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Introduction

Controlling the cellular response represents a key challenge in 
biomaterials science/engineering. Materials capable of presenting 
or releasing bioactive species (e.g., proteins, peptides, nucleic 
acids)—chosen so as to elicit (a) specific biological response(s)—
represent a promising avenue. Biomolecular delivery systems of 
controlled spatial and temporal release are of particular interest for 
a broad variety of biomedical applications, such as drug delivery, 
tissue engineering, biosensing and regenerative medicine.

Thin films formed via the Layer-by-Layer (LbL) assembly 
of oppositely charged macromolecules1 are excellent candidates 
for biomaterial applications involving cell-material contact.2-5 
LbL films are easy to fabricate, can be used to modify the 
surface of many types of materials, irrespective of shape, and 
possess physicochemical properties that are readily controllable. 
Moreover, LbL films can be rendered bioactive via surface 
adsorption or direct incorporation of biomolecules.

The ability of an LbL film to serve as a biomolecular 
reservoir/delivery system has been investigated using polymers 
that degrade based on (1) enzymes released by the cell6,7 and 
(2) hydrolysis.8-13 These studies have successfully demonstrated 
LbL film bioactivity, based on a governing mechanism whereby 
bioactive species become accessible to cells via film degradation.

In addition to the presence of bioactive elements, cells respond 
to the mechanical nature of the contacting material. In their native 
(as-built) state, LbL films are generally too soft to promote robust 
cell adhesion, so many studies have explored enhancing film 
rigidity via chemical cross-linking of the polymer network.14-19 
While successful at improving mechanical properties, chemical 
cross-linking is known to suppress film degradation, and thus 
would be incompatible with the biomolecular delivery strategies 
summarized above. In addition, the cross-linking chemistry itself 
could compromise bioactivity by directly affecting the function 
of the bioactive species.

Previously, we developed a porous film strategy toward 
the independent control of LbL film mechanical rigidity and 
biomolecular delivery.20 The approach involved introducing 
charged latex nanoparticles (NP) during film formation, followed 
by chemical cross-linking of the polymer network. The NP were 
dissolved by organic solvent exposure, leading to pore formation 
within the film. The idea is to control film bioactivity through 
the extent of pore loading, and film mechanical properties by 
the extent of cross-linking. These films were shown to possess 
enhanced mechanical rigidity and high bioactive species loading.

In this paper, we investigate the use of porous LbL films 
to efficiently deliver an osteoconductive growth factor, the 
recombinant human bone morphogenic protein-2 (BMP-2), and to 
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Biomaterials capable of delivering controlled quantities of bioactive agents, while maintaining mechanical integrity, 
are needed for a variety of cell contacting applications. We describe here a nanotemplating strategy toward porous, 
polyelectrolyte-based thin films capable of controlled biomolecular loading and release. Films are formed via the layer-
by-layer assembly of charged polymers and nanoparticles (NP), then chemically cross-linked to increase mechanical 
rigidity and stability, and finally exposed to tetrahydrofuran to dissolve the NP and create an intra-film porous network. 
We report here on the loading and release of the growth factor bone morphogenetic protein 2 (BMP-2), and the influence 
of BMP-2 loaded films on contacting murine C2C12 myoblasts. We observe nanotemplating to enable stable BMP-2 
loading throughout the thickness of the film, and find the nanotemplated film to exhibit comparable cell adhesion, and 
enhanced cell differentiation, compared with a non-porous cross-linked film (where BMP-2 loading is mainly confined to 
the film surface).
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direct the differentiation of myoblastic C2C12 cells into osteoblasts. 
BMP-2 is used clinically for its osteoinductive properties toward 
bone formation and reconstruction, and has shown promising 
results in spinal fusion, fracture repair and oral/maxillofacial 
reconstruction.21 The doses applied in clinical treatment are 
typically high and non-physiological, and could lead to important 
complications such as bone tissue overgrowth, inflammation or 
cancer.22,23 Many applications would be better served by the local 
delivery, at lower concentration, of BMP-2; we seek here to address 
this need via porous, polyelectrolyte-based thin films.

Results

Films characterization
We consider LbL films composed of poly(l-lysine) (PLL) 

as polycation, and poly(l-glutamic acid) (PGA) and carboxyl 
functionalized latex nanoparticles (NP) as polyanions. Three 
different systems are considered: (1) native films consisting 
of (PLL-PGA)

n
 (n standing for the number of bilayers), (2) 

cross-linked (non-porous) films consisting of (PLL-PGA)
n
 and 

subsequently exposed to EDC-NHS chemical cross-linking 
agents, and (3) templated, cross-linked (porous) films consisting 
of ([PLL-PGA]

2
-PLL-NP)

n
-(PLL-PGA)

2
, subsequently exposed 

to EDC-NHS chemical cross-linking agents, and finally exposed 
to tetrahydrofuran to dissolve the NP.

The mechanical rigidity of cross-linked (PLL-PGA)
26

 films 
(non-porous), and cross-linked ([PLL-PGA]

5
-PLL-NP)

4
-(PLL-

PGA)
2
 films exposed to THF (porous) is determined via nano-

indentation analysis in which a probe of known tip geometry is 
pressed into the material surface, and the resultant force 
measured. Mechanical hardness is expressed as 

 

, where F
max 

is the maximum force during a 

nano-indentation experiment, A(h) is the cross-sectional area of 
the indentation probe as a function of axial distance from its tip 
(h), and h

c 
is the axial distance from the probe’s tip over which 

material/probe contact occurs during the maximum applied 
force.24 Based on a maximum load of 40 N (corresponding to 
indentation magnitudes of about 150 nm, or about 2% of the 
overall film thickness), and using established methods to estimate 
h

c
 from force vs. indentation curves,24 we find the hardness of the 

non-templated, cross-linked film to be 220 ± 20 kPa, and that of 
the templated cross-linked film to be 190 ± 20 kPa. We conclude 
templated, chemically cross-linked films to be of comparable 
mechanical rigidity to non-templated, chemically cross-linked 
films.

Nanoparticle dissolution and pore space formation are 
demonstrated using direct and indirect analysis. Prior work 
shows THF treatment of native films (i.e., without crosslinking) 
containing latex nanoparticles to result in significant film 
collapse, suggesting removal of the nanoparticles from the film.20 
In contrast, cross-linked films did not exhibit such a collapse, 
suggesting in this case the particle removal to be accompanied by 
formation of pore space.20 UV spectra of THF used to dissolve 
the nanoparticles from the film exhibit peaks that are also 
found in a latex sample, suggesting the presence of latex in the 
dissolving solution and hence nanoparticle removal from the film 
(see Supplemental Materials).

Prior AFM analysis showed all films to be topographically 
quite smooth, with the root mean square roughness of the 
templated film (10 nm) approximately intermediate between 
that of the native (7 nm) and the NP containing native (13 nm) 
film.20

Film loading of BMP-2
We assess the loading of porous and non-porous films to 

BMP-2 by laser scanning confocal microscopy. The film is 
fluorescently labeled green using PLL dyed with FITC, and 
BMP-2 is labeled red with Alexa Fluor 568. In Figure 1, we show 

Figure 1. Laser scanning confocal microscopy images of cross-linked (PLL-PGA)26 films (non-porous film) and of cross-linked ([PLL-PGA]5-PLL-NP)4-(PLL-
PGA)2 films treated with THF to remove the NP (porous film). In both case, the penultimate PLL is labeled with FITC (green) and diffuses freely within the 
film25 so that the entire film appears green. Upper part: cross-sectional micrographs of films covered with red labeled BMP-2. Lower part: cross-sectional 
micrographs of films after three rinsing steps with buffer. Laser intensities are 1% and 0.1%, respectively, for excitation wavelength 488 nm and 561 nm. 
The inset shows the non-porous film rinsed with laser intensities of 1% for both the 488 nm and the 561 nm lasers, and shows some red labeled BMP-2 
to remain at the surface of the film.



www.landesbioscience.com	 Biomatter	 e28823-3

a cross-sectional micrograph of a non-porous cross-linked (PLL-
PGA)

26
 film, and a porous cross-linked ([PLL-PGA]

5
-PLL-NP)

4
-

(PLL-PGA)
2
 film, each treated with THF. (Films subjected to 

confocal analysis contain more layers than do films used in 
other experiments, as thicker films allow for enhanced optical 
resolution of fluorescent species.) The penultimate layer of these 
films contains a fluorescently labeled polycation (PLL-FITC). 
PLL-FITC (as well as unlabeled PLL) has been previously shown 
to freely diffuse throughout the film,25 and so the entire film 
appears green.20 When subjected to red labeled BMP-2, both films 
appear mainly yellow, and the solution above red. Nevertheless, 
we clearly observe that for the non-porous film, a thin band of 
green is still visible at the bottom of the film, whereas for the 
porous film, the bottom of the film appears red, suggesting a 
greater degree of film penetration in the case of the porous film. 
After extensive rinsing, the non-porous film appears completely 
green, whereas the porous film remains mainly yellow. A large 
part of the BMP-2 is still present on and within the porous film. 
It is necessary to overexpose—by increasing the laser intensity of 
the 561 nm excitation wavelength (Alexa Fluor 568) to 1%—the 
non-porous film treated with red-labeled BMP-2 to observe some 
red color at the film surface, suggesting the presence of residual 
adsorbed BMP-2.

These results show enhanced film permeability to BMP-2 
of the porous vs. the non-porous film, and a post-rinse BMP-2 
distribution covering the entire film only in the case of the 
porous film, where BMP-2 enters, diffuses through the film, 
and remains trapped. This observation is in agreement with 
previous studies that showed BMP-2 labeled with Rhodamine to 
accumulate in the upper part of a chemically cross-linked (non-
templated) LbL film.26

We also assess film loading of BMP-2 by quartz crystal 
microgravimetry with dissipation analysis (QCM-D, Fig. 2). A 
non-porous cross-linked (PLL-PGA)

14
 film, and a porous cross-

linked ([PLL-PGA]
5
-PLL-NP)

2
-(PLL-PGA)

2
 film are assembled 

on quartz sensors and subjected to 15 min contact with 150 ng of 
BMP-2, followed by 5 buffer rinsing steps of 2 min. We observe 
the difference in resonator frequency change to be around 5 
times higher for the porous vs. the non-porous film. Moreover 
the change in signal during the rinse steps is 85% for the non-
porous film and 15% for the porous film. These results suggest 
BMP-2 association with a non-porous film to be highly reversible 
and result (after rinsing) in a low/weak BMP-2 adsorption at the 
surface, and BMP-2 association with porous film to result in 
stable loading throughout the film volume, consistent with our 
confocal microscopy results.

Film release of BMP-2
In Figure  3, we show cross-sectional micrographs of green 

labeled films incubated with red labeled BMP-2, following 2 h 
and 72 h of buffer exposure. At both time points, the non-porous 
film appears green, suggesting most BMP-2 previously adsorbed 
at the surface to be released / desorbed.

We observe the porous film to be yellow at 2 h, suggesting a 
significant quantity of BMP-2 to be retained and to be distributed 
fairly uniformly within the film. At 72 h, we observe the yellow 

intensity to decrease, the top of the film to appear green, and the 
bottom of the film to exhibit some red spots. This result suggests 
a release of BMP-2 between 2 h and 72 h, occurring preferentially 
from the top of the film. Moreover, after 72 h, a significant 
quantity of BMP-2 appears to be retained in the film, with an 
apparent inhomogeneous distribution of higher concentration at 
the base of the film.

C2C12 proliferation and morphology
We next consider the proliferation and morphology of murine 

C2C12 myoblasts, whose adhesion and organization has been 
previously shown to be enhanced on LbL films of increased 
mechanical rigidity.27 Cells are cultured on three types of films: 
non-cross-linked (PLL-PGA)

14
 (native, negative control), cross-

linked (PLL-PGA)
14

 (non-porous, positive control), and cross-
linked ([PLL-PGA]

5
-PLL-NP)

2
-(PLL-PGA)

2
 exposed to THF 

(porous). Proliferation and morphology are observed following 
48 h culture. In Figure  4A, we show C2C12 proliferation to 
be enhanced, to similar extents, on non-porous and porous 
films (compared with native films). Moreover, no differences 
in cell adhesion and early spreading are observed between non-
porous and porous films (data not shown). When cultured on 
non-porous and porous films for 48 h, cells spread with long 
pseudopodia and focal contacts, whereas on native films, the 
cells are round shaped with no clear vinculin plaques or stress 
fibers (Fig. 4B). Moreover, C2C12 cells cultured on porous films 
present more focal adhesions organized in lamellipodia than do 
those cultured on cross-linked films. Overall, cells are observed 
to develop more and better organize adhesion structures when 
cultured on porous films.

Altogether, these results suggest porous films to promote 
C2C12 cell attachment, spreading, organization, and proliferation 
at a level similar to that of (positive control) non-porous film, and 
at a level significantly higher than that of (negative control) native 
films. We observe no direct effect of pore formation and THF 
treatment on cell behavior, consistent with previous observations 
on pre-osteoblastic MC3T3-E1 cells.20

Figure 2. Quartz crystal microgravimetry measurements of BMP-2 load-
ing onto/within cross-linked (PLL-PGA)14 (non-porous) and cross-linked 
([PLL-PGA]5-PLL-NP)2-(PLL-PGA)2 exposed to THF (porous) films. Both 
films are incubated with 150 ng of BMP-2 (during 15 min) then exten-
sively rinsed with buffer (10 min total).
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Film bioactivity
The bioactivity of BMP-2 loaded onto/within non-porous vs 

porous thin films may be assessed using murine C2C12 myoblasts 
modified with a luciferase gene fused to a BMP-responsive 
element (BRE).28 Films are exposed to 10, 50 or 500 ng of BMP-2 
in 1mM HCl for 16h. Following a buffer rinse, cells are seeded 
and cultured for 24 h. In Figure 5, we show luciferase activity to 
increase proportionally to the quantity of BMP-2 exposed to the 
film. Similar luciferase activity is observed between non-porous 
and porous films with 10 ng of BMP-2, but significantly higher 
activity is observed for porous films with 50 and 500 ng. This 
result suggests porous films to be more efficient than non-porous 
films in terms of presenting active BMP-2 to contacting cells.

BMP-2 bioactivity is also investigated in terms of a shift in the 
differentiation pathway from myoblastic to osteoblastic. When 
cultured in a medium containing a low concentration of serum, 
and especially in absence of growth factor (i.e., BMP-2), C2C12 
cells differentiate into contractile myoblasts. However, treatment 
with BMP-2 cause a shift in the differentiation pathway from 
myoblastic to osteoblastic.29,30

C2C12 cells are seeded on non-porous or porous films previously 
loaded or not with 500 ng of BMP-2 in a low serum containing 
medium. After 7 d of culture, the cells are fixed and immunostained 
for myosin heavy chain (late marker of myogenic differentiation) 
and osteopontin (early marker of osteoblastic differentiation). 
In Figure 6, we show that in the absence of BMP-2, the myosin 
expression is high. The presence of myocytes, characteristic of 
cell differentiation into myotubes, is evident. When the films 
are loaded with 500 ng of BMP-2 we observe, on a non-porous 
film, the myosin expression to be slightly decreased and a lower 
osteopontin expression to be visible. In the case of a porous film, no 
myosin expression is observed, and a large osteopontin expression 
is evident. Clearly, the markers of osteoblastic differentiation are 
expressed to a significantly greater extent in cells cultured on the 
porous compared with the non-porous film.

This result suggests, in the absence of BMP-2, the cells to 
differentiate to myocytes and myotubes (on both films), and in 
the presence of BMP-2, the cells to differentiate into osteocytes. 
The differentiation into osteocytes is more pronounced on 

porous compared with non-porous films, suggesting an enhanced 
exposure to bioactive BMP-2 in the porous film. Interestingly, 
the quantity of BMP-2 present in the porous film after 7 d is 
sufficient to induce cell differentiation to osteocytes.

Discussion

Thin polyelectrolyte films are of particular interest as 
they could have a broad impact in numerous cell-contacting 
applications. One can envision thin film coatings for biomedical 
devices (e.g., stents), cell-based bioreactor supports and tissue 
engineering scaffolds. They also show significant potential 
to locally and temporally deliver bioactive molecules from the 
coating of an implantable device.

Cells respond to bioactive species adsorbed at the surface or 
embedded within the film, as well as to the physicochemical 
properties of the film itself. Previous studies have shown as-built 
polyelectrolyte-based thin films to be highly hydrated and very 
soft, and thus to be unfavorable for primary cell adhesion.31 
Chemical cross-linking can increase film stiffness, and has been 
shown to greatly enhance the adhesion, spreading and proliferation 
of certain cell types.16,18,32,33 However, chemical cross-linking 
generally compromises bioactivity, as described below.

Thin polyelectrolyte films may be rendered bioactive by the 
loading/incorporation of bioactive molecules such as drugs, 
peptides, proteins or DNA. The bioactive molecules can be 
integrated within the films using different strategies. In one 
approach, biomolecules can be embedded within the film 
by direct integration during film assembly, and accessed by 
contacting cells via cell-induced film degradation,6,7 or released 
subsequently by hydrolytic film degradation.9,10,34-37 In this case, 
post-assembly cross-linking could compromise film bioactivity 
due to a loss of biomolecular mobility within the film,6,7,19 and 
suppression of film degradation.38-41 As an alternative strategy, 
biomolecules can be loaded in the films after assembly and 
cross-linking via a simple diffusion mechanism. Polyelectrolyte-
based thin films formed by LbL assembly have been shown to 
serve as reservoirs for small molecules such as the anti-cancer 

Figure  3. Laser scanning confocal microscopy images of BMP-2 desorption from cross-linked (PLL-PGA)26 films (non-porous) and from cross-linked 
([PLL-PGA]5-PLL-NP)4-(PLL-PGA)2 films treated with THF to remove the NP (porous film). BMP-2 desorption is followed after 2 h and 72 h incubation in PBS 
buffer pH 7.4. In both cases, the non-porous film appears green, suggesting little BMP-2 to remain onto/within the film. On the contrary, after 72 h, some 
red spots are still visible in the porous film, suggesting an appreciable fraction of BMP-2 to remain in the film.
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drug paclitaxel and the anti-inflammatory drug diclofenac.39,42 
These small molecules were shown to diffuse through the entire 
film thickness, even in the case of a cross-linked film. However, 
the permeability of cross-linked films to molecules of higher 
molecular weight, such as protein or peptides, is more limited. 
For example, the adsorption of BMP-2 growth factor (27 kDa) 
mainly occurs at the surface of the films.26,43-45 A potential means 
to increase film permeability to high molecular weight molecules 
is to create porosity within the films.

We previously developed a cross-linked, nanoparticle 
templated film where the porosity is introduced after the 
dissolution of carboxyl latex nanoparticles introduced during 
film assembly.20 We showed these films to be sufficiently rigid so 
as to promote initial cell adhesion, spreading and viability, and to 
be capable of significant biomolecular species loading. Since film 
rigidity may be controlled through the extent of cross-linking, 
and film bioactivity through the degree of pore loading, this 
approach potentially allows for the independent control of film 
mechanical rigidity and bioactivity.

In this paper, we show templated film mechanical rigidity to 
be sufficient to enhance adhesion, spreading and proliferation 
of myoblastic C2C12 cells, compared with a softer, native film. 
Moreover, the growth factor BMP-2 can be loaded throughout 

the thickness of the film, with a post-rinse loading that is 5-fold 
greater than that of a non-porous film (where loading occurs 
preferentially to the film surface). A large fraction is retained 
following 72 h, compared with the native film where release 
is rapid and nearly complete. Most significantly, C2C12 cells 
respond to BMP-2 functionalized porous films to a significantly 
greater extent than they do to BMP-2 functionalized non-porous 
films, suggesting the BMP-2 to be loaded and released in a 
bioactive form.

Certain details remain unknown concerning the distribution 
and release of BMP-2 within porous and non-porous films. 
Although our confocal micrographs suggest a certain degree 
of BMP-2 penetration within non-porous films, the fact that 
most of the growth factor is rapidly removed upon simple buffer 
rinsing suggests that the initial loading may have occurred 
primarily at the film surface. Indeed, the fraction released 
within the porous system, which would be expected to be 
more reversible owing to adsorption within much larger pores, 
is significantly less that that within the non-porous system. 
Future work toward quantifying the loading distribution and 
release kinetics would greatly clarify this picture, and is needed 
to ultimately engineer growth factor loaded polyelectrolyte 
based films for biomedical applications.

Figure 4. Cell proliferation (A) and morphology (B) on (PLL-PGA)14 (native), cross-linked (PLL-PGA)14 (non-porous), and cross-linked ([PLL-PGA]5-PLL-NP)2-
(PLL-PGA)2 exposed to THF (porous). The cells are cultured for 48 h in complete medium, counted after being detached from the substrates (A) or stained 
(B): actin (green), nuclei (blue) and vinculin (red). Arrows indicate focal adhesions.
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Open questions also persist concerning the role of any residual 
latex in the film, following template removal. While prior analysis 
of (non-cross-linked) film collapse upon organic solvent (THF) 
exposure,20 and current UV spectroscopic evidence of latex in 
THF exposed to the template film, together suggest significant 
latex removal, the possibility remains that some latex is left 
behind. This residual latex could serve to bind to the growth 
factor and contribute to its slow release kinetics. In any event, we 
observe no adverse effects of any residual latex on the contacting 
cells or on the bioactivity of the embedded BMP-2. Future work 
toward quantifying any residual latex may help to clarify this 
picture.

The C2C12 cell system was chosen owing to its known surface 
adhesion dependence on substrate rigidity, and the experimental 
ease of measuring the cellular response to BMP-2. In addition, it 
represents a highly relevant progenitor cell system for bone tissue 
engineering.

Previous studies have also employed LbL films as delivery 
systems for BMP-2. Hammond et al., showed the incorporation 
of BMP-2 into a soft, hydrolytically degradable film built on top 
of a non-degradable cross-linked film to permit the delivery of 
the growth factor over 7 d, and to promote the differentiation of 
mesenchymal stem cells to osteoblasts.35 Picart, et  al. adsorbed 
BMP-2 to the surface of cross-linked films in an amount that 
was sufficient to induce C2C12 myoblastic cell differentiation 
into osteoblasts.26 In comparison to these previously reported 
systems, our templated films offer some potential advantages. 
Compared with hydrolytically degradable films, templated films 
may be rigidified to favor cell adhesion, without compromise 
of bioactivity. Compared with surface adsorption, embedding 
biomolecules within porous films allows for higher loading 
and temporally controlled delivery, and keeps the surface free 
for other species aimed at favoring initial cell adhesion and/or 
preventing adsorption of non-desirable biomolecular species or 
bacterial infection.

Porous films loaded with BMP-2 could be ideal coatings for 
bone tissue engineering scaffolds and/or bone implant devices. 
In both cases, film rigidity may be optimized to promote initial 
cell adhesion, and BMP-2 loading and release may be optimized 
to promote timely differentiation of progenitor cells toward an 
osteoblastic lineage, potentially favoring a strong bone-material 
interface. Orthopedic implants often fail due to poor integration 
with bone tissue, as occurs when a fibrous tissue capsule forms 
around the implant in preference to bone; porous polyelectrolyte 
films would appear to be an excellent strategy toward a 
mechanically robust bone-implant interface.

Conclusion

We demonstrate here nanoparticle templating as a means 
toward porous LbL films of controlled biomolecular loading and 
release. We show the mechanical rigidity of—and the myoblastic 
C2C12 cell adhesion, spreading and proliferation on—templated 
films to equal those on (positive control) non-templated films. 
Templated films additionally exhibit significant growth factor 
(BMP-2) loading and retention over 72 h, and are shown to 
induce C212 differentiation into osteoblasts.

Materials and Methods

Film Assembly
Films are assembled on 10 mm diameter glass slides, squared 

glass microscope slides or QCM-D sensor chips previously 
washed with detergent and rinsed with deionized water. (PLL-
PGA)

n
 and ([PLL-PGA]

5
-PLL-NP)

n
-(PLL-PGA)

2
 films are 

assembled by subsequent dipping in 0.1 g/L Poly-L-Lysine (PLL, 
MW 70–150 kDa, Sigma) and Poly-L-Glutamic acid (PGA, 
MW 50–150 kDa, Sigma) in PBS pH 7.4, and 1 g/L carboxyl 
functionalized latex nanoparticles (C37261, Invitrogen), of 
diameter 28 ± 4 nm diluted in deionized water when necessary. 
Each dipping step last for 10 min followed by three 1 min buffer 
rinse steps. Both films are subjected to chemical cross-linking 
with 40 mM 1-ethyl-3-(3 [dimethylamino]propyl)carbodiimide 
(EDC, Sigma) and 100 mM, N-hydroxysulfosuccinimide 
(sulfo-NHS, Sigma) for 16h. The films containing the 
carboxyl functionalized latex nanoparticles (NP, Invitrogen) 
are incubated in tetrahydrofurane (THF) for 16h in order to 
remove the NP from the films and rinsed three times for 20 
min in buffer, as previously described.20 Native (PLL-PGA)

n
 films are formed as described above, but without chemical 

EDC-NHS cross-linking.
Nanoindentation
Nanoindentation involves a probe of known geometry and 

mechanical properties being pressed into a material sample, with 
precise measurement of force and displacement. A CPX-UNHT 
Ultra Nanoindentation Tester (CSM Instruments) is employed 
with a ruby spherical indenter of 200 mm radius, loading and 
unloading rates of 60 mN/min, and a maximum load of 40 mN, 
on polyelectrolyte films formed on glass microscope slides.

Figure 5. Bioactivity induced by BMP-2 loaded onto/within non-porous 
and porous thin films. BMP-2 bioactivity is determined by measuring the 
luciferase expression of C2C12-BRE/Luc cells. The cells are cultured for 24 
h on cross-linked (PLL-PGA)14 (non-porous) and cross-linked [(PLL-PGA)5-
PLL-NP]2-(PLL-PGA)2 exposed to THF (porous) films loaded with 10, 50 or 
500 ng/L of BMP-2. The results are normalized with the controls made in 
absence of BMP-2.
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BMP-2 labeling
BMP-2 (Millipore) was resuspended in HCl 1 mM 

and stored at -20 °C until use. For BMP-2 fluorescent 
labeling, 1 µg of BMP-2 is diluted in 1 mL carbonate-
bicarbonate buffer in order to raise pH 8.3. Five µL 
of Alexa Fluor 568 (AF-568 10mg/mL, Invitrogen) is 
added to the BMP-2 solution and incubated for 16 h 
at room temperature. The mixture is then subjected 
to dialysis against PBS pH 7.4 in order to remove 
the unbounded dye. The molar grafting ratio was 
estimated by the BMP-2 and AF-568 concentrations, 
and is determined to be about 1.4.

Confocal microscopy
The permeability to BMP-2 of cross-linked (PLL-

PGA)
26

 films (non-porous) and cross-linked ([PLL-
PGA]

5
-PLL-NP)

4
-(PLL-PGA)

2
 films treated with 

THF (porous film) is assessed using a LSM710 
confocal microscope (Carl Zeiss). In this case, 
the penultimate PLL layer is labeled with FITC 
(Invitrogen) and freely diffuses through the films.25 
The images are recorded using laser intensities of 1% 
for the laser 488 nm and 0.1% or 1% for the laser 
561 nm.

The release of AF-568 BMP-2 from the films is 
determined after 2 h and 72 h exposure to PBS pH 
7.4. Images are recorded using laser intensities of 1% 
and 0.5%, respectively at wavelengths 488 nm and 
561 nm.

BMP-2 loading
Films are exposed to 100 µL of 0.1 g/L AF-568 

labeled BMP-2 (AF-568 BMP-2) for 1 h at room temperature, 
and then rinsed three times for 1 min in PBS pH 7.4.

Quartz Crystal Microgravimetry with Dissipation 
(QCM-D)

Experiments were performed using a D300 system (Q-Sense, 
Sweden) using a QAFC302 flow chamber and QSX303 Sensor 
Chip (Q-sense) consisting of a planar SiO

2
 coating on a quartz 

crystal. This technique consists of measuring changes in 
frequency and dissipation factor of the quartz crystal sensor. The 
resonant frequency of the crystal depends on the total oscillating 
mass, including coupled water.46

The sensor chips covered with cross-linked (PLL-PGA)
14

 
films (non-porous) and cross-linked ([PLL-PGA]

5
-PLL-NP)

2
-

(PLL-PGA)
2
 films treated with THF (porous) are inserted into 

the flow cell. A PBS pH 7.4 solution is introduced until a steady 
baseline is achieved and 150 ng of BMP-2 in PBS pH 7.4 is 
introduced for 15 min, followed by a 10 min buffer rinse.

Cell culture
C2C12 cells are maintained in polystyrene flasks in an 

incubator at 37 °C and 5% CO
2
, and cultured in Dulbecco’s 

modified Eagle’s medium high glucose (DMEM high glucose)/
Glutamax (Invitrogen) supplemented with 10% fetal bovine 
serum (PAA laboratories), 100 U/mL penicillin G and 100 
µg/mL streptomycin (Eurobio) (Complete medium). Cells are 
subcultured before reaching confluence (60–70% confluence).

C2C12 BRE/Luc cells are C2C12 cells stably transfected with 
a bone-responsive element fused to the luciferase gene.28 They are 
maintained in complete medium added with Geneticin (G418, 
Invitrogen) 200 µg/mL.

Cell proliferation and morphology
To measure cell proliferation, 10 000 C2C12 cells/cm2 are 

seeded on 10 mm glass slides covered with cross-linked (PLL-
PGA)

14
 films (non-porous) and cross-linked ([PLL-PGA]

5
-

PLL-NP)
2
-(PLL-PGA)

2
 films treated with THF (porous), and 

cultured in complete medium. After 24 and 48 h of culture, cells 
are detached from substrates by trypsinization and counted in 
a Malassez hemocytometer. All experiments are performed in 
triplicate.

Cell morphology is observed after 48 h of culture. Cells are 
fixed with 3% (w/v) para-formaldehyde solution dissolved in 
PBS (Sigma) for 15 min, then permeabilized with 1% (v/v) Triton 
X-100 (Sigma) for 15 min. Non-specific binding sites are blocked 
by incubating the substrates in PBS containing 1% Bovine Serum 
Albumine (BSA) for 30 min. Substrates are then incubated, for 
1 h, with 100 µg/ml mouse polyclonal anti-vinculin antibodies 
(Sigma) dissolved in PBS containing 0.1% BSA. Bound 
specific antibodies are revealed by incubation with 100 µg/ml 
TRITC coupled secondary antibodies (Sigma) dissolved in PBS 
0.1% BSA for 1 h. Nuclei are directly revealed by 0.1 mg/ml 
4',6-Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma), 

Figure 6. Influence of BMP-2 loaded in non-porous and porous films on cell differen-
tiation. C2C12 cells are cultured for 7 d on cross-linked (PLL-PGA)14 (non-porous) and 
cross-linked ([PLL-PGA]5-PLL-NP)2-(PLL-PGA)2 exposed to THF (porous) films in absence 
of BMP-2 (top panels) or loaded with 500 ng BMP-2 (lower panels). Heavy chains of 
myosin are shown in yellow and osteopontin in magenta. Arrows indicate myocytes. 
BMP-2 is seen to promote an osteoblastic differentiation that is more pronounced in 
the porous film system.
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and the cytoskeleton is visualized by 50 µg/ml phalloïdin-FITC 
(Sigma), both diluted in PBS 0.1% BSA solution. Samples are 
then washed in PBS, mounted in Prolon gold® (Invitrogen), and 
examined using a LSM710 confocal microscope (Carl Zeiss). 
The experiment was performed two times independently.

Luciferase activity
Cross-linked (PLL-PGA)

14
 films (non-porous) and cross-

linked ([PLL-PGA]
5
-PLL-NP)

2
-(PLL-PGA)

2
 films treated with 

THF (porous) are built on 10 mm glass slides. The films are 
exposed to 100 µL containing 0, 10, 50, or 500 ng BMP-2 diluted 
in 1 mM HCl, for 16 h at 4 °C and rinsed with PBS pH 7.4. 
C2C12 BRE/Luc cells are seeded (10 000 cells/cm2) on the films 
and cultured for 24 h in complete medium. BRE-Luc cells are 
murine C2C12 myoblasts modified with a luciferase gene fused 
to a BMP-responsive element (BRE).28

Luciferase activity is determined via the quantification of 
luciferase expression using Bright-GloTM Luciferase Assay System 
(Promega). The luminescence signal is measured after 10 min 
via a luminometer (Sirius Berthold Detection systems), and is 
proportional to luciferase expression. The measured luciferase 
activity is directly related to extent of interaction with active 
BMP-2.

C2C12 differentiation
C2C12 cells (10 000 cells/cm2) are seeded on Cross-linked 

(PLL-PGA)
14

 films (non-porous) and cross-linked ([PLL-PGA]
5
-

PLL-NP)
2
-(PLL-PGA)

2
 films treated with THF (porous) loaded 

or not with 500 ng of BMP-2 (as described above) and cultured for 
7 d in DMEM high glucose/Glutamax (Invitrogen) supplemented 
with 2% horse serum (Invitrogen), 100 U/mL penicillin G and 
100 µg/mL streptomycin (Eurobio).

Cell differentiation is investigated following the expression of 
a late myoblastic marker (myosin heavy chain) and of an early 
osteoblastic marker (osteopontin) using specific antibodies 
(Millipore). The immunostaining is performed following the 
protocol described in the Cell proliferation and morphology 

section. Succinctly, cells are labeled with mouse anti-myosin 
heavy chain (MHC, 1:1000), and rabbit anti-osteopontin 
(1:500), (both from Millipore). Primary antibodies are revealed 
using Alexa Fluor 488 or Alexa Fluor 633-conjugated goat anti-
mouse or anti-rabbit antibodies (1:400, Invitrogen) as secondary 
antibodies. Samples are examined using a LSM710 confocal 
microscope (Carl Zeiss).

Statistical analysis
Data are analyzed using Instat statistical software 

(GraphPad Software). Statistical significance between groups 
is assessed by one-way analysis of variance (ANOVA) followed 
by Student–Newman–Keuls multiple comparison tests for cell 
proliferation.

Experimental results are expressed as means ± standard 
deviation. Statistical significance is taken for values of P < 0.05.
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