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Abstract Cellular microarrays present a promising tool

for multiplex evaluation of the signalling effect of sub-

strate-immobilized factors on cellular differentiation. In

this paper, we compare the early myoblast-to-osteoblast

cell commitment steps in response to a growth factor

stimulus using standard well plate differentiation assays or

cellular microarrays. Our results show that restraints on the

cell culture size, inherent to cellular microarrays, impair

the differentiation outcome. Also, while cells growing on

spots with immobilised BMP-2 are early biased towards the

osteoblast fate, longer periods of cell culturing in the

microarrays result in cell proliferation and blockage of

osteoblast differentiation. The results presented here raise

concerns about the efficiency of cell differentiation when

the cell culture dimensions are reduced to a simplified

microspot environment. Also, these results suggest that

further efforts should be devoted to increasing the com-

plexity of the microspots composition, aiming to replace

signalling cues missing in this system.

1 Introduction

A cellular microarray consists of an array of cell adhesive

features immobilised on a substrate in which cells are seeded

and cultured, with the final aim of introducing cell signalling

through the immobilised factors [1–3]. When aimed at the

study of stem cell differentiation, this technique would allow

discovering signalling pathways ultimately leading to

improved cell differentiation protocols [4–9]. In particular,

for the assessment of cell response to growth factor stimuli,

it has been suggested that factor covalent immobilisation is

highly desired in order to improve signalling [10, 11], and

some approaches have been reported previously for the

study of stem cell differentiation [4–6]. These reports have

also shown that critical parameters for cellular microarray

fabrication, such as the surface passivation and ligand

immobilisation, vary depending on the cell type and the

differentiation pathway analysed [12]. Thus, it is expected

that growth factor signalling requirements are different

(both in intensity of signalling and in time of exposure) for

different cell types. The effectiveness of signalling can also

be affected by cell–cell contacts, as suggested by recent
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studies which highlight the important influence of cell–cell

signalling in cell differentiation [13–15]. Therefore, further

characterization of cellular microarrays is needed to gain

insights into the previously exposed facts.

In the present work, we used cellular microarrays to

evaluate the early cell commitment events of an extensively

characterised cell differentiation model, consisting in the

myoblast-to-osteoblast differentiation in response to bone

morphogenetic protein 2 (BMP-2) [16]. The C2C12 cells

used are by default differentiated to myocytes when reduc-

ing the serum content of the culture medium, but its differ-

entiation in switched to osteoblasts in the presence of

BMP-2 [17, 18]. Thus, a single factor (BMP-2) serves as the

key to decide which pathway is followed [17, 19–22].

C2C12 cell differentiation in response to printed BMP-2 has

been previously described by the group of P. Campbell using

a completely different approach to the one presented here

[23]. In this report, a single layer of cells was cultured on

uniformly-coated fibrin glass slides containing BMP-2 pat-

terns. The advantage of using a cellular microarray con-

sisting of mutually isolated cell microspots is the multiplex

evaluation of cell response to several BMP-2-ECM protein

combinations in a single cell culture experiment.

In this work, two checkpoints of the BMP-2 signalling

pathway were chosen to evaluate short- and medium-term

cell differentiation in response to soluble or immobilised

BMP-2. To provide a comprehensible interpretation of the

results obtained from cellular microarrays with immobilised

BMP-2, control cellular microarrays with protein spots

composed only of fibronectin (Fn) or laminin (Ln) were

exposed to soluble BMP-2. This approach allowed evaluat-

ing the individual effect of culturing cells in isolated spots.

Our results show that restrains on the cell culture size,

inherent to cellular microarrays, impair the differentiation

outcome. Also, while cells growing on spots with immobi-

lised BMP-2 are early biased towards the osteoblast fate,

longer periods of cell culturing in the microarrays result in

cell proliferation and blockage of osteoblast differentiation.

The results presented here raise concerns about the efficiency

of cell differentiation when the cell culture dimensions are

reduced to a simplified microspot environment. Also, these

results suggest that further efforts should be devoted to

increasing the complexity of the microspots composition,

aiming to replace signalling cues missing in this system.

2 Materials and methods

2.1 Proteins and chemicals

Human cellular fibronectin and laminin from Engelbreth-

Holm-Swarm murine sarcoma were obtained from Sigma

(Spain). Recombinant human BMP-2 (expressed in chinese

hamster ovary, CHO, cells) was obtained from R&D. This

growth factor was provided by the manufacturer as a

lyophilized powder containing 50 lg of BSA per 1 lg of

BMP-2 and was reconstituted using a sterilised 4 mM HCl

solution prepared in Milli-Q water, following the provider

suggestions. When subsequently referring to the BMP-2

concentrations used here, it is understood that these solu-

tions also contain BSA in a 50:1 relation (i.e. 50 lg of BSA

per 1 lg of BMP-2). Unless otherwise specified, all other

chemicals were purchased from Sigma (Spain).

2.2 Protein microarray fabrication and characterisation

Aldehyde-derivatized glass (AD-Glass) slides (SuperAlde-

hyde 2, Telechem, USA) were used to fabricate the micro-

arrays as previously described [11, 24]. In brief, protein

solutions of Fn or Ln at different concentrations (200 or

360 lg/mL, subsequently called Fn200, Fn360, Ln200 and

Ln360) were prepared in PBS. In order to test the effect of

delaying spot dry out after printing, Fn360 and Ln360 protein

solutions were also prepared in PBS with glycerol (2 % v/v,

final concentration). All the protein solutions assayed were

prepared with and without BMP-2 (100 lg/mL of BMP-2,

subsequently called B100, which also contained BSA at a

concentration of 5 mg/mL). The BMP-2 concentration

spotted was of the same order of magnitude of the values

previously reported in the literature (70 lg/mL) for the

immobilisation of a similar growth factor (BMP-4) in

AD-Glass [4]. A robotic non-contact piezoelectric plotter

(Nano-Plotter, GeSiM GmbH, Germany) was used to dis-

pense the protein solutions on the substrates (protein layout is

shown in Suppl. Fig. 1a). Two spot sizes were produced by

overprinting 5 and 10 consecutive drops, 0.4 nL in volume

each. Control microarrays, in which no BMP-2 was spotted,

were also produced by printing 5 and 10 drops of Fn360 and

Ln360 protein solutions prepared in PBS (eight replicate

spots per composition were printed). The temperature of the

workplate was set to 4 �C to delay protein dry out when

printed. Once spotted, the slides were incubated overnight at

4 �C to prevent fast evaporation of the buffer solution and to

allow proteins to react with the AD-Glass surface chemistry.

The printed protein microarrays were characterised by

immunostaining of Ln and Fn. For this purpose, the slides

were blocked with BSA (1 % in PBS-Gly) for 20 min and

then incubated for 1 h with primary antibodies: either

rabbit anti-Ln or rabbit anti-Fn (Sigma, Spain), followed by

1 h incubation the secondary antibody: goat anti-rabbit

Alexa Fluor 647. Next, the samples were dried by centri-

fugation and scanned using a GenePix 4000B microarray

scanner device (Molecular Devices Corp., USA). The

Alexa Fluor 647 signal (red) was successfully detected

using the scanner excitation laser at 635 nm with the

*650–690 nm emission filter.
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2.3 Cell culture

C2C12 mouse cells were expanded in Dulbecco’s modified

Eagle’s medium (DMEM, provided by GIBCO, Spain)

containing 10 % foetal bovine serum (FBS), 1 % penicil-

lin/streptomycin, 1 % L-Glutamine and 1 % sodium pyru-

vate, subsequently called ‘‘growth medium’’.

To produce the semi-confluent cell cultures, used as

controls in this work, cells were seeded in standard well

plates and cultured for 1–2 days in growth medium. For

short-term differentiation experiments, consisting in the

analysis of Osx expression at 24 h, semi-confluent cells

were subsequently incubated in ‘‘serum-free medium’’

(composed of DMEM, 1 % penicillin/streptomycin, 1 %

L-Glutamine and 1 % sodium pyruvate), supplemented or

not with soluble BMP-2 (50 ng/mL). Alternatively, for

medium-term differentiation experiments in which ALP

activity was evaluated after 4–6 days of cell culture, semi-

confluent cells were cultured with ‘‘low serum medium’’

(composed of DMEM containing 2 % horse serum (HS),

1 % penicillin/streptomycin, 1 % L-Glutamine and 1 %

sodium pyruvate), supplemented or not with soluble

BMP-2 (50 ng/mL). Medium was changed every 2 or

3 days. The use of low serum medium for the later

experiments has been previously reported in the literature

[25], and in our case was also necessary to allow viable cell

experiments in the microarray format for up to 6 days.

For production of the cellular microarrays, previous to

cell seeding, the printed protein slides were incubated in a

2 % BSA solution for 1 h to passivate non-printed areas.

Afterwards, the slides were washed twice with PBS and

C2C12 cells were seeded at a 20,000 cells/cm2 density for

15 min. Cells in the microarrays were then cultured either

in serum-free medium (for Osx expression assessment at

24 h) or low serum medium (for ALP activity assessment

at day 4 or day 6). For control microarrays (those in which

no BMP-2 was printed on the spots), the culture media was

supplemented or not with soluble BMP-2 (50 ng/mL).

2.4 Characterisation of cell cultures

Cell viability was assessed using a cell Viability/Cytotox-

icity Assay Kit For Animal Live & Dead Cells (Biotium,

Inc) following the manufacturer instructions. Using this kit,

the cytoplasm of viable cells is fluorescently stained in

green and non-viable cells have nuclei stained in red.

To quantify the number of cells attached in the cellular

microarray spots, cells were fixed (4 % paraformaldehyde or

10 % formalin) and nuclei were stained with Hoechst. The

fixed cells were imaged using a standard fluorescence

microscope. Cell counting was performed with the aid of

ImageJ software [26], and adjusted manually for regions

with poor ImageJ counting resolution due to crowded nuclei.

To assess the early cell commitment steps to osteoblasts,

the expression of Osx was evaluated by fluorescence

immunostaining after 24 h of cell culture. For this purpose,

cells were fixed in 4 % paraformaldehyde, permeabilized for

4 min in Triton 100X (0,2 % (v/v) solution in PBS-Gly) and

blocked with goat serum (15 % in PBS-Gly) for 45 min.

Afterwards, the slides were incubated overnight at 4 �C with

the primary antibody (rabbit anti-Osterix, Abcam, USA),

followed by incubation with the secondary antibody (goat

anti-rabbit Alexa Fluor 488, Molecular Probes, USA) for 1 h

at room temperature. Finally, samples were mounted using

Fluoromount (Sigma, Spain) and imaged using standard or

confocal fluorescence microscopes.

For ALP activity determination, at days 4 and 6 cells were

fixed in 10 % formalin for 1 h. Then a solution of naphtol

AS-MX phosphate and fast blue RR in Milli-Q water was

used to stain the cells according to the manufacturer

instructions (Sigma Kit #85). Cells were incubated in the

dark for 30 min and rinsed with water. Fixed cells were

imaged using a bright field microscope or a magnifying glass.

2.5 Statistics

All experiments were repeated at least twice. For micro-

arrays, the results were based on quantification from at

least 8 spots from two biological replicates. Graphical data

is reported as mean ± standard deviation. Non-parametric

Wilcoxon rank-sum tests were performed on the statistical

analysis of variables plotted using R [27]. Significance

levels were set at P \ 0.05.

3 Results

3.1 Microarray characterisation

Analysis of Fn and Ln immunostaining images showed that

the protein spots in the microarray remained clearly iden-

tifiable after repeated washing steps and no protein cross-

contamination was detected (Suppl. Fig. 1). Next, cell

attachment to these features was evaluated. Despite cells

attached to all the spot compositions assayed, the Fn spots

yielded a better reproducibility in the number of cells

captured at day 0 (Suppl. Fig. 2a), with *20 cells in 5 drop

spots and *25 cells in 10 drop spots (Suppl. Fig. 2b).

Noteworthy, despite previous reports have shown that BSA

might modulate the cell adhesion activity of ECM proteins

[28–30], we did not see any important differences in the

number of cells attached on the features when BMP-2

(which also contained BSA, see Sect. 2.1) was included in

the spot composition. Thus, the following analyses were

mainly focused on Fn and BMP-2 protein combinations.
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Cellular microarrays were next characterised for cell

proliferation in the spots. For this purpose, cells were

cultured for 24 h in serum-free medium or, alternatively, in

low serum medium for 4 days. The rationale for this choice

was to reproduce the culture conditions chosen for the

induction of short- or medium-term osteoblast differentia-

tion (see Sect. 2.3). Noteworthy, cell viability was not

affected after 24 h of cell culture in either serum-free or

low serum medium (Fig. 1a). The proliferation results

showed that, while the number of cells attached on the

spots at days 0 and 1 was of the same order of magnitude,

an important increment was observed in the microarrays

that were cultured for 4 days in low serum medium

(Fig. 1b, c; Suppl. Fig. 2c). In the later case, the number of

cells per spot increased from *25 cells at day 0 to more

than 300 cells at day 4, with cells eventually exceeding the

spot premises. This behaviour was independent of the

inclusion of BMP-2 on the features. Thus, cells continued

to proliferate in the microarrays in the medium-term dif-

ferentiation experiments and this presented a limitation for

the objective evaluation of cell differentiation after 4 days

of culture, as exposed further in this work.

3.2 Cell differentiation at 24 h: Osterix gene

expression analysis

Osx gene expression was chosen as an early checkpoint in

the induction of osteoblast commitment, and therefore as

an indicator of active BMP-2 signalling. In order to provide

relevant control and test experiments, the BMP-2 was

either added in solution to the culture medium or immo-

bilised on the microarray spots as follows.

3.2.1 Control cell cultures: BMP-2 added in the culture

medium

As expected, standard well plate cell differentiation assays

showed the initial C2C12 cell commitment to osteoblasts in

response to soluble BMP-2. While more than 99 % of the

cells had green stained nuclei (indicative of Osx expres-

sion) in BMP-2 treated cultures, cells in control cultures

without BMP-2 did not express this marker (Fig. 2a). Thus,

the C2C12 cells used in these experiments showed an early

and measurable response to soluble BMP-2 added to the

culture medium.

3.2.2 Control cellular microarrays: BMP-2 added

in the culture medium

To analyse the effect of BMP-2 on Osx expression when the

cell culture is restricted to microspots, control cellular

microarrays (see Sect. 2.2) were exposed to soluble BMP-2.

The results showed that *37 % (in average 7 out of 19 cells,

Ln360 spots) and *53 % (average 11 out of 21 cells, Fn360

spots) of the cells attached to the control microarray spots

expressed Osx (Fig. 2b and d). Interestingly, Ln spots yielded

slightly lower numbers of Osx-expressing cells, in agreement

with previous reports that associate Ln with myoblast differ-

entiation to myocytes [31–33]. Similar results were obtained

for the different spot sizes assayed (Suppl. Fig. 3a). Osx

expression was negligible (average 0.2 out of 15 cells, Fn360

spots) in cells cultured without BMP-2. These data points out

that, independently of the spot composition, the expression of

Osx is induced by BMP-2 when added to the culture medium.

However, these results also show that the culture of cells on

isolated microspots produces a decrease in Osx expression

when compared to the well plate experiments.

3.2.3 Cellular microarrays with BMP-2 immobilised

on the spots

The Osx expression was next analysed in cellular micro-

arrays with immobilised BMP-2. It was found that, while

*20 % (in average 3 out of 15 cells, Ln360B100 spots) to

24 % (average 5 out of 21 cells, Fn360B100 spots) of the

cells attached on the BMP-2 containing spots expressed Osx,

the expression of this marker was negligible (average 0.1 out

of 20 cells) in features without BMP-2 (Fig 2c and e). Similar

results were obtained for the different spot sizes assayed

(Suppl. Fig. 3b). These findings indicate that Osx expression

is induced by the BMP-2 factor immobilised on the substrate

surface. Noteworthy, the soluble and printed BMP-2 also

contained BSA and thus the cell differentiation results

account for the response to the BMP-2/BSA combination.

No significant differences could be established in the relative

number of Osx-expressing cells for the different spot com-

positions which included BMP-2. Further studies are

envisaged to assess with more detail whether BMP-2 sig-

nalling is importantly affected by the ECM protein

co-spotted in the microarrays. On the other hand, cells

growing in spots printed with glycerol showed an additional

impairment on the Osx expression (\14 %, Fig. 2f and

Suppl. Fig. 3c) when compared to spots printed with PBS only.

3.3 Cell differentiation after 4 days: ALP activity

analysis

3.3.1 Control cell cultures: BMP-2 added in the culture

medium

As expected, the ALP activity in response to soluble

BMP-2 was detectable at day 4 and strongly increased at

day 6 of cell culture in standard well plate assays (Fig. 3a

and b, see ‘‘24 well plate’’ panels). No ALP activity was

detected in the control well plates, in agreement with

previous reports showing that C2C12 cells differentiate to
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Fig. 1 Cell viability and proliferation analysis. a Representative

fluorescence images of cell viability for cells attached on Fn360

features (10 drops spot size). Cell viability was assessed at day 0 and

after 24 h of cell culture in either serum-free or low serum medium.

Calcein signal, in green, stains viable cells. EthD-III signal, in red,

indicates non-viable cells. Most cells attached on the spots remained

viable after 24 h of cell culture in serum-free or low serum medium.

b Proliferation analysis. Cell nuclei were fluorescently stained in blue

and imaged by fluorescence microscopy. Representative images of

cells at day 0 and day 4 are presented. c. The average number of cells

on the microarray spots was evaluated at days 0, 1 and 4 of cell

culture. The number of cells attached on the spots increased more

than 20-fold from day 0 to day 4. *indicates P \ 0.05 (Wilcoxon

rank-sum test) (Color figure online)
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myocytes when cultured in low serum medium [34, 35].

Thus, C2C12 responded to BMP-2 by increasing the ALP

activity, which can be detected from day 4.

3.3.2 Cellular microarrays with BMP-2 immobilised

on the spots

We next sought to evaluate the ALP activity in cells cul-

tured for 4–6 days in the microarrays. As expected, cells on

control spots did not show any positive staining for ALP.

However, in stark contrast to the well plate controls, ALP

activity in spots printed with BMP-2 was very low (Fig. 3a

and b, see ‘‘Microarray’’ panels). As previously noted, an

important rate of cell proliferation was detected in cells

attached on the spots after 4 days of cell culture, with cells

eventually exceeding the spot premises. Therefore, not all

the cells stained at day 4 or 6 were actually exposed to the

signalling from the spot. It was not possible to evaluate

Fn3
60

Fn3
60

 B
10

0

Ln
36

0

Ln
36

0 
B10

0
0

10

20

30

40

50

N
um

be
r 

of
 c

el
ls

 Cells in spot
 Osx expr. cells

Fn360 Ln360
0

10

20

30

40

50

N
um

be
r 

of
 c

el
ls

 BMP-2 medium - Cells in spot
 BMP-2 medium - Osx expr. cells
 Ctrl medium - Cells in spot
 Ctrl medium - Osx expr. cells

Fn3
60

Fn3
60

 B
10

0

Ln
36

0

Ln
36

0 
B10

0
0

10

20

30

40

50

N
um

be
r 

of
 c

el
ls

 Cells in spot
 Osx expr. cells

100 µm

>99% ~50% ~24%

Control wellplate

Soluble BMP-2

Control microarray Test microarray
Soluble BMP-2 Immobilised BMP-2

No BMP-2 spottedNo BMP-2 added No BMP-2 added

a b c

d e fSoluble BMP-2 Immob. BMP-2 (PBS) Immob. BMP-2 (PBS 2% glyc.)

Fig. 2 Short-term cell differentiation results. a In the well plate

experiments, it was observed that most cells showed Osx expression

after 24 h of cell culture with soluble BMP-2, as indicated by cell

nuclei immuno stained green in this image. Osx expression was not

detected in control well plates, which were not exposed to BMP2. b A

second control, consisting of cells attached on the control microarray

Fn spots, yielded Osx expression in *50 % of the cells, indicating

that osteoblast cell commitment was decreased by culturing cells in

Fn microspot. Osx expression was not detected in control microarrays

which were not exposed to BMP-2. Spot size for images shown is

from 5 drops. c When cells were cultured on microarray spots with

immobilised BMP-2, it was observed that Osx expression was

*24 %, and it was exclusively detected on BMP-2 containing spots.

Spot size for images shown is 5 from drops. d–f Quantification of the

total number of cells attached on the spots at day 1, and the number of

these cells which showed Osx expression. In d the control

microarrays were cultured in serum-free medium with (BMP-2

medium) or without (Ctrl medium) soluble BMP-2. In e, f cells were

cultured in microarray spots composed of Fn or Ln co-spotted with

and without BMP-2, and which were printed with e PBS only or

f PBS 2 % glycerol buffer. Data plotted for 5 drop spots. *Indicates

P \ 0.05 (Wilcoxon rank-sum test) (Color figure online)
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with precision the original limits of the spotted feature

from the histological ALP staining in the images presented.

Thus, the few ALP-expressing cells could account for

differentiated cells from a smaller, undifferentiated, cell

population of *25 cells which were initially attached on

the spots at day 0.

4 Discussion

The C2C12 myoblast cell line has been widely used as a

paradigm of cell differentiation. Simply lowering the serum

content of the culture medium is enough for a single

growth factor (BMP-2) to switch the default differentiation

pathway from myocytes to osteoblasts [34, 36, 37]. More

recently, this model has been exploited for validation

of novel techniques used in cell differentiation studies

[23, 38]. In the work presented here, we utilised the C2C12

cell differentiation model to evaluate the cellular micro-

array performance.

The relatively high proliferation rate which led to the

increase in the number of cells on the microarrays at day

4 was partially attributed to the presence of the small

percentage of serum added to the culture medium (i.e.

2 % HS), which could include growth factors and hor-

mones that enhance cell proliferation. It has been previ-

ously shown the cell doubling time is dependent on the

amount of serum content in the culture medium. More

specifically, when C2C12 cells were cultured in 2 %

serum, their doubling time was *26 h [39]. With this

rate, 25 cells would yield *200 cells in 4 days. This

value is closer to the number of cells found in our

experiments, especially for the Ln-containing spots at day

4. The Fn-containing spots, on the other hand, showed a

larger number of attached cells at day 4, suggesting an

additional role of the Fn coating in cell proliferation. This

is in agreement with previous reports showing that, by

clustering to different integrin subunits, Fn promotes

myoblast proliferation and Ln decreases cell proliferation,

enhancing myoblast differentiation [31–33, 40]. Since our

goal was to assess cell differentiation to osteoblasts in

response to BMP-2, we did not further evaluate this

effect. Nevertheless, these preliminary findings show that

cellular microarrays provide an ideal tool to evaluate the

molecular mechanisms of cell proliferation versus differ-

entiation in a better defined cell microenvironment. Future

work should be devoted to finding suitable replacements

for the low serum content in the culture media, thus

allowing cell culturing on microarrays under better con-

trolled conditions.

4.1 Cell differentiation at 24 h: Osterix gene

expression analysis

An important decrease in the C2C12 osteoblast commit-

ment was observed when comparing cells exposed to sol-

uble BMP-2 in well plates ([99 % Osx-expressing cells) to

control microarrays exposed to soluble BMP-2 (*53 %
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Fig. 3 Medium-term cell differentiation results. a A mild ALP

activity (seen in these images as a blue cell staining) was detected

after 4 days of cell culture in standard well plates in response to

BMP-2 added in the medium (‘‘24 well plate’’ panel). No ALP

activity was detected in control cultures. The ALP activity was very

low in cells cultured for 4 days in the microarrays, as shown by

representative images presented in the ‘‘Microarray’’ panel. b The

ALP activity presented an important increase at day 6 of cell culture

in the well plate assays, but this marker continued to be very low in

the cellular microarrays. Arrows indicate cells showing ALP activity

in the microarrays. As expected, this was only detected in cells

attached on BMP-2 containing spots
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Osx-expressing cells). This finding can be accounted in

part to the effect of culturing small numbers of cells in the

control microarrays. In this case, the cell culture size

(limited by the spot dimensions) and the dispersion of cell

islands in the microarrays is far from providing a semi-

confluent environment, as usually happens in the well plate

differentiation experiments. The enhancement of cell–cell

signalling and the limitation of cell spreading in the well

plate experiments are very important factors that could

significantly affect cell differentiation [15, 41]. Another

fact to be taken into account is that, previous to BMP-2

exposure, the cells cultured in well plates were expanded to

form a semi-confluent layer, as previously reported for cell

differentiation assays. On the other hand, cells cultured in

the microarrays were seeded and exposed to BMP-2

medium from the beginning of the experiment. It is known

that the amount of ECM proteins produced by mesenchy-

mal cells is increasing proportionally to the time spent in

culture [42]. Thus, while cell attachment on the microarray

spots was mediated by a simple ECM composed of Fn or

Ln, the attachment of cells on a more complex ECM, like

the one arising in the well plate assays, could optimise the

signalling effect of the soluble BMP-2. Optimisation of

growth factor signalling by increasing the complexity of

the underlying ECM has been shown to be mediated by the

recruitment of additional integrin types, as well as by

providing additional binding sites for BMP-2 due to the

presence of other ECM proteins such as collagens [43–45].

Altogether, the results presented here suggest that, when

few cells are cultured in isolated spots, the osteoblast dif-

ferentiation process is impaired (with Osx expression

changes larger than 50 % in some cases) due to the lack of

additional cell–cell signalling or complex microenviron-

ments [45].

For the cellular microarrays with BMP-2 immobilised

in the spots, it was found that 20–24 % of the cells

expressed Osx after 24 h of cell culture, indicating

osteoblast commitment in response to the immobilised

growth factor. The differentiation outcome turned out to

be decreased when compared with the control microarrays

exposed to soluble BMP-2, in which the Osx expression

was up to 53 %. These findings can be partially attributed

to the effect of immobilisation of the growth factor.

BMP-2 immobilisation can lead to decreased activity due

to incorrect orientation or partial denaturation. However,

other adverse effects of protein immobilisation, such as

the restriction of ligand-receptor diffusion along the cell

membrane, cannot be ruled out. In this sense, it has been

shown that integrins might mediate growth factor sig-

nalling by enhancing or inhibiting their effects through

the coupling of intracellular signals triggered by the ECM

proteins and some growth factors [43, 46]. Thus, diffusion

restriction of BMP2 bound to its receptor in the cell

membrane could result in loss of the intracellular signal

coupling mediated by integrins.

4.2 Cell differentiation after 4 days: ALP activity

analysis

The ALP activity has been previously established as a

suitable marker for osteoblast differentiation assessment

[23, 34]. In this work, we used control well plate experi-

ments to show that ALP activity can be detected at day 4 of

cell culture in BMP-2 enriched medium, and that the

presence of this marker importantly increases at day 6 of

cell culture. On the other hand, the ALP positive staining

obtained for the BMP-2 containing spots after 4–6 days of

cell culture in the microarrays was very low. These results

contrasted with findings of Phillippi et al. [23] that made

their assessment as soon as 3 days after cell seeding in

monolayer on top of BMP-2 patterns. This suggests that

cell differentiation in response to printed BMP-2 is

decreased when culturing cells on individual and mutually

isolated cell spots, as presented here. This rationale was

supported by the fact that in this work an important rate of

cell proliferation was detected in cells attached on the spots

after 4 days of cell culture. It is well-known that cell

proliferation and cell differentiation are mutually excluded

pathways, exit from the cell cycle being a prerequisite for

cell differentiation [43]. This is the reason why cell dif-

ferentiation assays are usually performed in semi-confluent

cell cultures. Therefore, it could be argued that the effect of

culturing cells in a semi-confluent monolayer (as reported

by Phillippi et al.) could influence the rate of ALP activity

by adequately providing additional signals which would

allow exit from the cell cycle for the whole cell culture and

subsequent osteoblast differentiation. Finally, other reasons

that could further account for the low ALP activity detected

in the microarrays presented here cannot be discarded.

These could include the need for co-immobilisation of

BMP-2 with other ECM proteins which were not studied in

this work (such as collagens) [44] or the need for a more

complex ECM microenvironment.

5 Conclusion

In this work, we used an extensively validated cell differ-

entiation model to evaluate the cellular microarray per-

formance in reproducing the early myoblast-to-osteoblast

cell commitment steps in response to a growth factor

stimulus. Our results show that the cell culture size

restraints inherent of cellular microarrays impair the dif-

ferentiation outcome. Importantly, cells growing on spots

with immobilised BMP-2 were early biased towards the

osteoblast fate. Cell culture for longer periods of time
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resulted in cell proliferation and blockage of osteoblast

differentiation. Overall, the results presented here suggest

that even for one of the simplest and best characterised cell

differentiation models, additional signalling cues are

required to reproduce the differentiation outcomes on a

well defined differentiation set-up. The results presented

here raise concerns about the efficiency of cell differenti-

ation when the cell culture dimensions are reduced to a

simplified microspot environment. Also, these results

suggest that further efforts must be devoted to increasing

the complexity of the microspots composition, aiming to

replace signalling cues missing in this system. Such

improvements should include the immobilisation of mix-

tures of several ECM proteins on the microspots, as well as

the use of an enhanced serum-free medium composition

allowing cell culturing on the microarrays for several days.
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