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Cell microarrays are a novel platform for the high throughput discovery of new biomaterials. By
re-creating a multitude of cell microenvironments on a single slide, this approach can identify the
optimal surface composition to drive a desired cell response. To systematically study the effects of
molecular microenvironments on stem cell fate, we designed a cell microarray based on parallel exposure
of mesenchymal stem cells (MSCs) to surface-immobilised collagen I (Coll I) and bone morphogenetic
protein 2 (BMP 2). This was achieved by means of a reactive coating on a slide surface, enabling the cova-
lent anchoring of Coll I and BMP 2 as microscale spots printed by a robotic contact printer. The surface
between the printed protein spots was passivated using poly (ethylene glycol) bisamine 10,000 Da
(A-PEG). MSCs were then captured and cultured on array spots composed of binary mixtures of Coll I
and BMP 2, followed by automated image acquisition and quantitative, multi-parameter analysis of cel-
lular responses. Surface compositions that gave the highest osteogenic differentiation were determined
using Runx2 expression and calcium deposition. Quantitative single cell analysis revealed subtle
concentration-dependent effects of surface-immobilised proteins on the extent of osteogenic differenti-
ation obscured using conventional analysis. In particular, the synergistic interaction of Coll I and BMP 2 in
supporting osteogenic differentiation was confirmed. Our studies demonstrate the value of cell microar-
ray platforms to decipher the combinatorial interactions at play in stem cell niche microenvironments.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The application of stem cells to regenerative medicine has
created a strong demand for culture constructs able to regulate
cellular response. In this context, experimental platforms that
can capture the multiplicity of factors, and their combinations, at
play within the stem cell niche environment are required.
Concurrently, the systems biology field is progressing toward
high-content/high-throughput discovery, facilitating the multi-
plexed analysis of environmental parameters. Together, these
developments have driven the fabrication of miniaturised bioassay
platforms compatible with long-term tissue culture, and thus suit-
able for the investigation of stem cell differentiation [1,2]. In this
study, we use the protein microarray format to investigate the
effect of surface-immobilised proteins on osteogenic differentia-
tion of mesenchymal stem cells (MSCs) [3]. The regulation of
MSC differentiation via biomaterial surfaces would translate into
advances in regenerative medicine [4–6].

The differentiation of multipotent MSCs into osteogenic cells
depends on the spatially coordinated activities of multiple sig-
nalling pathways that include growth factors (GFs) and extracellu-
lar matrix (ECM) components [7–9]. Considerable attention has
been devoted to extrinsic factors that orchestrate determination
and differentiation of MSCs [10–14]. Many soluble signals and
insoluble cues known to stimulate MSC differentiation to osteo-
genic cells have already been identified, including dexamethasone
[15,16], BMP 2 [17–19], vitronectin and Coll I [10,20]. The response
to these signals is biphasic: a response is triggered only when a fac-
tor is present above a certain threshold concentration [7].
However, it is not straightforward to convert this knowledge into
directed differentiation of MSC in vivo [21]. For example, dexam-
ethasone prompts osteoblast differentiation of MSC in vitro, but
is reported to hinder bone growth in vivo [22], which limits its
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Fig. 1. Schematic of cell microarray formation: (A) glass slides were coated with
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use in bone regeneration. In order to control MSC behaviour more
precisely and hence develop fit-for-clinical-purpose technology,
scaffolds presenting GF and ECM proteins or derivative peptides
have been designed.

MSC are particularly responsive to extracellular matrix (ECM)
proteins. Collagen I (Coll I) [23,24] and derivative peptides [25]
incorporated into scaffolds are documented to drive osteogenic dif-
ferentiation of MSC. MSCs even establish a Coll I containing ECM
protein layer before they undergo osteoblastic differentiation and
express osteoblast-related genes [26,27], suggesting that the ECM
environment plays a crucial role in this differentiation pathway.
Insoluble cues such as Coll I influence cellular differentiation
through unique integrin-mediated signalling mechanisms [28].
Clinically, absorbable collagen sponges are used for the delivery
of BMP 2 to fracture and defect sites to promote bone repair
[9,10,29,30]. BMP 2 is known to induce osteogenic differentiation
through interactions with its specific receptors. BMP 2 protein reg-
ulates osteoblast gene expression by up-regulating transcription
factors Runx2 and Osterix [31]. Synergy between the osteopromo-
tive effects of Coll I and BMP 2 appears active from the early stages
of osteoblast differentiation [32] through to bone mineralisation,
with integrin signalling supplied by Coll I regulating cell response
to BMP 2. There are indications that the combined influence of Coll
I and BMP 2 may extend even earlier back to the initial osteogenic
commitment from MSC [10,32].

We therefore hypothesised that co-immobilisation of both
BMP 2 and Coll I onto a scaffold surface will accelerate MSC
osteogenesis. To investigate the influence of combinatorial
surface-immobilised Coll I and BMP 2, we developed an experi-
mental paradigm that is based on parallel, in vitro exposure of
MSCs to a diverse array of defined extracellular signals presented
individually and in combination. The ultimate goal of our study
was to identify the optimum ratio of Coll I and BMP 2 that serves
to induce the differentiation of MSCs to the osteogenic cell lineage.
GOPTMS, yielding an epoxy-terminated surface. Arrays of pre-mixed combinations
of Coll I and BMP 2 printing solutions were fabricated using a contact microarrayer.
Subsequently, A-PEG was grafted on the slide surface by covalent attachment to
epoxy groups. (B) A typical cell microarray platform with various ratios of Coll I and
BMP 2 printed on the epoxy-modified slide. Each factor combination was printed in
ten replicates on the one slide. (C) Fluorescence images of the entire slide were
acquired at two excitation wavelengths (excitation�480 nm, emission �520 nm for
the green channel and excitation �343 nm, emission �483 nm for the blue channel)
using an automated high content fluorescence microscopy. (D) Automated analysis:
for cell counting purposes, each nucleus (Hoechst 33342 or PicoGreen stained) was
detected as an object representing a cell. Runx2 positive cells in the green
fluorescence channel were identified by the software (yellow outline). Calcium
phosphate deposits (Calcein Blue staining) are indicated by the blue outline. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
2. Materials and methods

2.1. Fabrication of microarray platforms

Prior to silanisation, glass microscopy slides were pre-cleaned by
rinsing in 70% ethanol and Milli-Q water, followed by treatment with
Piranha solution (40% H2SO4 and 60% H2O2) at room temperature
for 60 min. After washing slides with Milli-Q water and drying
with compressed nitrogen, the samples were dip-coated in a 10%
solution of the epoxy silane (3-glycidyloxypropyl) trimethoxysilane
(GOPTMS) (Sigma Aldrich) in dry toluene at room temperature for
30 min [3,33]. Excessive GOPTMS was removed by rinsing with dry
toluene subsequently, samples were dried in a stream of dry nitro-
gen gas. This base coating provided terminal epoxy-functional
groups suitable for the covalent anchoring of amine groups of
arrayed proteins and A-PEG passivating agents (Fig. 1).

Proteins were printed on freshly epoxy-silane-coated slides
using a XactII™ Compact Microarray System equipped with
750 lm diameter Xtend™ Capillary Microarray Pins. In order to
study MSC differentiation to osteogenic lineages, defined combina-
tions of Coll I (Millipore) at concentrations of 50, 100, 200 lg/mL
and BMP 2 (Abcam) at concentrations of 1, 5, 10, 20, and
50 lg/mL were prepared in a 384-well plate (MJ Research) to a
final volume of 50 lL.

The proteins to be printed were diluted in sterile Dulbecco’s
phosphate-buffered saline solution (PBS) at pH 5. PBS was adjusted
to pH 5 with glacial acetic acid to prevent gelling and precipitation
of collagen and to increase the solubility of the lyophilised BMP 2.
Glycerol was added to each protein solution at final concentration
of 2% [3,34]. Proteins were spotted under conditions of 65%
humidity and 11 �C. After printing, arrays were stored at 4 �C for
12 h. To impede non-specific protein adsorption and cell
attachment between arrayed protein spots, the non-printed area
was passivated by A-PEG 10,000 Da (Sigma Aldrich) under
cloud-point conditions for 12 h. A-PEG at a concentration of
10 mg/mL was dissolved in 0.1 M phosphate buffer at pH 6.5 con-
taining K2SO4 at a concentration of 0.75 M.

2.2. Surface characterisation

Water contact angle measurements were conducted on sila-
nised clean glass slides and on Piranha-treated glass as a control.
Immediately after silanisation, 3 lL Milli-Q water drops were
formed at a constant rate by motor-driven 100 lL Hamilton syr-
inge and the images were captured using a Panasonic
WV-BP550/G CCTV camera. The static contact angle was measured
using ImageJ software (NIH) with the Drop Analysis plugin. Five
points along the surface were evaluated in triplicate and the results
averaged.
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Protein immobilisation and A-PEG grafting on to the array
surface were studied using XPS and ToF-SIMS. XPS analysis was
carried out on an ultrahigh vacuum apparatus equipped with a
nonmonochromatic Mg and Al Ka source. The total pressure in
the main vacuum was 5 � 10�9 mbar during analysis. The spectra
of the electrons emitted from the samples surface were recorded
with a hemispherical Phoibos 100 energy analyser from SPECS.
The measurement angle between the X-ray irradiation and the
analyser was 54�. A Mg Ka source at an anode voltage of 12 kV
and emission current of 100 W was used to acquire XPS spectra.
Survey scans were performed at a pass energy of 40 eV. Atomic
concentrations were calculated from the spectrum peak areas
using Casa XPS program version 2.3.10 (Casa Software). High reso-
lution C1S spectra were recorded in 0.05 eV steps with a pass
energy of 40 eV. The binding energy peaks were deconvoluted
using a Simplex algorithm to determine optimised curve fits and
the contributions from specific functional groups. ToF-SIMS exper-
iments were performed using aPHI TRIFT V nanoToF instrument
(Physical Electronics Inc.), equipped with a pulsed liquid metal
69Au+ primary ion gun. This was operated at 30 kV energy. A spec-
tral range up to 1850 m/z was acquired, but only peaks in the low
mass range below 500 m/z were used for analysis. Chemical maps
of eight amino acid ions associated with Coll I and BMP 2 structure
[35,36] and four ion fragments characteristic of A-PEG [37,38] were
prepared to investigate the spatial distribution of these species.
These peaks were reported as distinguishing spectral features asso-
ciated with specific amino acid residues. The analysis protocol
involved the analysis of 3 protein spots on each of 3 samples.
Secondary ions were sampled from a 350 � 350 lm2 area of each
protein spot. Sample spectra and images were processed by
WincadenceN software (Physical Electronics Inc.).

The level of Coll I and BMP 2 immobilisation was also verified
by immunofluorescence (IF) staining. After construction and passi-
vation, the arrays were washed with PBS for 1 h to remove
non-immobilised proteins and were blocked by 10% serum of the
species that the secondary antibody was raised in for 30 min.
Then the samples were incubated with a primary anti-BMP 2 IgG
(1/100, Santa Cruz Biotechnology Q) antibody for 12 h at 4 �C.
The arrays were subsequently incubated with the FITC-labelled
and PE-labelled secondary antibody (1/200, Santa Cruz
Biotechnology Inc.) in PBS including 1% BSA for 1 h in the dark.
Samples were imaged using a fluorescence microscope (Nikon
Eclipse 50i). Incubation of the arrayed platform with secondary
antibody alone during the process of IF staining served as a control.
2.3. Bone marrow MSC isolation and culture

Rat MSCs were obtained from the bone marrow of 6–7 week old
Wistar rats with a body weight of approximately 100 g (from
Animal Care Unit, SA Pathology). MSCs were harvested with ethics
approval by the SA Pathology Animal Ethics Committee. Bone
marrow was collected by flushing femurs and tibias with
Dulbecco’s modified Eagle medium (DMEM-high glucose) (Sigma
Aldrich) supplemented with 10% fetal bovine serum (FBS), 2 mM

L-glutamine, 100 U/mL penicillin, and 0.1 mM nonessential amino
acids (Sigma Aldrich) [12,39]. After filtration of cells through a
nylon mesh filter with pore size of 100 lm (BD Falcon) and wash-
ing in medium, cells were treated with RBC lysis buffer (0.15 M
NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 5 min. Subsequently, cells
were washed with medium and resuspended in DMEM supple-
mented with 10% FBS then incubated at 37 �C under 5% CO2.
Early passaged cells (passages 3–4) were used exclusively.

Prior to incubation with cells, microarray slides were washed
with copious amounts of sterile PBS for 1 h to remove any excess
and non-covalently bound biomolecules. The samples were
sterilised by incubation in 200 U/mL penicillin (Invitrogen),
200 lg/mL streptomycin (Invitrogen), and 500 ng/mL ampho-
tericin B (Invitrogen) in sterile PBS for 4 h. Each slide was placed
in a four-well plate (Nunc) and seeded with MSCs at a density of
15,000 cells/cm2. Cells were then incubated in contact with arrays
for an incubation time of 30 min with DMEM medium without FBS
at 37 �C and 5% CO2. Loosely attached cells were then removed by
washing with prewarmed culture medium. The cells were
subsequently incubated in fresh medium including 10% FBS for
48 h. The medium was exchanged with osteogenic differentiation
medium (Invitrogen). Half the medium volume was exchanged
with fresh medium every 2 days. As biochemical markers of differ-
entiation, we measured Runx2 expression after 6 days in culture
and calcium phosphate deposition on the cell layer after 21 days
in culture.

Differences in cell responses to external stimuli are known to be
cell passage number dependent [40,41]. We eliminated these
sources of variations by using cells from passages 3–4 for all
experiments.

2.4. Assays for osteogenesis

To reveal Runx2 expression through IF, MSCs on the arrayed
protein spots were washed with PBS and fixed with 4%
paraformaldehyde solution (Sigma Aldrich) in PBS. Cells were then
permeabilised with 0.25% Triton X-100 (Sigma Aldrich) for 5 min at
room temperature. After washing with sterile PBS without Ca2+ and
Mg2+, cells were treated with a blocking solution of 10% serum
obtained from the species that the secondary antibody was raised
in, for 30 min to block unspecific binding sites. Samples then were
incubated with mouse monoclonal anti-Rux2 IgG2b (1:200,
Abcam) primary antibody at 4 �C overnight. Following three
washes with PBS, arrays were incubated for 1 h (room tempera-
ture) with FITC conjugated rabbit anti-mouse IgG2b (1/100,
Abcam) antibody. Cells were counterstained with Hoechst 33342
at a final concentration of 2 lg/mL for 15 min. Incubation of cells
with secondary antibody without primary antibody against
Runx2 in the process of IF staining served as a control.

The presence of mineralised nodules was confirmed by Calcein
Blue staining. Calcein Blue powder (Sigma Aldrich) was dissolved
in 100 mM KOH at the concentration of 30 mM and then filtered.
Calcein Blue solution was added to medium to a final concentra-
tion of 30 lM. The cells were then incubated with Calcein Blue
dye for 12 h. Counterstaining was performed by incubation of sam-
ple with 10 lM Pico Green (Invitrogen TM) for 10 min to quantify
cell population on the spot.

Calcium phosphate deposition was also visualised by Alizarin
Red staining in brightfield mode. Cells were fixed with 4%
paraformaldehyde as described above, then incubated with
20 mg/mL Alizarin Red (Sigma Aldrich) solution for 20 min.
Alizarin Red solution was prepared in Milli-Q water at a concentra-
tion of 20 mg/mL, and the pH was adjusted to 4.1–4.3 using 0.5%
aqueous NH4OH. The stained mineral nodules were visualised by
means of brightfield microscopy (Nikon Eclipse Ti).

2.5. Imaging and data analysis

Fluorescently labelled cells on the arrays were imaged through
a coverslip using the fully automated fluorescence microscopy
Operetta™ (PerkinElmer). The system was programmed to scan
each spot on the array. Image acquisition was controlled within
the Harmony software environment (Perkin Elmer). For Runx2
expression analysis, channels with excitation �480 nm, emission
�520 nm for the green channel and excitation �343 nm, emission
�483 nm for the blue channel were used to acquire the images.
Feature extraction was performed using analysis scripts that
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employ built-in segmentation algorithms. The nuclear outlines of
all cells were determined with a ‘‘find nuclei building block’’ using
the nuclear stained images. Runx2 positive cells in a spot were
detected using the IF staining against Runx2. The ‘‘calculate inten-
sity property’’ was used to determine the intensity of stained
Runx2 in the nuclear region (Fig. 1D). The colour intensity in every
spot was normalised by cell number obtained by dividing the inte-
gral colour intensity in the spot by total number of cells in the
same spot. The Runx2 staining intensities were also used to anal-
yse the extent of differentiation in individual cells.

The area of deposited calcium phosphate in every spot was used
to analyse late stage MSC differentiation [42]. The calcium phos-
phate deposited areas were quantified with a ‘‘Find Image Area’’
building block using Calcein Blue staining (Fig. 1D). Direction of
differentiation was defined as the ratio of all calcium phosphate
deposited areas and total cell number on the same spot.
Table 1
List of the most prominent positive secondary ions on Coll I and BMP 2 printed spots
after ToF-SIMS analysis.

Amino acid Ion fragment

Alanine C2H6N+

Glutamine C4H6NO+

Hydroxyproline C4H8NO+

Leucine C5H12N+

Histidine C4H6N2
+

Proline C4H6N+

Lysine C5H10N+

Glycine CH4N+
2.6. Statistical analysis

Principal component analysis (PCA) was used to interpret the
ToF-SIMS through images, by using specific routines written by
the authors in Matlab 7.10 (MathWorks, Natick, MA). For data anal-
ysis, integrated peak data (peak areas) was first normalised to the
total selected spectral counts to correct for differences in the total
secondary ion intensity between experiments and samples, and
afterwards mean-centred. In this way, the peak file used for PCA
contained a total of 122 peaks in the form CxHy, CxHyOz, CxHyNz

and CxHyNO; neglecting any inorganic signal (e.g. Na, K or Si) or
associated peaks. Additionally, 95% confidence ellipses were calcu-
lated for each of the groups of samples according to Wagner et al.
[43].

A non-parametric ANOVA followed by a Tukey posthoc test was
used to determine the significance of differences between the
numbers of cell attached on microarray spots and calcium phos-
phate deposited areas.

To analyse Runx2 expression, modelling was performed in R (R
core 2013). Examination of boxplots of Runx2 expression against
Coll I and BMP 2 printing solution concentration indicated a sig-
moidal relationship with BMP 2 and a linear relationship with
Coll I. The response variable, Runx2, was regressed on the main
predictors of Coll I and BMP 2 with up to cubic terms for BMP 2
to accommodate the sigmoidal relationship and linear terms for
Coll I. Two-way interaction terms were also included. To test if
any of these terms could be removed from the model; a
step-down model selection technique was utilised with the
Akaike’s Information Criterion (AIC) as the measure of model fit.
The AIC uses the likelihood as a measure of fit with a penalty term
for the number of parameters in the model. It ensures the most
parsimonious model. The step down procedure was achieved using
the stepAIC function from the MASS library [44] in R. The final
model was:

Runx2 � BMPþ BMP2 þ BMP3 þ Collþ Coll : BMPþ Coll

: BMP2 þ Coll : BMP3

Predictions from the model with 95% confidence intervals were
then calculated and are shown in the results section. This suggests
a regression model incorporating a cubic term for BMP 2
concentration:

Runx2 � fðBMP; ðBMP2; BMP3; CollÞÞ

Residual analysis confirms that the fit of the model to the data is
suitable for evaluation of Runx2 expression in the range of interest
for surface optimisation.
3. Results

3.1. Fabrication of the microarray platforms

A contact microarrayer was used to print Coll I and BMP 2 and
combinations of the two biomolecules on surface-modified glass
slides, creating an array of ‘molecular microenvironments’, each
comprising a defined mixture of the two signalling molecules
(ESI� Fig. S1). To facilitate covalent immobilisation of each of the
printed combinations, cleaned glass slides were coated with
GOPTMS to present reactive epoxy groups on the surface. Those
epoxy groups allowed the covalent anchorage of first printed
proteins and subsequently A-PEG 10,000 Da (Fig. 1).

A silanisation time of 30 min resulted in an increase in surface
contact angle to 59 ± 1.75� compared to a contact angle of the clean
glass surface of around 12 ± 1.5� (ESI� Fig. S2A). Using Coll I, suc-
cessful protein immobilisation on the epoxy-coated surface was
confirmed by XPS. Whilst the XPS survey spectrum did not show
a nitrogen peak on the epoxy-coated surface (ESI� Fig. S2B), a nitro-
gen signal of 5–8 atomic percentage (at.%) was present on Coll I
printed spots (ESI� Fig. S2C). As expected, the observed signal
increased with increasing Coll I printed formulation concentration
from 50 to 200 lg/mL (Table S1). XPS C1s spectra provided
information about the A-PEG grafting on the epoxy-coated surface
(ESI� Fig. S3). A distinct increase in the C–O subpeak (at 286.5 eV)
was observed when A-PEG was grafted onto the epoxy-coated slide
(ESI� Fig. S3).

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was also used to corroborate the presence of protein on the printed
spots. This analysis was performed for immobilised Coll I
(100 lg/mL printed formulation concentration) and BMP 2
(50 lg/mL printed formulation concentration) and a mixture of
Coll I and BMP 2 after passivation with A-PEG. ToF-SIMS spectra
were acquired from within Coll I printed spots and Coll I/BMP 2
printed spots and ion distribution maps of the spot were also
obtained [45]. Eight amino acid fragments derived from Coll I
and BMP 2 [35,36] were detected (Table 1), in addition to four
ion fragments of C2H3O+, C2H5O+, C3H7O+ and CH3O+ characteristic
of A-PEG, were identified by the ToF-SIMS.

The images obtained for typical Coll I, BMP 2 and Coll I/BMP 2
printed spot showed clearly defined round spots with a uniform
surface coverage of all amino acid fragments assayed (Fig. 2). The
CxHyO+ ion image was chosen to map the distribution of A-PEG
(Fig 2B) and the ion fragments of A-PEG distributed between the
spots. Ion distribution maps show a decrease in detected C2H5O+

ion density inside the printed spot, representative of the presence
of A-PEG, with increasing printed formulation concentration (ESI�
Fig. S5). The PCA score plot is shown in Fig. 3, where PC1 and
PC2 account for 85.5% of the variance. With this analysis BMP 2
printed spots, Coll I printed spots and BMP 2/Coll I spots can be dis-
criminated into different clusters, further confirmed through the
plotting of the 95% confidence interval ellipses. Notably, the BMP
2/Coll I spots lie approximately in between and equidistant from



Fig. 2. ToF-SIMS ion maps of protein microarray spots: (A) ToF-SIMS imaging of regions within the printed array, showing ion maps for several amino acid residues contained
within Coll I spots printed using formulation concentrations of 100 lg/mL, BMP 2 spots printed using formulation concentrations of 50 lg/mL and spots printed with Coll I
and BMP 2 in combination on epoxy-coated slides (after passivation with A-PEG). (B) Ion mapping of CxHyO+ ion fragments for the same regions of the arrays shown in A,
verifying A-PEG passivation of the un-printed array surface. (C) ToF-SIMS imaging showing an overlay of amino acid signal map (red) and A-PEG signal map (green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Score plot of the first two components obtained after PCA analysis of the
ToF-SIMS surface immobilised protein data: (+) BMP 2 printed with a solution
concentration of 50 lg/mL, (d) Coll I printed with a solution concentration of
100 lg/mL and (.) their combination. Additionally, 95% confidence ellipses for each
of the groups are plotted.

Fig. 4. IF staining of protein printed spots on epoxy-coated slide after passivation
with A-PEG (12 h reaction time): (A) IF staining image of Coll I spots printed using
formulation concentrations of 50, 100 and 200 lg/mL (green) from left to right,
respectively. (B) IF staining of Coll I printed using formulation concentrations of 50,
100 and 200 lg/mL in combination with BMP 2 at a printed formulation
concentration of 20 lg/mL from left to right, respectively. (C) IF staining of BMP 2
spots printed using formulation concentration s of 10, 20 and 50 lg/mL (red) from
left to right, respectively. (D) IF staining of BMP 2 printed using formulation
concentrations of 10, 20 and 50 lg/mL in combination with Coll I at a printed
formulation concentration of 200 lg/mL from left to right, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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BMP 2 and Coll I sample populations, indicating the creation of
new surface chemistry when the two proteins are printed in com-
bination. Examination of the respective loading plots for PC1 (ESI�
Fig. S4) reveals that this separation is mainly due to C3H5

+, C2H5
+,

C3H7
+, C4H7

+ and C4H10N+ for BMP 2, and C4H8N+ and CH4N+ for
Coll I.

We also carried out IF analysis of the printed spots (Fig. 4). IF
showed a concentration dependent increase in staining intensity
of the spots as expected and a homogenous distribution of the flu-
orescence signal. IF staining against Coll I in spots printed with
combined Coll I and BMP 2 showed a small decrease in
fluorescence intensity compared to the spots printed without
BMP 2 (Fig 4B). This may indicate that competition for epoxy group
binding sites may occur when printing at higher protein
concentrations.
3.2. MSC attachment on microarray

Rat MSCs were seeded and incubated on the array for 30 min at
37 �C and 5% CO2. In that timeframe, the cells adhered within
the bounds of printed spots, but not in between the spots, due to
the A-PEG passivation. Non-adherent cells were then removed by
washing the arrays in DMEM. A cell density of 15,000 cells/cm2
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was used, since at higher cell densities, the spot pattern on the chip
was overgrown with cells within 5 days. We tested the MSC
response to three GF/ECM proteins formulations; Coll I printed for-
mulation concentrations of 50, 100 and 200 lg/mL, BMP 2 at
printed formulation concentrations of 1, 5, 10, 20 and 50 lg/mL
and finally, all combinations of BMP 2 and Coll I at the formulation
concentrations listed. All printed protein spots in the array were of
a diameter of 700–800 lm, which was sufficient to capture
between 300 and 900 cells/spot and thus permit paracrine and
autocrine cell interactions, an important feature of the MSC
microenvironment [46].

We observed that increasing the Coll I printed formulation con-
centration from 50 lg/mL to 200 lg/mL enhanced MSC adhesion
1.9-fold (Fig. 5). Coll I printed at a concentration of 50 lg/mL was
more effective for cell attachment after 30 min incubation com-
pared to BMP 2 printed at the same concentration (P 6 0.05). The
number of attached cells on the Coll I and BMP 2 printed spots
was 375.6 ± 37.3 and 218.6 ± 47.3 cells/spot, respectively. The
lower formulation concentrations of BMP 2 tested (1 and
5 lg/mL) did not support long-term attachment of MSC; the few
cells that were initially captured on the spots detached within
24 h. For the spots containing both proteins, there was a slight
increase in cell attachment on spots printed with higher BMP 2
concentrations (10, 20 and 50 lg/mL), especially when combined
with Coll I concentrations of 50 and 100 lg/mL.

3.3. Runx2 expression as an early osteogenic differentiation marker

To investigate the effects of surface-immobilised factors on cell
differentiation, the cells were fixed at the end of the differentiation
period and stained with fluorescent antibodies against Runx2
(Fig. 6A and B). The Runx2 intensity normalised on a per cell basis
was used to define a quantitative measure of differentiation
towards osteogenic fate on each spot (Fig. 6C). Runx2 intensity
increased as the Coll I concentration was elevated from 50 to
200 lg/mL (Fig. 6A), resulting in a 1.5-fold increase across the dif-
ferentiating MSC population (Fig. 6C).

Runx2 intensity on the spots also rose with increasing printed
BMP 2 concentration (Fig. 6A and B) and normalised Runx2
Fig. 5. Average MSC adhesion on Coll I and BMP 2 protein spots printed at various fo
15,000 cells/cm2. Error bars show standard error of cell counts. n = 3, P 6 0.05.
expression levels were elevated almost 2.5 times by printing
BMP 2 at 50 lg/mL concentration compared to spots printed at
10 lg/mL concentration (P 6 0.05) (Fig. 6C).

When we assessed MSC differentiation towards osteogenic lin-
eages following simultaneous exposure to different ratios of immo-
bilised Coll I and BMP 2, we observed that the level of Runx2
expressed by MSCs cultured on the spots containing 20 lg/mL
BMP 2 together with Coll I was almost three times higher than
Runx2 expression on spots printed with equivalent concentrations
of Coll I alone (Fig. 6C). The maximum normalised Runx2 expres-
sion after 6 days of culture was achieved on the spots containing
200 lg/mL Coll I and 20 lg/mL BMP 2 (P 6 0.05). A further increase
in BMP 2 concentration did not change the Runx2 staining inten-
sity significantly.

3.4. Individual cell analysis of Runx2 expression

The ability to measure expressed markers in individual cells
using automated high throughput microscopy allowed us to profile
individual cell responses, revealing heterogeneity in greater detail
than possible for the normalised analysis above. To represent the
extent of osteogenic differentiation in single cells, we defined a
‘differentiation space’ spanned by the intensity of Runx2 staining
in each cell [47,48]. The variation in Runx2 intensity (illustrated
in histogram form in Fig. 7 and as box-and-whisker plots in ESI�
Fig. S6) within the MSC population was noted to be influenced
by the concentration of the printed Coll I solution. Compared to a
low Coll I concentration of 50 lg/mL, where the histogram was
broad, indicating a more heterogeneous population in terms of
the level of Runx2 expression, the higher Coll I concentration of
200 lg/mL induced an increase in the proportion of cells express-
ing Runx2. Variation in Runx2 expression was also decreased by
co-immobilising Coll I and BMP 2 when the BMP 2 concentration
exceeded 5 lg/mL. The exposure of cells to the combination of pro-
teins significantly elevated the proportion of cells expressing high
levels Runx2 intensity, which suggests an effective stimulation
towards osteogenic lineages.

BMP 2 immobilised alone also affected osteogenic differentia-
tion, however at low concentrations of printed BMP 2 in the
rmulation concentrations after 30 min incubation time. Cell seeding density was



Fig. 6. Characterisation of MSC culture (6 days) on microarrayed spots printed using formulation concentrations of Coll I (0, 50, 100 and 200 lg/mL) and BMP 2 (0, 1, 5, 10, 20
and 50 lg/mL): (A) MSCs stained positively for Runx2 (green) and nuclei were stained with Hoechst 33342 (blue). The seeding density was 15,000 cells/cm2. Images were
taken after 6 days in culture. Scale bar is 400 lm. (B) 20�magnification of a single spot. Scale bar is 50 lm. (C) Runx2 intensity on each spot was analysed by automated high
throughput microscopy. The data were normalised to cell number. Error bars correspond to standard error measurement (n = 3). Numbers on each image show the printed
formulation concentrations of Coll I/BMP 2 (lg/mL). **P 6 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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absence of Coll I, cell attachment to the printed spots was transient
and did not permit quantification of Runx2 expression. Increasing
the BMP 2 concentration to 50 lg/mL resulted a rise in Runx2
intensity and narrower distribution compared to cells on spots
printed with lower BMP 2 concentrations. The variation in Runx2
expression was decreased by co-immobilising Coll I and BMP 2
when BMP 2 concentration exceeded 5 lg/mL (Fig. 7 and ESI�
Fig. S6).

Examination of the truncated box plots (ESI� Fig. S6D) indicated
that the median Runx2 expression increased almost linearly with
Coll I concentration when BMP 2 concentration was held constant.
In contrast, Runx2 expression showed a sigmoidal trend when BMP
2 concentration was varied whilst Coll I concentration was held
constant (ESI� Fig. S6C). A statistical model was constructed to
interrogate the influence of interactions between Coll I and BMP
2 printing concentration in determining Runx2 expression in the
MSC population (see Section 2.6 for details). According to this
model, BMP 2 and Coll I indeed synergise to upregulate Runx2
expression. The model identifies, within the combinatorial space
tested, an optimal BMP 2 printed formulation concentration at
around 35 lg/mL (Fig. 8).

3.5. Calcium phosphate deposition as a late stage osteogenic
differentiation marker

To assess the ability of surface-immobilised Coll I and BMP 2 to
support MSC differentiation to osteoblasts, MSCs were cultured on
a Coll I and BMP 2 printed spots for 21 days in the presence of
osteoinductive media. Calcium phosphate deposits were stained
with Calcein Blue, indicating the extent of mineralisation by osteo-
genic MSCs (Fig. 9A). The total area of deposited calcium phosphate
(which is marked in Fig. 1C) on each printed spot was evaluated
after Calcein Blue staining using the software of the high through-
put microscope.



Fig. 7. Runx2 intensity histograms were identified on the protein arrayed spots using automated high throughput microscope. For cell counting purposes, each nucleus
(stained with Hoechst 33342) was detected as an object representing a cell. Runx2 intensity was evaluated by Harmony software for each cell. Numbers on each image show
the printed formulation concentrations of Coll I/BMP 2 (lg/mL).
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For spots containing only Coll I or only BMP 2, we observed that
increasing concentrations of printed protein led to an increase in
the calcium phosphate deposition area (Fig. 9B). The measured
area of calcium phosphate deposition rose from 156.9 to
227.6 lm2/cell when Coll I concentration was increased from 50
to 200 lg/mL (P 6 0.05), indicating the pronounced effect of
surface density of immobilised protein on the cell fate. This result
was in line with the early stage differentiation results shown in
Fig. 6. Similarly, for BMP 2 calcium phosphate deposited area
increased from 135 to 320 lm2/cell when the printed protein con-
centration was increased from 10 to 50 lg/mL. Comparing calcium
phosphate deposition of MSCs cultured on Coll I printed spots at
solution concentration of 50 lg/mL and BMP 2 at 50 lg/mL spots
showed significantly higher deposition on BMP 2 spots (P 6 0.05).

Interestingly, when calcium phosphate deposition was
investigated on the printed spots including both Coll I and BMP
2, a 2–3-fold (from 225 to 685 lm2/cell) increase in calcium phos-
phate deposition was observed. The maximum calcium phosphate
deposited area measured was 682 lm2/cell when BMP 2 was
printed at a concentration of 20 lg/mL with Coll I at a concentra-
tion of 200 lg/mL or more. No further significant increase over this
level was gained by printing BMP 2 at a higher concentration of
50 lg/mL BMP 2. When BMP 2 was printed at the highest test con-
centration of 50 lg/mL together with the lowest tested concentra-
tion of Coll I (50 lg/mL), the synergistic effect of the GF was less
obvious and the calcium phosphate deposited area did not exceed
335 lm2/cell.

The influence of spot composition on calcium phosphate depo-
sition was further confirmed using Alizarin Red staining (ESI�
Fig. S7). This dye is widely used as an indicator of mineralisation
[49,50]. On staining of the cultured cells on the printed spots with
Alizarin Red, a clearly stained mineralised layer was evident.
Intense staining reflects the high amount of calcium phosphate
deposited by the cells. The amount of deposited calcium phosphate
stained with Alizarin Red followed a similar pattern to that
observed for Calcein Blue staining.
4. Discussion

In this study, we have compared the effect of the covalently
immobilised BMP 2 in combination with Coll I on the



Fig. 8. Heatmap of Runx2 expression: the data were evaluated using high
throughput screening of Runx2 based on the model presented in Fig. S2D. Red
shows an increased Runx2 expression and green shows a reduced expression. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9. Evaluation of deposited calcium phosphate: (A) MSCs were seeded on Coll I
and BMP 2 printed spots at a seeding density of 15,000 cells/cm2. After 3 weeks in
culture, calcium phosphate mineral nodules were stained by Calcein Blue (blue) and
nuclei were stained with PicoGreen (green). (B) Calcium phosphate deposited area
(lm2) was quantified using the automated high throughput microscope. Error bars
correspond to standard error measurement. n = 3. Numbers on each image show the
printed formulation concentrations of Coll I/BMP 2 (lg/mL). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

S. Rasi Ghaemi et al. / Acta Biomaterialia 34 (2016) 41–52 49
differentiation of MSCs along the osteogenic lineage. We used a
protein microarray platforms with long-term stability [3]. Each
spot was printed using a defined solution of Coll I and/or BMP2.
The presence of these immobilised factors on the surface was con-
firmed by ToF-SIMS analysis and IF results. Both surface analytical
techniques illustrated the expected differences in density of immo-
bilised biomolecules on the surface (Fig. 4 and ESI� Fig. S5). The
surface density of immobilised biomolecules across the microarray
appeared consistent for each test solution concentration. However,
defining the immobilised biomolecular density on the surface is
challenging. Both ToF-SIMS and IF are semi-quantitative due to
matrix effects which are related to biomolecular composition and
structure [51].

The attachment of MSCs was investigated on spots printed with
different printed formulation concentrations of Coll I and BMP 2.
Cell attachment was dependent on the identity of the printed
proteins and also the solution concentration used for printing.
Both Coll I and BMP 2 were shown to facilitate cell capture, corre-
lating with other studies [3,8,52–54]. On spots printed with low
protein content formulations, cell attachment was observed to be
poor. MSC attachment improved when protein concentration in
the printed formulation was increased. This may be explained by
the additional epoxy functional groups able to bind A-PEG within
these spots (ESI� Fig. S5). Increasing A-PEG density on the surface
resulted in decreasing cell attachment since PEG is known to resist
cell attachment [55–57]. Cell density is known to regulate MSC
osteogenic differentiation through the competitive influences of
cell spreading (via cytoskeletal tension) and intercellular contact
[58]. The increased cell–cell contact achieved on spots printed at
high Coll I and BMP 2 formulations would be predicted to promote
osteogenesis [58,59]. However, low seeding densities have been
associated with upregulation of osteogenesis when MSC are cul-
tured under neutral conditions, suggesting that the increased area
available for cell spreading on low adhesion spots may also be
advantageous [58]. Notably, the spacing of integrin binding ligands
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that govern cell-substrate adhesion is known to control MSC differ-
entiation: sparser immobilisation of RGD peptide on the culture
surface results in greater osteoblast formation [14,60,61]. This con-
trasts with our observation that osteogenic differentiation
increases when integrin binding Coll I is printed at high formula-
tion concentrations, emphasising the strong osteogenic stimuli
provided by Coll I.

To investigate the combined effects of Coll I stimulation and
immobilised BMP 2 on osteoblast differentiation and mineralisa-
tion, Runx2 expression and calcium deposition were evaluated.
Runx2 is a marker of early stage osteoblast differentiation
[31,48], and also contributes to the regulation of skeletal gene
expression [62–64]. As shown in Figs. 6 and 9, Coll I and BMP 2
printed together at solution concentrations of 100–200 lg/mL
and 20–50 lg/mL, respectively, increased Runx2 expression and
calcium phosphate deposition to maximum levels. Analysis via
the multiple regression model revealed that the interaction terms
between BMP 2 and Coll I concentration components were posi-
tive, indicating synergistic enhancement of Runx2 expression
when MSC were subjected to these two protein stimuli
simultaneously.

Increased expression of Runx2 by cells bound to Coll I and BMP
2 has been observed in previous studies [10,18,48,49,65,66]. Coll I
has been described to prompt calcification of the stromal cell
matrix after three weeks of MSC culture, suggesting that contact
with ECM proteins alone stimulates differentiation [8], This is in
line with reports showing that MSCs undergo osteoblast differenti-
ation when in contact with collagen-containing ECM proteins in
both in vitro and in vivo settings [9,67]. Functionalisation of sur-
faces with BMP 2 has also been shown to induce extensive calcium
phosphate deposition, indicating that BMP 2 enhances osteogenic
differentiation [29,49], which is consistent with our findings.
Here, it has been shown that the combination of BMP 2 and Coll
I, in addition to increasing Runx2 expression, also resulted in
higher levels of mineralisation at later timepoints. The
co-operation of BMP 2 and Coll I signalling pathways has been
reported in osteoblast differentiation previously [26,68]. The inter-
action of surface-immobilised BMP 2 with BMP receptor com-
plexes on the cell surface leads to the initiation of intracellular
signalling events without internalisation [69,70]. The BMP 2 signal
is propagated through Smad 1 by phosphorylation of
receptor-regulated Smad proteins 1/5/8, which then in turn bind
to Smad 4 to induce osteogenic gene expression [31,71,72].
Binding of collagen to a2b1-integrin on the cell surface produces
a complementary signal that increases transcriptional activity of
Smad 1 [73]. Changes in the level of gene expression of Runx2 in
MSC can then affect late stage differentiation and calcium phos-
phate deposition [74–76].

The cooperative action of ECM proteins and GFs are known to play
an important role in vivo, where signalling, differentiation, and other
cell activation often take place in relatively restricted compartments
containing different signalling factors [46,77]. ECM proteins provide
a substrate for cell adhesion similar to what occurs in vivo, whilst GFs
provide cells with various signals for controlling cell behaviour or
even cell death [40,78]. In vivo, GFs bind to ECM proteins, limiting
their diffusion [46]. Additionally, the action of BMP 2 on osteoblasts
is assisted by ECM-derived signals [26,68,73]. Successful induction
of bone formation through immobilised molecules has practical
implication for treatments that employ collagenous scaffolds to deli-
ver BMP 2 to initiate bone repair. Immobilisation eliminates diffu-
sion of BMP 2, implicated in ectopic bone formation away from the
site of BMP 2 treatment [6,79]. The retention of GF activity after
covalent immobilisation to a surface has been demonstrated for a
number of other growth factors besides BMP 2 [80–82]. It is likely
that the combined action of immobilised ECM proteins and GFs
observed here likewise holds true for other ECM/GF mixtures
[10,83]. Together, this implies that synergistic interactions between
Coll I and BMP 2 occur from early stages of MSC commitment right
through to mineralisation. The impact of the synergy may not be
confined to one stage of differentiation, but may be propagated
through the entire process of differentiation.
5. Conclusions

The rational design of bioactive tissue engineered scaffolds for
directing bone regeneration requires a comprehensive knowledge
of cell interactions with the immobilised biomolecules. In this
study, we employed cell microarrays of immobilised Coll I and
BMP 2 to determine an optimal factor combination to support
MSC differentiation towards the osteogenic lineage. During the
first week of differentiation, Runx2 expression in MSC was
observed to increase with the printed formulation concentration
of BMP 2 and Coll I. The co-operation of BMP 2 and Coll I in the
induction of Runx2 expression was evident where the two proteins
were printed together. Employing a statistical model to analyse
single cell protein expression, the interaction between Coll I and
BMP 2 was determined to be synergistic. Optimal surface condi-
tions for Runx2 expression also produced an increase in minerali-
sation later in MSC differentiation. Together, our results indicate
that a combination of both Coll I and BMP 2 further enhance osteo-
genesis of MSCs synergistically above the level of the individual
proteins. Our proof-of-principle results demonstrate that our
multi-protein microarray approach, in combination with auto-
mated image acquisition and quantitative, multi-parameter analy-
sis of cellular responses can underpin the design and rapid
construction of advanced biomaterials and scaffolds.
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