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In the cellular microenvironment, growth factor gradients are crucial in dictating cell fate. Towards
developing materials that capture the native microenvironment we engineered biomimetic films that
present gradients of matrix-bound bone morphogenetic proteins (BMP-2 and BMP-7). To this end layer-
by-layer films composed of poly(L-lysine) and hyaluronan were combined in a simple microfluidic device
enabling spatially controlled growth factor diffusion along the film. Linear long-range gradients of both
BMPs induced the trans-differentiation of C2C12 myoblasts towards the osteogenic lineage in a dose
dependent manner with a different signature for each BMP. The osteogenic marker alkaline phosphatase
(ALP) increased in a linear manner for BMP-7 and non-linearly for BMP-2. Moreover, an increased
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Layer-by-layer expression of the myogenic marker troponin T was observed with decreasing matrix-bound BMP con-
Gradient centration, providing a substrate that it is both osteo- and myo-inductive. Lastly, dual parallel matrix-

bound gradients of BMP-2 and -7 revealed a complete saturation of the ALP signal. This suggested an
additive or synergistic effect of the two BMPs. This simple technology allows for determining quickly and
efficiently the optimal concentration of matrix-bound growth factors, as well as for investigating the
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presentation of multiple growth factors in their solid-phase and in a spatially controlled manner.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Growth factors are a powerful class of cell signaling molecules
known to control multiple cellular events such as proliferation,
migration and differentiation. Growth factors are secreted by cells
and are subsequently trapped by proteoglycans in the native
extracellular matrix (ECM), establishing gradients of signaling
molecules [1]. The presentation of growth factors to cells—either
soluble or in their solid-phase (also called “matrix-bound”)—is
crucial in dictating cellular fate [2]. The ECM is known to sequester
growth factors and to present them to cells in a matrix-bound
manner [1], mainly via natural affinity with matrix components
such as glycosaminoglycans [3], proteins [4,5] and hydroxyapatite
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[6]. This natural affinity originates from a combination of in-
teractions, including electrostatic, hydrophobic, and hydrogen
bonds; however, the precise mechanisms are not yet understood.
Using engineering methods, biomaterial scientists have thus made
efforts to recreate these interactions in order to deliver growth
factors locally to cells [7]. The strategies for presenting growth
factors could be divided in two main categories: covalent binding
and non-covalent binding (i.e. “matrix-bound”) [8,9] to the
biomaterial components. The former requires the elaboration of a
synthetic route that does not alter the growth factor bioactivity, i.e.
its active site should be available and in the appropriate confor-
mation to allow molecular recognition by the cellular receptors,
while the latter is a milder process but may lead to progressive
release of the growth factor in contact with the cells. ECM com-
ponents are thus particularly interesting for this second strategy in
view of their natural biochemical and hydration properties. Bio-
materials and coatings made of fibrin [10,11], collagen [12], and
glycosaminoglycans (heparin [13], hyaluronan [14], etc.) have all
been successfully developed for matrix-bound presentation of
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several different types of growth factors, including epidermal
growth factor (EGF) [9], basic fibroblast growth factor (FGF-2) [15],
vascular endothelial growth factor (VEGF) [16] and bone morpho-
genetic protein 2 (BMP-2) [17]. Recently, thin coatings made of
polypeptides and polysaccharides by the layer-by-layer (LbL) as-
sembly technique [18] have also been shown to trap growth factors
and to preserve their bioactivity [19,20]. The growth factors can be
either incorporated into the LbL architecture [21] or adsorbed on
top of it [22,23]. Successful examples include FGF-2 [24,13], brain
derived neurotrophic factor (BDNF) [22]| and BMP-2 [25].

Presenting growth factors in a spatially controlled manner is an
additional step toward recreating the natural cellular microenvi-
ronment in order to combine both biochemical and topographical
properties. Gradients of growth factors are naturally created during
morphogenesis, where tissue patterns are guided by the presence
of these signaling molecules [26]. Thus, researchers have proposed
several approaches to create gradients of either soluble or cova-
lently bound growth factors. Microfluidic devices are particularly
advantageous for generating soluble gradients [27—30]. Covalent
immobilization of growth factors in a gradient form could also be
performed by several methods using chemical or photoactivated
coupling strategies [9]. Several immobilized growth fac-
tors—including insulin-like growth factor-1 [31], EGF [31], and
VEGF [16]—have been shown to increase cell migration. However,
techniques for generating matrix-bound growth factor gradients
(i.e. without covalent coupling) are still scarce. An inkjet printing
technique was developed by Campbell and coworkers to form de-
posits of growth factors [10] such as FGF-2 and BMP-2 [32,10]. The
amount of growth factor can be varied by overprinting it, which
allows the formation of non-continuous growth factor gradients
[33].

The bone morphogenetic proteins are an interesting class of
growth factors playing a role in numerous physiological processes
[34]. BMP-2 and BMP-7 are two members known for their
osteoinductive properties [35], which have been approved for
clinical use in specific applications [36]. Collagen sponge and paste
are the only authorized matrices for BMP delivery, although
collagen is known to have a very poor retention of BMP-2 [37].
Therefore, important efforts are currently devoted to engineering
new materials for BMP delivery [38]. Interestingly, matrix-bound
presentation has been shown to promote ossification at dosages
lower than those used in soluble delivery [39—41]. Recently,
Guldberg and coworkers demonstrated that higher doses and
slower release of BMP-2 promoted increased bone formation,
supporting the idea that a matrix-bound delivery is desirable [39].
Moreover, the spatial presentation of BMP is crucial to precisely
control the location of the bone generated [40]. During morpho-
genesis, long-range gradients of BMPs are formed [42,43]. Recent
studies investigated the potential of a sequential delivery of both
BMP-2 and BMP-7 [44,45]. However, no study to date has aimed to
present these two BMPs in a spatially controlled manner.

LbL films made of poly(i-lysine) (PLL) and hyaluronan (HA) are
already known to retain a high amount of BMP-2 [14] which makes
them attractive to present the growth factor to cells in a matrix-
bound manner, LbL films made of poly(i-lysine) (PLL) and hyalur-
onan (HA) are already known to retain a high amount of BMP-2
[14], which makes them attractive to present the growth factor to
cells in a matrix-bound manner. Matrix-bound BMP-2 also revealed
a role of BMP-2 in cell adhesion and migration [25]. Recently, we
used a simple microfluidic device [46] to create gradients of mol-
ecules (e.g. crosslinker, peptide) on these films [47]. Cells were
found to respond to gradients of stiffness and of adhesion peptide
concentration [47].

Here, we investigate the possibility to generate linear gradients
of matrix-bound BMPs to study the spatial differentiation of BMP-

responsive skeletal myoblasts [48,49], depending on the type and
the amount of BMP presented by the film. In addition to BMP-2,
BMP-7 was selected for several reasons: i) it is the second clini-
cally approved growth factor to be used in bone regeneration
therapies, ii) it is known that C2C12 behave differently in the
presence of BMP-7 as compared to BMP-2 [35], and iii) no pre-
vious study had investigated the matrix-bound presentation of
BMP-7 to cells. Combining LbL with a simple microfluidic device
to spatially control growth factor presentation provide numerous
perspectives for the study of cellular events, including adhesion,
spreading, migration, and differentiation on an ECM mimetic
material. Moreover, this technology may be used to quickly test a
large range of growth factor concentrations for optimization
purposes.

2. Materials and methods
2.1. Materials

Hyaluronan (HA, 3.5 x 10° g mol ') was purchased from Lifecore Biomedical LLC
(USA). Poly(ethylenimine) (PEI), poly(r-lysine) (PLL, 5.6 x 10% g mol 1), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), phalloidin-tetramethylrhodamine B
isothiocyanate, sigmafast p-nitrophenyl phosphate tablets, mouse anti-Troponin T
primary antibody, 5(6)-carboxytetramethylrhodamine N-succinimidyl ester (RHO),
5(6)-carboxyfluorescein N-hydroxysuccinimide ester (FL), and 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI) and N-hydrosuccinimide (sulfo-NHS) were
purchased from Sigma (France). Alexa Fluor 647-conjugated secondary antibody and
Prolong antifade Gold reagent were purchased from Molecular Probes-Invitrogen
(France). Fetal bovine serum (FBS) and horse serum (HS) were purchased from
PAA Laboratories (Les Mureaux, France). Recombinant human bone morphogenetic
protein 2 (BMP-2) was purchased from Medtronic (Minnesota, USA) and recombi-
nant human bone morphogenetic protein 7 (BMP-7) was kindly donated by
Olympus Biotech (Massachusetts, USA). All other cell culture reagents were pur-
chased from Gibco (Invitrogen, Cergy-Pontoise, France). All other salts, buffers, and
solvents were purchased from Sigma and used as received. Ultrapure water with a
resistivity of 18.2 MQ was used for making all aqueous solutions (Milli-Q-plus sys-
tem, Millipore, Molsheim, France).

2.2. Fluorescently-labeled BMPs

Rhodamine-labeled BMP-2 (BMP-2RH0), and fluorescein-labeled BMP-2 or -7
(BMP-2fL, and BMP-7"") were prepared by reacting the dye with the proteins (20 mol
DYE:1 mol BMP) for 2 h at pH 7 in a sodium bicarbonate buffer (50 mm), and pur-
ifying using a Sephadex G25 column. A NanoDrop 2000 (Thermo Scientific) spec-
trophotometer was used to calculate the degree of labeling and protein
concentrations. Degrees of labeling of 34%, 38%, and 41% were obtained for BMP-
2RHO BMP-2™, and BMP-7"" respectively.

2.3. LbL film buildup and BMPs loading

PEI (2.5 mg/mL), HA (1 mg/mL), and PLL (0.5 mg/mL) were dissolved in a filtered
HEPES-NaCl buffer solution (20 mm HEPES, pH 7.4, 0.15 m NaCl). Substrates for LbL
deposition were cleaned in a 0.5% Hellmanex (Hellma, Miillheim, Germany) solution
and modified with an anchoring PEI layer. LbL films of 12 layer pairs built on glass
substrates were prepared using an automated dipping machine (Dipping Robot DR3,
Kirstein GmbH, Germany) as previously described on coverslips (dia. 14 mm) for
experiments on homogeneous films or slides (25 mm x 75 mm x 1 mm, Menzel-
Glaser, Germany) for experiments on gradients [50]. Films were crosslinked over-
night with EDC at 10 mg/mL and sulfo-NHS at 11 mg/mL both dissolved in NaCl
(0.15 M, pH 5.5) followed by extensive rinsing with HEPES-NaCl buffer solution.
BMPs, dissolved in 1 mm HCl, were incorporated homogeneously into the films by
incubation at 37 °C, followed by rinsing with HEPES-NaCl. For quantification of BMP-
2 and -7 adsorbed amounts the films were built in 96-well plates (Greiner Bio-One,
Germany). The adsorbed amount was obtained from the fluorescence remaining in
the wells after thorough rinsing over 2 h using a TECAN Infinite 1000 microplate
reader (Tecan, Lyon, France). This value was used as the amount incorporated in the
films [14].

2.4. Generation of BMP-2 and -7 gradients on LbL films

Gradients of BMP-2 and -7 were generated on LbL films as previously described
[47] and showed on Scheme 1. Briefly, a LbL-coated glass slide was first rinsed with
water before being dried and placed in contact with the microfluidic device. The
channels of the microfluidic device were filled with 1 mm HCI solution, and a
concentrated drop (5 or 10 pL) of BMP-2RHO or FlL o _7FL was placed in the inlet, while
a large drop (200 pL) of 1 mm HCl was left at the outlet. The difference in surface
tension between the two drops generated a flow from inlet to outlet [46]. The
sample was incubated for 40 min at room-temperature. During this incubation
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Scheme 1. Schematic representation of the different steps of matrix-bound gradient formation using microfluidics on a glass slide coated with (PLL/HA) films prepared via layer-by-

layer assembly.

period, backward flow due to evaporation from the inlet occurred generating the
BMPs gradient [46]. Afterwards, the inlet and outlet were sealed and the sample was
incubated for an additional 90 min at 37 °C to allow the BMPs to diffuse in the films.
The microfluidic device was then removed and the glass slide was extensively rinsed
with HEPES-NaCl and stored until further use.

The matrix-bound BMPs gradients were visualized using a Zeiss LSM 700 mi-
croscope (Zeiss, Le Peck, France). Images were obtained every 1.28 mm throughout
the length of the sample using an automated stage. Quantification of the fluores-
cence profiles were performed using Image] 1.46¢ (NIH, USA). Calibration curves of
the different BMPs were obtained by loading FL labeled BMPs at known concen-
tration on LbL films constructed in 96-well plates, calculating the amount of
fluorescently-labeled BMPs retained after rinsing (using fluorescence measure-
ments) and correlating those amounts to the fluorescent intensities obtained by
fluorescence microscopy (see Fig. S1).

2.5. Bioactivity of matrix-bound BMP-2 and -7 on homogenous films

C2C12 myoblasts were used as a model cell type for investigating the bioactivity
of matrix-bound BMP-2 and -7. All samples for cell culture were sterilized under UV
light for 15 min and placed in wells of a Nuclon A-treated 24-well plate (Nunc ALS,
Roskilde, Denmark). C2C12 cells (from ATCC, <20 passages) were cultured in a 1:1
Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 medium supplemented
with 10% FBS, containing 10 U/mL penicillin G and 10 pg/mL streptomycin growth
media (GM). C2C12 cells were seeded on LbL-coated coverslips with matrix-bound
BMP-2 and/or —7 at 60,000 cells/cm?. Alkaline phosphatase (ALP) expression was
quantified after 3 days of culture in GM as follows: the culture medium was removed
and the cells were lysed by sonication over 5 s in 500 pL of 0.1% Triton-X100 in
phosphate buffered saline (PBS). 180 pL of a buffer containing 0.1 m 2-amino-2-
methyl-L-propanol (Sigma, St Quentin-Fallavier, France), 1 mm MgCly, and 9 mm p-
nitrophenyl phosphate (Euromedex, Mundolsheim, France) adjusted to pH 10 was
added to 20 pL of lysate. The enzymatic reaction was monitored in a 96-well plate by
measuring the absorbance at 405 nm using the TECAN Infinite 1000 over 10 min. The
total protein content of each sample was determined by using a bicinchoninic acid-
based protein assay kit (Interchim, Montlugon, France). The ALP specific activity was
expressed as pmoles of p-nitrophenol produced per min per mg of protein (pnp/min/
mg), and then converted to relative expression by setting the highest ALP value
obtained as 100%.

2.6. Bioactivity of gradients of matrix-bound BMP-2 and -7

Cellular response to BMP gradients was performed using C2C12 cells. All sam-
ples for cell culture were sterilized under UV light for 15 min and placed in wells of a
Nuclon A-treated 4-well plate (Nunc ALS, Roskilde, Denmark). For luminescence
imaging, C2C12 were transfected with an expression construct (BRE-Luc) containing
a BMP-responsive element fused with the firefly luciferase reporter gene [51]. They
were seeded on matrix-bound BMP-2 gradients at 35,000 cells/cm?, cultured for
28 h, and exposed to p-luciferin potassium salt (Promega, Lyon, France) in PBS (final
concentration 150 pg/mL) for 5 min prior to imaging with a back-thinned CCD cooled
camera (ORCAII-BT-512G, Hamamatsu Photonics, Massy, France). For differentiation

assays, C2C12 myoblasts were seeded at 104 cells/cm? and cultured in GM for 3 days
prior switching to differentiation media (1:1 DMEM/F12 medium supplemented
with 2% HS, containing 10 U/mL penicillin G and 10 pg/mL streptomycin) for two
more days of culture. Afterwards, cells were fixed in 3.7% formaldehyde in PBS for
20 min and permeabilized for 4 min in Tris buffered saline (TBS, 50 mm Tris—HCI, pH
7.4, 015 m Nacl) containing 0.2% Triton X-100. Sigmafast p-nitrophenyl phosphate
tablets were dissolved in water and used as directed by the manufacturer to visu-
alize ALP expression on the gradient. Color images were obtained along the length of
the gradient using an Olympus CKX41 inverted microscope equipped with a DP20
digital camera. Using Image], the RGB images were converted to CYMK and the in-
tensities for the cyan and magenta channels were added to quantify the expression
of ALP along the gradients. For troponin T staining, the gradients were blocked in TBS
containing 0.1% bovine serum albumin for 1 h, and were then incubated with mouse
anti-troponin T (1:100) in TBS with 0.2% gelatin for 30 min. Alexa Fluor-647 con-
jugated secondary antibody was then incubated for 30 min with rhodamine-
phalloidin (1:800). The nuclei were stained with DAPI at (0.1 pg/mL) for 10 min at
room temperature. The slides were mounted onto coverslips with antifade reagent
(Prolong, Molecular Probes, Saint Aubin, France) and imaged, as mentioned above,
using a Zeiss LSM 700 microscope. Troponin T positive cells per field of view were
counted along the channel of the gradients.

3. Results

3.1. ALP expression of C2C12 in the presence of BMP-2 or -7
delivered in solution

C2C12 myoblasts are known to commit towards the osteo-
genic lineage in the presence of bone morphogenetic proteins
(BMPs) [48,49]. To compare the behavior of the different BMPs, a
dose response to BMP-2 and BMP-7 was performed by measuring
the expression of alkaline phosphatase (ALP) of C2C12 myoblasts
after 3 days of culture. Both BMP-2 and -7 are capable of inducing
the ALP expression of C2C12 myoblasts, albeit their dose
response is different (Fig. 1). BMP-2 induces quantifiable ALP
expression at a concentration of 50 ng/mL reaching a saturation
level at 400 ng/mL. However, higher concentrations of BMP-7
were required for comparable levels of ALP expression, with a
minimum expression at 250 ng/mL and a saturation concentra-
tion at 4000 ng/mL. Dose response curves yields inflection points
of 117 ng/mL and 858 ng/mL for BMP-2 and BMP-7 respectively.
Based on these results a 7x larger BMP-7 dose is required
compared to BMP-2 to induce the expression of ALP in myoblast
cells after 3 days of culture.
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3.2. Characterization of matrix-bound BMP-2 or -7 on
homogeneous films

We have previously shown that crosslinked LbL films made of
PLL and HA serve as a reservoir for BMP-2 and that BMP-2 is stable in
the films after thorough rinsing and drying [14,52]. Moreover, these
(PLL/HA) films can be used to coat osteogenic ceramic or titanium
implants for the delivery of BMP-2, which promote higher bone
formation than the implants alone or with BMP-2 delivered in so-
lution [53,54]. In this work, (PLL/HA) films were investigated as a
potential carrier of BMP-7. Cross-linked films of 12 layer pairs were
loaded with BMP-7 with solutions of varying concentrations. Ex-
periments with BMP-2 were done in parallel for comparison. Using
fluorescently labeled BMPs the absorbed amounts of BMPs were
monitored as a function of initial loading concentration (Fig. 2A). A
maximum loading value of 1.8 = 0.5 ug/cm? of BMP-7 was reached
when the initial BMP-7 concentration was 100 pg/mL (Fig. 2A). For
BMP-2 higher loading values could be obtained with higher initial
loading concentrations such as 6.6 + 0.4 pg/cm? for an initial con-
centration of 100 pg/mL (Fig. 2A). Both matrix-bound BMP-2 and -7
are capable of inducing ALP expression of C2C12 myoblasts after 3
days of culture in a dose dependent manner (Fig. 2B). The behavior
of matrix-bound BMPs is similar to when delivered in solution in
that BMP-2 induces ALP expression at lower concentrations
compared to BMP-7. However, the profile curves are different be-
tween the two BMPs. BMP-2 exhibits a very steep slope before
reaching a plateau value whereas BMP-7 exhibits a sigmoidal
behavior. Also, matrix-bound BMP-2 induces a quicker ALP response
reaching close to saturation levels (80% activity) at concentration of
~0.2 pg/cm?, whilst higher concentrations of matrix-bound BMP-7
are needed to reach saturation level (~ 1.8 pg/cm?).

3.3. Gradients of matrix-bound BMP-2 or -7

Gradients of matrix-bound BMPs on LbL films were generated
by means of a microfluidic device (Scheme 1). Briefly, in a first step,
(PLL/HA) films were constructed on glass slides via the LbL method,
rinsed, and air dried. A PDMS microfluidic device was placed in

contact with the film. Then 1 mm HCl was introduced inside the
microchannels leaving a large drop (~100 pL) in the outlet. A
concentrated small drop (5 pL) of BMP was placed in contact with
the inlet (Scheme 1, step 1). Due to surface tension difference a
forward-flow occurs from inlet to outlet (Scheme 1, step 2), whilst a
backward flow occurs due to evaporation (Scheme 1, step 3) [46].
After gradient formation in the microchannel, the sample is sealed
and incubated at 37 °C to allow diffusion of BMP in the film
(Scheme 1, step 4). Lastly, the microfluidic device was removed and
the film was rinsed (Scheme 1, step 5) and sterilized prior to cell
culture (Scheme 1, step 6). Considering the dose difference between
BMP-2 and BMP-7 (Figs. 1 and 2), different initial loading concen-
trations were selected to generate the gradients (100 pg/mL for
BMP-2 and 200 pg/mL for BMP-7). The matrix-bound BMPs gradi-
ents were visualized using fluorescently labeled BMP-7 (Fig. 3A in
green) and BMP-2 (Fig. 3B in red). Fluorescent microscopy images
revealed continuous and stable matrix-bound BMPs gradients over
a distance of 25 mm. Using quantitative fluorescence microscopy
and spectroscopy, quantification of the fluorescent profiles of the
BMPs gradients was possible (SI Fig. 1). BMP-2 had a maximum
loading surface concentration of ~2.0 pg/cm? while BMP-7
reached a maximum loading concentration of ~2.5 pg/cm?>.
These long-range BMP gradients were linear over ~20 mm. Their
slopes were respectively of 0.58 pg/cm? for BMP-2 and 1.24 pg/cm?
for BMP-7. To further assess the bioactivity of the BMP gradient, we
first observed the activation of the SMAD pathway using C2C12
myoblasts transfected with a luciferase reporter gene for the BMP-
responsive element Id1 (when the SMAD pathway is activated)
[51]. The activation of SMAD was observed to be dose dependent of
matrix-bound BMP-2 (Fig. 4). The long-term bioactivity of the BMPs
gradients was assessed by the trans-differentiation capacity of the
skeletal myoblasts towards the osteogenic lineage. To this end, cells
deposited on the BMP-2 or BMP-7 gradients were cultured in
myogenic conditions, i.e. standard conditions that promote
myoblast differentiation into myotubes in the absence of BMPs.
This condition consists of 3 days in growth medium and 2 days in
myoblast differentiation medium for a total of 5 days of culture.
Figs. 5 and 6 show microscopic observations and quantification of
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the differentiation of myoblasts on the BMP-2 and BMP-7 gradients,
where Troponin T positive cells (marker of differentiating myo-
blasts in myotubes) and ALP positive cells (marker of bone differ-
entiation) were observed. Myoblasts responded to the BMP-2
gradients by expressing ALP along the length of the gradients
(Fig. 5A). Of note, few myotubes were still visible at the lowest BMP
concentration of the BMP-2 gradient.

Quantification of the ALP marker reveals a very low (close to
zero) expression of ALP between 0.0 pg/cm? and 1.0 pg/cm? of
matrix-bound BMP-2 followed by a sharp increase of expression
(1.1 pg/cm? — 1.4 pg/cm?), and a saturated expression after 1.4 pg/
cm? to the matrix-bound BMP-2 gradient (Fig. 5B). The expression
of troponin T positive cells decreased sharply between 0.0 pg/cm? —
1.0 pg/cm?. In the region between 1.0 pg/cm? and 1.1 pg/cm?,

myoblast expressing both ALP and troponin T were observed (albeit
no fusion was observed, Fig. 5A). In the regions of the gradient with
no detectable BMP-2 myotube formation (fusion) was observed (SI
Fig. 2). Of note, the matrix-bound BMP-2 gradient was retained
even after the culture period as evidenced by the lack of ALP pos-
itive cells on regions outside the gradient, and by the retention of
the fluorescent profile after 5 days of culture (SI Fig. 3). The length
of the gradient could also be adjusted by changing the volume of
the loading solution [46]. Increasing the loading volume of BMP-2
yielded longer bioactive matrix-bound BMP-2 gradients, with an
ALP and troponin T expression profiles similar to the shorter gra-
dients (SI Fig. 4). The behavior of myoblasts on the BMP-7 gradients
was substantially different than that on the BMP-2 gradient
(Fig. 6A). The expression of ALP continuously increases throughout
the length of the gradient, while troponin T expression gradually
decreases (Fig. 6B). ALP is expressed on areas outside of the gra-
dients, although the gradient region is clearly visible (Fig. 6A).
Longer regions of myoblasts expressing both osteo- and myogenic
markers are observed in the BMP-7 gradients. Myotubes were also
observed outside of the BMP-7 gradients (SI Fig. 2).

3.4. Dual matrix-bound BMP-2 and BMP-7 gradients on LbL films

To investigate a possible synergistic effect of BMP-2 and BMP-7
on cells, we first studied the ALP response on homogeneous films
loaded with increasing amount of BMP-2 (loading concentrations
of 3 and 6 pg/mL), for a fixed BMP-7 concentration (loading con-
centration 10 pg/mL) (Fig. 7A). As a control, BMP loading concen-
trations that are known to reach ALP saturation levels (50 pug/mL for
BMP-7 and 25 pg/mL for BMP-2 respectively) were also investi-
gated (Fig. 7A). Interestingly, the ALP signal in the presence of both
BMP-2 and BMP-7 was close to the sum of the signals when BMP-2
and BMP-7 were delivered separately. The potential for matrix-
bound BMP-7 to induce ALP expression is enhanced with small
amounts of matrix-bound BMP-2. This suggests that BMP-2 and
BMP-7 had an additive effect on C2C12 myoblasts.

Next, we generated dual gradients of both BMP-2 and BMP-7.
These gradients could be in parallel (Fig. 7B) or opposite (Fig. 7C)
depending on where the BMPs are introduced. Both solutions were
placed in the inlet in the case of parallel gradients or opposite in the
case of opposite gradients. Their quantification was possible by
using two different fluorescent dyes in each BMP. Loading both
BMPs in the same channel yields similar fluorescent profiles as
loading them individually (Figs. 3 and 7B). The concentration of
BMP-2 and BMP-7 increased with slopes of 0.8 pg/cm> and 1.0 pg/
cm?® for BMP-7. The presence of both BMPs did not impede the
adsorption of one or the other.

ALP staining was used to test the bioactivity of the dual parallel
gradient (Fig. 8). When delivered together, ALP expression was
completely saturated and a high ALP expression was also observed
on areas outside the gradients (Fig. 8A). This was not previously
observed in the individual gradients. In addition, no obvious dose
response was observed on the dual BMP gradient with respect to
ALP expression and no troponin T positive cells were found. These
data suggest an additive or synergistic effect between BMP-2 and
BMP-7.

4. Discussion

C2C12 myoblasts are known to commit towards the osteogenic
lineage in the presence of several bone morphogenetic proteins
(BMPs) [48,49]. Our in vitro results using the ALP test showed that
soluble BMP-2 is more potent than BMP-7 for inducing the trans-
differentiation of C2C12 myoblasts. In addition, the dose response
to BMP-2 and BMP-7 was significantly different as cells responded
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Fig. 4. (A) Luminescence imaging of C2C12 myoblasts transfected with a BMP-2
responsive element on a matrix-bound BMP-2 gradient, indicating dose—response
activation of the SMAD pathway. Boxed region indicates approximate localization of
the matrix-bound BMP-2 gradient. (B) Corresponding intensity profile as a function of
the distance along the gradient.

in an “on/off” manner to BMP-2 but to a more gradual manner to
BMP-7 (Fig. 1). In a previous study, He and coworkers [35] infected
several mesenchymal progenitors (C3H10, C2C12 and TE-85 cells)
with recombinant adenoviruses expressing fourteen human BMPs
(BMP-2 to BMP-15). They found that BMP-2, 4, 6, 7 and 9 were all
able to induce ALP activity in C2C12 cells and that osteoinduction
potential was the highest for BMP-2 and BMP-9. In their study, it
was impossible to investigate a dose response, as the cells secreted
the BMPs. Barr et al. [55] also found a superior in vitro activity of
BMP-2 as compared to BMP-7 but found in vivo that OP-1 (the kit
containing BMP-7 for clinical applications) exhibited superior
properties to Infuse (the kit containing BMP-2 for clinical applica-
tions). Thus, our in vitro results qualitatively agree with these
previous studies regarding the differential BMP-7 versus BMP-2
response at specific time points.

We showed here that BMP-7 can be loaded in (PLL/HA) films and
presented in a “matrix-bound” manner to cells. We have previously
shown that (PLL/HA) films serve as reservoir of BMP-2 and that its
bioactivity was retained [14,52]. The combination of LbL films with
BMP-2 has also been investigated with other polyelectrolyte pairs
[56,57,21]. However, the combination of BMP-7 with LbL films has
barely been investigated. Tabrizian et al. used a liposome core
coated with LbL films of chitosan and alginate for the controlled
released of BMP-7 [58,59]. They demonstrated that the combina-
tion of LbL-coated particles with BMP-7 yielded higher osteogenic
differentiation than all of the other conditions including the protein
alone [58]. To our knowledge, the behavior of C2C12 on matrix-
bound BMP-7 has not been previously investigated. We can tune
the amount of BMP-7 loaded onto the films, which leads to a
tunable expression of ALP expression of C2C12 (Fig. 2). This dem-
onstrates the versatility of (PLL/HA) films to serve as growth factor
reservoirs and to be used to present growth factors in a matrix-
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bound fashion. Interestingly, C2C12 exhibited very different re-
sponses to homogeneous films presenting matrix-bound BMP-2
and BMP-7 (Fig. 2B). Whereas response to BMP-2 was steep (on/off
mechanism), C2C12 responded more linearly to BMP-7.

In addition, we combined LbL assembly with a simple micro-
fluidic channel to generate matrix-bound growth factor gradients.
This method does not require a chemical modification of the growth

factor or expensive equipment. The BMP gradients were maintained
throughout the multiple days of cell culture whilst being bioactive.
Importantly, the BMP adsorbed amounts can be tuned depending on
the initial concentration of the BMP drops. In our experimental
conditions, the maximum adsorbed amounts were 2 and 2.5 jig/cm?
for BMP-2 and BMP-7 respectively and the gradient slope were
0.58 pg/cm?® for BMP-2 and 1.24 pg/cm?® for BMP-7.
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To our knowledge, only two other techniques have been pro-
posed for generating BMP surface gradients either by chemical
grafting or by natural affinity, which were applied solely to BMP-2.
Samitier and coworkers [60] recently prepared a gradient of BMP-2
by grafting biotinylated BMP-2 to a gradient of carboxylate groups
created on a PMMA surface via hydrolysis. This method yielded a
maximum BMP-2 surface concentration of 0.04 pg/cm?, which is at
the lower end of our matrix-bound BMP-2 gradients. The BMP-2

gradients had also shallow slopes of 0.9 pmol/cm?® (or 0.04 pg/
cm?) over a length of 80 mm. Interestingly, they also observed a
non-linear expression of the osteogenic factors osterix and ALP in
C2C12 cells but did not report myogenic commitment in the
absence of BMP-2. While this approach for generating BMP-2 sur-
face gradients is promising, it requires a hydrolyzable substrate and
the biotinylation of the growth factor, which may affect its bioac-
tivity. Besides, the amount of BMP-2 presented to the cells is low.
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function of length of the channels. (C) Profiles of dual opposite BMP-2 and BMP-7

Another strategy was proposed by Campbell and coworkers, who
used inkjet printing of BMP-2 on fibrin-coated substrates [32,10],
each spot being close to 50 um in diameter. Similarly to the (PLL/HA)
films, fibrin enables myogenic differentiation in the absence of
matrix-bound BMP-2. Doing overprints allowed them to increase
the BMP-2 adsorbed amount up to 0.32 pg/cm? [61]. In addition, by
moving laterally the nozzle with lateral steps ~70—200 pm, they
created almost linear gradients [61] with a slope of 0.248 ng/cm?
over 1.5 mm. This inkjet printing approach is attractive as it can be
used in any type of substrate [11] and can generate gradients of
different profiles (i.e. linear vs. exponential). However, the limitation
relies in the size/spatial resolution of the deposited liquid droplet
and in the complexity of the custom made inkjet deposition system.

Here, the behavior of C2C12 myoblasts differed on the different
matrix-bound BMPs gradients generated on the biomimetic films. A
non-linear ALP expression was observed on BMP-2 gradients with
an on/off response, where ALP expression increased in a step
fashion in a short window of the gradient whilst myogenic markers
decreased in a similar way (Fig. 5B). In contrast, there was a linear
dose response of myoblasts seeded on the matrix-bound BMP-7
gradient with regards to both ALP and troponin T expression
(Fig. 6B). Both the ALP data on homogenous films and on gradients
confirmed that BMP-2 is more potent than BMP-7 at stimulating
ALP expression and suppressing myogenic markers (Figs. 1, 2, 5 and
6). Our data with matrix-bound BMP-2 and 7 gradients are thus in
line with previous studies comparing ALP expression of C2C12 in
the presence of soluble BMP-2 or BMP-7 [35,62,55].

We observed complete saturation of ALP expression on the
parallel matrix-bound BMPs gradients (ALP value of 0.10—0.20),
even at the end of the gradients where the BMP concentration was
the lowest (Fig. 8), suggesting an additive or synergistic effect. This
plateau was close to that observed for BMP-2 (Fig. 5B) and BMP-7
(Fig. 6B) individually. This effect was further confirmed by
loading (PLL/HA) films with both BMP-2 and -7 homogenously
(Fig. 7A). Previous reports observed a similar synergistic effect
when delivering combinations of different BMPs in solution on MG-
63 osteoblast-like cells [63] and C2C12 myoblasts [62]. In particular,
whereas individual infection of C2C12 cells by adenovirus for BMP-
10, BMP-12, or BMP-13 did not induce osteogenic differentiation,
some of the co-infected cells (BMP-7 + BMP-10, BMP-7 + BMP-
12 + BMP-7 + BMP-13) were able to drive osteogenic differentia-
tion. This suggests a synergistic effect between two different BMPs.
Interestingly, biomaterials for the simultaneous or sequential de-
livery of BMP-2 and BMP-7 have been developed by Hasirci et al.
[64]. In all instances they observe that a sequential delivery yields
higher ALP expression of bone-marrow mesenchymal stem cells.

The versatility and simplicity of both LbL films and microfluidic
techniques opens interesting perspectives. The LbL strategy allows
for the selection of any polyelectrolyte pair, thus easily modifying
the surface chemistry and opening numerous possibilities for the
deposit of various growth factors. For instance, other polyeletrolyte
films are known to efficiently adsorb FGF-2 [24,13], BDNF [22] or
VEGF [23] and, more importantly, to preserve their bioactivity. The
microfluidic system used here is simple and can already generate
dual BMP gradients either parallel (Fig. 7B) or opposite (Fig. 7C).
Thus, it may be easily applied to generate matrix-bound gradients of
other types of growth factors on films of different chemistries. In
addition, it may be envisioned to develop more complex micro-
fluidic devices in order to perform gradients of different profiles.
These matrix-bound growth factor gradients may also be used to
test in a high-throughput manner drug effects on cellular responses.

gradients. Adsorbed amounts were calculated as indicated in Fig. 3. Error bars indi-
cate standard deviation between three different channels.
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5. Conclusions

In this work, we have presented a flexible platform for the
generation of matrix-bound growth factor gradients by combining
the LbL technique with microfluidics. Gradients of both BMP-2 and
BMP-7 were generated and tested for their bioactivity. We observed
that the osteogenic response of myoblasts to the matrix-bound
BMP gradients varies with the selection of the growth factor.
Moreover, this technology allows for the generation of dual gradi-
ents of growth factors in either parallel or opposite direction. In-
vestigations of the potential synergistic or competitive effects that
different combinations of growth factors might have on various
cellular process in an ECM mimetic material is thus possible. The
versatility of the LbL technique makes it adaptable for other poly-
electrolyte pairs, easily tuning the chemistry of the system and
other growth factors. Also, this combined microfluidic/LbL platform
has the potential to simultaneously investigate various cellular
signals (mechanical vs. biochemical) on the same substrate.
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