouse (donkey, Alexa555, 1:2000 in 0.5% BSA/PBS, #A31570, Life
Technologies, Carlsbad, USA) and anti-rabbit (donkey, Alexa555,
1:1000 in 0.5% BSA/PBS, #A31572, Life Technologies, Carlsbad,
USA) were incubated for 40 min and rinsed three times with 0.5%
BSA/PBS. For staining of focal adhesion kinase (FAK), the cells were
fixed as described above and subsequently treated with ice-cold
acetone for 30 s. Then, the cells were permeabilized as described,
blocking was performed using PBS/Roti-ImmunoBlock 0.1 x (Carl
Roth, Karlsruhe, Germany) for 30 min, and antibodies against FAK
(mouse monoclonal, 1:400 in PBS/Roti-ImmunoBlock 0.1 x, #05-
537, Merck Millipore, Darmstadt, Germany) were incubated for
1 h. Samples were rinsed three times with PBS and afterwards
incubated with secondary antibodies coupled to Alexa555, anti-
mouse or -rabbit (see above), diluted 1:1000 in PBS/Roti-
ImmunoBlock 0.1 x and incubated for 40 min. After antibody stain-
ing, filamentous actin was visualized by binding with Phalloidin-
Alexa488 for 20 min (1:50 in 1% BSA/PBS, #A12379, Life Technolo-
gies, Carlsbad, USA). Samples were finally washed three times with
PBS and mounted in ProLong Gold Antifade Mountant with DAPI
(#P36935, Life Technologies, Carlsbad, USA) stored in the dark
until imaging at 4 °C. Stacks of fluorescence micrographs with a
distance of 0.275 pm between optical slices were recorded with
an Apotome.2 microscope setup (Carl Zeiss, Jena, Germany). After-
wards, contrast was enhanced for each individual optical slice
using Image] 5.7, maximal intensity projections were calculated
using Zen software (Carl Zeiss, Jena, Germany) and 3D-models
were rendered using Amira 5 (FEI, Hillsboro, USA).
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2.8. Experimental design, analysis and statistics

Unless otherwise stated, for each individual experiment a
minimum of three replicate alumina specimens were used to yield
biological material. The cell culture experiments were repeated
independently with hMSCs of individual donors. Values in this
study are given as means of the independent experiments + stan-
dard error of the mean. For statistical analysis using OriginPro
8.6 Software (OriginLab, Northampton, USA), a Friedman ANOVA
was performed. Whenever statistical significance was evaluated a
post hoc two-tailed student t-test was performed comparing the
various alumina samples. The p-values <0.05 were considered
statistically significant and labeled with an asterisk. All figures
were prepared using CorelDRAW Graphics Suite X6 (Corel Corpora-
tion, Ottawa, Canada).

3. Results

3.1. Characterization of microstructures fabricated by direct inkjet
printing

Microstructures were printed onto ground surfaces, sintered
and analyzed using scanning electron microscopy (SEM) (Fig. 1A).
Fig. 1B depicts the profiles of the various alumina samples
investigated by laser scanning microscopy (LSM), which was used
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to determine that the roughness R, value of ground surfaces was
<1.8 pm. LSM was also used to investigate the dimensions of the
fabricated inkjet-printed microstructures. The widths, the dis-
tances, and heights (x, y, z, respectively, see Suppl. Fig. S1) of the
structures were measured by software-assisted line scan analysis
of randomly chosen image sections. Pillars with distances of
111 pm, heights of 41 um and widths of 70 um were produced
and are referred to as “100 um structures”, and pillars with
333 um distances, heights of 32 and widths of 89 um were pro-
duced and are referred to as “300 pm” further on in the
manuscript.

3.2. Morphology of cells on microstructured alumina surfaces

Metabolic activity and LDH release of L-929 and MG-63 cell
lines was not significantly affected excluding any cytotoxic effect
of printed microstructures (Suppl. Fig. S2A/B). A staining of the
osteoblast-like cell line MG-63 cells with Fluorescein diacetate
(FDA)/propidiumiodide (PI) and hematoxylin showed that MG-63
partially oriented towards the pillar structures (Suppl. Fig. S2C).
All following experiments were performed with human mesenchy-
mal stromal cells (hMSCs) capable of differentiating into osteoblast
lineages. First, hMSCs were subjected to SEM analysis of the early
cellular responses (Fig. 2). On ground surfaces, after three and
seven days cells spread normally and formed many pseudopodia.

100 pm

1000.0-

0. Opm 25

0. Opm

Fig. 1. Topographical analysis of pillar array structures. (A) SEM micrograph of microstructured alumina surfaces. The scale bar represents 200 um. (B) 3D profile as
determined by LSM which was used to calculate structure dimensions and the roughness R, value of the ground surface (R, < 1.8 um).
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100 um

Fig. 2. Contact guidance of hMSCs. Scanning electron micrographs of hMSCs, incubated for 3 or 7 days in growth medium, fixed, dehydrated in ethanol and dried. The scale
bars represent 50 um, respectively.

Cells on printed pillar structures also spread, specifically, after pillar mediated contact guidance and a directed cell migration
three days a minor fraction of cells aligned to these structures. towards and onto the structure.

After seven days, the majority of the cells were able to adapt to After 21 days (Fig. 3 and Suppl. Fig. S3), hMSCs on ground, as
the pillars, and on the 100 um sample cells formed connections well as on a polished control surface (R, < 0.2 um), formed a con-
between neighboring structures. In the space between the surface fluent cell layer. Notably, on the 300 pm structure, whenever cells
and the printed pillars, few cells spanned the structures, indicating were in close contact to a structure they grew onto it and spanned

ground 100 ym 300 ym

Fig. 3. Morphology of hMSC cells after 21 days. SEM micrographs of hMSCs seeded onto the various surfaces, cultured with GM. After 21 d cells were fixed, dehydrated in
ethanol and dried with HMDS. The samples of the 100 pm samples were for higher magnifications hold at an oblique angle illustrating the 3D cell-material scaffold. Scale bars
represent 50 pm.
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it as already observed earlier. Moreover, on the 100 pum printed To clarify whether the cell morphology as observed by SEM
structures hMSCs were capable of building up layers of cells coincides with an attachment of cells to the micropillars, double
between the pillars, growing considerably higher than the pillars immunofluorescence microscopy of integrin-g5, vinculin, or focal
themselves and generating a 3D scaffold built up by inorganic adhesion kinase (FAK) together with filamentous actin was carried
microstructures and organic cell mass. out (Fig. 4, and Suppl. Fig. S4). Likewise, on polished, ground, and
ground 100 um 300 uym
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Fig. 4. MSCs form focal adhesions on the micropillars. Cells were cultured for five days, and focal adhesions were visualized by staining of integrin-g5, vinculin, or FAK
(Alexa555, red) together with filamentous actin (Alexa488, green). Samples were mounted, simultaneously DAPI (blue) stained and imaged with the Apotome.2 microscope
setup. Contrast was enhanced using Image], and MIP was calculated by Zen software. z-Stacks were subjected to the 3D image processing software Amira. To generate side
views of processed z-stacks the rendered 3D-models were flipped by 90 degree and a snapshot was taken (side view). MIP, maximum intensity projection. Black lines indicate
the surface of printed microstructures.
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Fig. 5. Viability of hMSCs on periodically microstructured alumina surfaces. (A) Cells were seeded on alumina specimens at a density of 5000/cm? and treated with growth
medium (GM). *, p <0.05, ground (R, < 1.8 um) vs. polished (R, < 0.2 pm)/300 pm vs. polished. (B) Viability monitored under osteogenic induction (OIM) conditions. The
cultivation with OIM started 24 h after seeding (0 d) at a higher density of 31’000 cells/cm? following cultivation over 21 d. Bars represent the averaged values + standard
error derived from independent experiments with four (A) or two (B) donors using 3-6 alumina samples per day.

printed microstructured surfaces, hMSCs were widespread and fil-
amentous actin (green) was present in all cells. On polished and
ground specimens actin fibers were mostly parallel, whereas in
contact with pillared microstructures actin formed thick and
stretched fibers, aligning to or embracing the printed structures.
The integrin staining (red) observed at the end of actin fibers
demonstrated formation of adhesion complexes and thus attach-
ment of cells to the surface. Immunofluorescent labeling of vin-
culin and FAK, components of focal adhesions (FAs), confirmed
that these complexes were FAs. On polished and ground surfaces,
FAs resided at the bottom at the cell material interface. When
growing onto the micropillars, cells were directly attached to them.

3.3. Viability and proliferation of hMSCs on microstructured alumina
surfaces

Assuming that cell morphology correlates with cellular activity,
the cell viability was measured by metabolic activity of hMSCs at
the respective time points (Fig. 5A). Excluding any effect by submi-
crometer structures on the ground surfaces with R,<1.8 um,
polished alumina specimens with R, <0.2 um were also tested.
Tissue culture polystyrene (TCPS) was employed as a positive con-
trol since isolation and maintenance of hMSCs was implemented
on TCPS. Alumina reduced the metabolic activity of hMSCs at day
1 by up to 40%, indicating a diminished cell adhesion leading to a
reduced metabolic activity of hMSCs on alumina. Day 3 did not
reveal any significant difference between alumina surfaces.
However, after 7 days the ground and the pillar structures with
distances of 300 um, displayed significantly higher metabolic
activities compared to polished surfaces. This indicates that submi-
crometer structures together with 300 pm spaced microstructures
stimulate cell viability of hMSCs after 7 days. Furthermore, cells
seeded at higher densities and incubated with OIM for 14 days
on structured surfaces exhibited elevated viability compared to
TCPS and polished control, both showing similar fluorescence
intensities (Fig. 5B). After 21 days, cells on 100 um printed surfaces
yielded the strongest metabolic activity.

3.4. Characterization of osteogenic differentiation

To analyze osteogenic differentiation after 21 days, ALP activity
was verified in the supernatants (Fig. 6A), and matrix mineraliza-
tion was confirmed and quantified by Alizarin Red S (Fig. 6B/Suppl.
Fig. S5A). Present mineral crystals could be visualized by SEM and
analyzed further by EDX (Suppl. Fig. S5B). ALP activities were not
significantly altered under osteogenic induction conditions.
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Fig. 6. Analysis of osteogenic differentiation after 21 days of stimulation. Three
alumina samples per condition were cultivated with hMSCs for each donor
experiment. (A) Alkaline phosphatase (ALP) activity. Supernatants of the cells were
harvested to evaluate the ALP activity in duplicates. Bars represent averaged
values * standard error of the independent experiments with cells from four donors. *,
p <0.05, 300 um vs. polished. (B) Calcium deposits stained by Alizarin Red S.
Staining was solubilized and quantified from three independent donors. Absor-
bance at 405 nm was normalized to the DNA content in the lysate as measured by
picoGreen. *, p < 0.05, 100 um vs. ground (R, < 1.8 pm).
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However, secreted osteocalcin protein levels measured by an ELISA
assay (Suppl. Fig. S5C) on the 300 pm spaced structures were
similar to those of the TCPS positive control. Osteopontin protein
levels measured by a Western Blot were only modestly affected
(see Suppl. Fig. S5D). Inducing matrix mineralization by OIM
revealed higher calcium contents compared to the ground and
TCPS surfaces indicating that inkjet-printed micropatterns affect
osteogenic differentiation. Furthermore, under growth medium
conditions, the structure with 300 um spaced pillars exhibited a
significantly higher ALP enzyme activity compared to other
surfaces. However, mineralization visualized by Alizarin Red S
staining in the absence of osteogenic inducing agents (GM) was
comparably low in all samples.
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To determine whether osteoblast differentiation could be
triggered by the inkjet-printed topographies alone and without
chemical induction [12,24,43], the cells were fed with OIM without
dexamethasone (OIM-dex) for 21days (Suppl. Fig. S6). With
regards to ALP activity (Suppl. Fig. S6A), cells on microstructured
surfaces exhibited higher values compared to TCPS or polished sur-
faces when cultured with GM or OIM-dex. Likewise, a similar trend
was shown for the mineralization from these samples, which was
highest on the 300 um structure in comparison to polished and
the other alumina samples (Suppl. Fig. S6B).

Furthermore, real-time PCR (qPCR) of the genes collagen I
(COLI), RUNX2, ALP, and OPN normalized to beta-actin, comparing
OIM and GM conditions at day 14 and 21, respectively, were con-
ducted with three individual stem cell donors (Fig. 7A). To clarify
whether the microtopography alone is able to stimulate osteoblast
differentiation, RNA at day zero (starting day of induction) and at
day seven was isolated for the subsequent qPCR analyses of two
donors (see Fig. 7B). The COLI gene expression was slightly upreg-
ulated after 14 days of OIM treatment in all cells on the samples.
However, after 21 days cells on ground alumina surfaces showed
an increase of COLI compared to all other samples. Printed struc-
tures behaved similar to the positive control TCPS. Considering
the early response of COLI gene expression, when compared to
day zero, both donors behaved differently, one reacted to the
ground and the other to the 100 pm structure. The gene expression
level of RUNX2 was as high as on the TCPS control, whereas other
alumina surfaces showed lower fold changes. Considering the early
response of RUNX2 expression after seven days, donor 1 exhibited
increased expression on all alumina samples with 100 um dis-
tanced pillars showing the highest values, especially when cul-
tured with GM. In contrast, donor 2 reacted to the ground
surface with increased expression of RUNX2. Monitoring ALP

expression after 21 days, the expression on all alumina samples
was elevated compared to TCPS, in line with data after seven days
and OIM. In addition, the early response of donor 1 indicated an
influence of the 300 um periodical micropattern, however donor
2 reacted more to the ground surface with increased expression
of ALP. Regarding OPN (see Fig. 7A), on the positive control surface
TCPS, gene expression was induced highest after 21 days of osteo-
genic induction. Ground surfaces showed the lowest fold changes
of gene expression. After 14 days of osteogenic induction the
300 pm microstructures performed better, after 21 days both
printed surfaces revealed increased fold ratios compared to ground
specimens.

4. Discussion

Stem cells must react to their environment, which is important
for the development of tissues and for the adaptation to certain cir-
cumstances like injuries, wounds or implant contact [44]. Cells
respond by changing their initial adhesion, cell morphology and
viability by stimulated cell division, migration or differentiation,
thereby regulating the formation and regeneration of tissues. In
addition to being controlled by chemical microenvironmental sig-
nals, in fact MSCs have been shown to be extremely sensitive to
tissue-level elasticity [45] and topography [24], both of which
are challenging to mimic with biomaterial surfaces [46]. A key
tenet in bone tissue engineering is thus the development of scaf-
fold materials that can stimulate stem cell differentiation in the
absence of chemical treatment and without compromising mate-
rial features [24].

In this study, we were aiming to tailor surfaces of alumina
ceramics which as bioinert materials have excellent mechanical
properties, however without modification they exhibit low
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Fig. 7. Osteogenic marker gene expression measured by qPCR. Day zero refers to the start of osteogenic induction of hMSCs with OIM. Then, cells were cultured in parallel
with GM or OIM for 14/21 (A) or 7 d (B). Bars represent means * standard errors from three independent donor experiments performed with three alumina samples each
measured in triplicates (A). In (B) averaged values of two individual donor experiments (donor 1 and 2) are depicted.
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Table 1
Summary of quantitatively measured cellular responses to printed structures.
Viability 7 d Alizarin ALP protein qPCR OPN
100 um + (+) (+)
300 um + + (+)

+, significantly increased; (+), not significant results; OPN: osteopontin.

osseointegration. Additive Manufacturing (AM) is a manufacturing
technique used to construct 3D objects with high complexity
through selective solidification of a layer-by-layer build-up of
material based on a Computer-Aided Design (CAD) model [47].
For the production of dense, precise and detailed very small cera-
mic structures, DIP is the most promising technology and offers a
variety of advantages in contrast to other AM techniques. For
example, thermal inkjet print heads allow the use of solid contents
of 27 vol% and more [36] in contrast to contents of 14.2 vol% with
the piezoelectric ejection principle [31]. Furthermore, while con-
ventional powder-bed-based 3D printing (3DP) and Selective Laser
Sintering (SLS) solidify a powder bed according to different princi-
ples, DIP applies a drop-by-drop suspension directly through the
print head nozzles. As a result, structures with high density are
produced [36]. In contrast, 3DP and SLS generate structures yield-
ing a porosity of approximately 40 vol% [48]. Stereo lithography
(STL) produces ceramic bodies with theoretical densities of up to
98% with a lateral resolution of about 120 pm and 10 pm in the
vertical direction [49], in comparison to Direct Inkjet Printing
which yields comparable densities but higher lateral and vertical
resolutions (45 pm x 45 pm x 5 pm). In summary, without chang-
ing the surface chemical composition, DIP generated micropillar
arrays with periodicities of 100 and 300 pum (Fig. 1) which were
tested for their influence on the stimulation of hMSC adhesion
and osteogenic differentiation. Our quantitatively measured
results are summarized in Table 1.

4.1. Micropatterns induce contact guidance of hMSCs

Using SEM, early after seeding hMSCs were observed connect-
ing to and between the pillars (Fig. 2). The cell shape changed
according to the periodical micropatterns. MSC were more
branched compared to ground or polished alumina surfaces. The
cells were in contact with many neighboring micropillars by their
extensions. Consequently, patterned surfaces direct cell spatial
dynamics in a process known as contact guidance, yielding cells
oriented along the surface geometry [50,51]. Topographical cues
are recognized and signals are transported potentially via the
RhoA/ROCK pathway, a key modulator of both mesenchymal stem
cell and osteoblast orientation on nanometric surface features [50].
Calzado-Martin et al. found that RhoA and its effector participate in
the alignment of mesenchymal stem cells on submicrometric
grooves but not of osteoblasts, implying the involvement of
RhoA/ROCK signaling in contact guidance although to a varying
extent depending on the specific cell type and the dimensions of
the pattern.

Although we did not study RhoA/ROCK signaling, we found
MSCs being oriented or aligned along and also connecting between
two pillars. However, this occurred only partially with MG-63
(Suppl. Fig. S2B/D), and L-929 (data not shown) did not display
such a cell morphology. Both cell types exhibit smaller sizes of
their cell bodies compared to hMSCs. It can be hypothesized that
the printed microstructures may not influence the response of
MG-63 or L-929, which is supported by our viability measure-
ments. The metabolic activity of both cell lines was not signifi-
cantly affected by the microstructuring (Suppl. Fig. S2A).
However, Fig. 5 depicts a trend to higher activity when hMSCs
were seeded onto structured surfaces. In particular, at day seven

and when comparing polished (R, < 0.2 pm) and ground (R, < 1.8 -
pm) or printed surfaces, the ground and 300 pm spaced printed
arrays produced significantly higher cell viabilities (see also Table 1
for comparison). In other studies, rough material surfaces yielded
varying results in cell viability tests. A recent study revealed an
increase of mesenchymal stem cell numbers on polycaprolactone
with R, ~ 1.5 um [43], a roughness value similar to our ground
alumina surfaces (R, < 1.8 pm), however others verified decreasing
metabolic activities of osteoblast cells at least to some extent for
R,<0.83 um [52], 0.9 um [53], or 2.19 pum [54]. In conclusion, on
polished alumina surfaces (R,<0.2 um) cell viability is low.
Instead, ground alumina (R, < 1.8 um) promotes the cell viability.
The 300 um printed microstructures additionally stimulate the
proliferation of hMSC which is in line also with the work of Berry
et al. [55]. The 100 um structure yielded less viability compared
to the 300 um distanced pillars possibly due to the exposure of
cells to less rough surface area. Again, the measured cell response
strongly depends on the material, topography and the cell type
used in the study [11,50,55,56]. Taken together, the human mes-
enchymal stromal cells respond to the inkjet-printed microstruc-
tures by contact guidance and exhibit significantly increased
viability after seven days on the 300 pum spaced pillar surfaces.

4.2. Pillars induce focal adhesion dependent cell attachment

Approximately at day seven, cells were situated on the
micropillars (Fig. 2). Besides the RhoA/ROCK pathway focal adhe-
sions (FAs) have also been implicated in the reactions of cells to
micro- or nanotopography [57-61]. When we immunofluores-
cently labeled the FA proteins integrin-p5, vinculin, and FAK at
day five (Fig. 4), the presence of FAs was confirmed [57,58]. All
three stainings illustrated focal adhesions localized on the
micropillar demonstrating cells being directly attached to the
microstructures, thereby proving pillar mediated cell adhesion.
Whether this changed adhesion and cell shape correlates with an
elevated integrin B1 expression level, as shown on nanoporous
alumina [22], has to be elucidated. The speed of cell migration
[55], quantified as the focal adhesion area and life span [62-64],
could be changed on substrate microtopographies with varying
dimensions or compared to flat surfaces. Frey et al. observed a zig-
zag migration of fibroblasts on pillared substrates and suggested
that FAK-dependent contractile forces drag cells from one pillar
to another [64]. Ghibaudo et al. analyzed the migration behavior
of fibroblasts on micropillar substrates aiming to mimic a 3D
environment as present in tissues [63]. They observed cells being
more elongated and branched compared with cells on flat speci-
mens. In addition, they found different migration mechanisms
including a persistent type of 3D migration which depends on
the organization and dimensions of topographical features. It has
to be further investigated whether this migration phenotype is also
present on the printed pillar arrays. Moreover, it remains elusive
whether this also affects cell viability as displayed in Fig. 5. Along
with spatial reorganization of the actin cytoskeleton, a preferential
formation of FA on the micropillar with an increased lifetime was
demonstrated. Analogous to the effects described here, it appears
that micropillars made of alumina promote the guidance of hMSC
actin fibers (Fig. 4). Moreover, FAs were preferentially localized on
the pillars. Since FA are known to regulate traction forces [65], it
can be speculated that FA drive the directionality of cell movement
onto our printed alumina micropillars. Thus, DIP generated
microstructures promote pillar-mediated adhesion and possibly
direct the migration of hMSCs thereby creating a situation closer
to in vivo 3D cell behavior in the body. After 21 days, cells are able
to construct a 3D environment built up of anorganic micropillars
and organic cell mass with highest cell viabilities, as suggested
by the findings presented in Fig. 5B.
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4.3. Osteogenic differentiation of hMSCs

Despite revealing only modest differences in osteocalcin secre-
tion measured by ELISA (see Suppl. Fig. S5C), osteopontin protein
level visualized by a Western Blot (Suppl. Fig. S5D), and in ALP
activities of hMSCs cultured with OIM, cells on the 300 pm struc-
ture exhibited significantly elevated ALP activities when cultured
with GM (Fig. 6A, Table 1). This finding is supported by results pre-
sented in Suppl. Fig. S6A which shows that under GM conditions
printed surfaces raised the ALP activity of hMSCs. When we tested
Faia-Torres’ hypothesis that rough surfaces are able to induce
osteogenic differentiation per se, i.e. in the absence of dexametha-
sone (OIM-dex) [43] we observed increasing levels of ALP not only
on our ground alumina specimens with R, < 1.8 pum but also on our
printed surfaces compared to the polished control (Suppl. Fig. S6A).
As expected, the activities of cells on TCPS were not affected.
Printed surfaces consistently yielded the strongest ALP activities.
Similarly, others also observed increasing ALP protein or gene
levels on micro- or nanostructured alumina [22,25,66,67]. Compar-
ing ALP gene expression at day seven (Fig. 7B), microstructured
surfaces stimulated gene expression, however a detailed observa-
tion reveals a donor specific reaction of ALP expression to the
surfaces used here. In summary, considering the marker ALP, our
results indicate that submicrometer structures on the ground sur-
face combined with micrometer-sized structures as presented by
our micropillar arrays can induce ALP gene expression yielding ele-
vated protein levels in the cell supernatants, most importantly
without chemical induction by dexamethasone.

In addition to the ALP gene expression, collagen I and RUNX2
also showed donor specific reactions to the various alumina
surfaces. The RUNX2 expression of donor 1 was strongly elevated
compared to the TCPS control (Fig. 7B). In growth medium, the
100 pm micropillars revealed the highest fold changes, whereas
donor 2 exhibited the highest RUNX2 on ground surfaces. Our find-
ings are supported by other studies on microstructured alumina
which observed higher levels of RUNX2 [25]. The signaling cas-
cades involved in our study might be numerous. Dexamethasone
treatment induces ALP expression and COLI expression in all sam-
ples, however RUNX2 expression seems to be induced even more
suggesting an additive effect of the topographical cues of our alu-
mina samples as hypothesized by Watari et al. [68]. When cultured
without chemical induction, RUNX2 expression was also enhanced,
especially on the 100 pum and ground surface. RUNX2 is a tran-
scription factor regulating the gene expression of, for example,
other osteoblast matrix proteins like osteocalcin, and it requires
post-translational modification of itself. Obviously, these pathways
leading to the activation of RUNX2 also have to be induced. As
additional late osteogenic marker, we studied the expression of
OPN (Fig. 7A). Though osteocalcin and osteopontin proteins were
only slightly affected (Suppl. Fig. S5C/D), and other gene expression
analyses of other genes showed only donor individual responses,
OPN mean fold ratios were increased on the printed surfaces
(Table 1). In line with another report analyzing the response of
human mesenchymal stem cells to topographical cues [62], we
did not observe significant differences of gene expression. It can
be hypothesized that donor-specific variations, as demonstrated
in these studies, necessitate higher numbers of biological replicas
yielding results with statistical significance.

Besides gene expression and protein levels of certain markers,
osteogenic differentiation is confirmed by matrix mineralization
which was visualized by SEM/EDX (Suppl. Fig. S5B) and stained
by ARS and quantified (Fig. 6B/Suppl. Fig. S5A). According to Kim
et al. [25] and Wilkinson et al. [69], cellular response is restricted
to a specific dimension. In fact, when hMSCs were cultured on
the microstructured alumina surfaces, the 100 pum micropattern
exhibited significantly higher calcium contents compared to the

ground surface. OIM without dexamethasone yielded a trend to
higher mineralization when compared to the less structured pol-
ished surface, supporting Faia-Torres’ hypothesis [43]. Taken
together, our results indicate that micropillar arrays made of alu-
mina are able to stimulate osteogenic differentiation.

5. Conclusion

Employing thermal DIP manufacturing technique, we generated
micropillar arrays with two dimensions made out of bioinert alu-
mina ceramics. We found that human MSC respond to the
microstructured surfaces by contact guidance and increased cell
viability after seven days. In addition, we could see focal adhesions
on the micropillars the existence of which proves microstructure-
mediated and FA-dependent cell adhesion and indicates directed
cell movement onto the micropillars. With regards to marker gene
expression, though varying donor specific results were observed, in
particular ALP and RUNX2 were induced without chemical induc-
tion by dexamethasone. The late osteogenic marker OPN could be
stimulated on the inkjet printed alumina micropillared substrates,
and finally, mineralization was enhanced on one of the periodical
micropatterns. It can be concluded that bioinert alumina can be
bioactivated by DIP without any chemical modification only by
topographical cues. Furthermore, cells utilize the microstructures
for the generation of a 3D environment composed of inorganic
micropillars and organic cell mass.
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