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Silica-collagen bionanocomposite hydrogels were obtained by addition of silica nanoparticles to a
protein suspension followed by neutralization. Electron microscopy studies indicated that larger silica
nanoparticles (80 nm) do not interact strongly with collagen, whereas smaller ones (12 nm) form rosaries
along the protein fibers. However, the composite network structurally evolved with time due to the con-
traction of the cells and the dissolution of the silica nanoparticles. When compared to classical collagen
hydrogels, these bionanocomposite materials showed lower surface contraction in the short term

Ié?ﬁ'{:;ggs" (1 week) and higher viability of entrapped cells in the long term (3 weeks). A low level of gelatinase
Silica MMP2 enzyme expression was also found after this period. Several proteins involved in the catabolic
Bionanocomposites and anabolic activity of the cells could also be observed by immunodetection techniques. All these data
3-D culture suggest that the bionanocomposite matrices constitute a suitable environment for fibroblast adhesion,

Fibroblasts proliferation and biological activity and therefore constitute an original three-dimensional environment

for in vitro cell culture and in vivo applications, in particular as biological dressings.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

There is a current need for novel biological dressings, especially
for treatment of burns and wound healing of chronic wounds such
as foot ulcers [1-3]. In this context, collagen-based materials incor-
porating fibroblast cells appear highly promising due to their sim-
ilarity with the dermis tissue [4,5]. However, the behaviour of
fibroblasts within a three-dimensional (3-D) matrix strongly de-
pends on the nature of the cell/material interactions and the stiff-
ness of the gel. Immobilization of the cell within the gel usually
triggers a series of physical (contraction) and biological responses
to create a more suitable microenvironment, strongly impacting on
the host material but also inducing cell phenotypic modifications
[6-8]. Therefore, one of the main challenges in the area of skin tis-
sue engineering and biological dressings is to design a cellularized
material that (i) exhibits a suitable composition allowing cell adhe-
sion on the surface of the internal cavities, and (ii) reaches a suit-
able stiffness to compensate for the contraction of the cell.

* Corresponding author. Tel.: +33 144271528; fax: +33 144271443.
E-mail address: thibaud.coradin@upmc.fr (T. Coradin).

The established methods for producing collagen gels involve
forming these at low collagen concentration, resulting in poor gel
stiffness, and therefore strong and fast contraction [9]. Recently,
a process has been developed that uses higher collagen concentra-
tions, which limits gel contraction while enhancing cell activity
[10]. In parallel, the addition of polymers, either natural or syn-
thetic, or of inorganic particles was also studied but most of these
works were performed on acellularized systems [11-13]. Recently,
we have shown that hybrid materials made from collagen and sil-
icates were efficient in decreasing gel contraction and enhancing
cell proliferation in the short term [14]. However, in the longer
term, reorganization of the collagen network and rapid silica disso-
lution occurred, to the detriment of cell activity.

Although several other routes to silica-collagen hybrid materi-
als have been reported, none of them appeared compatible with
the simultaneous encapsulation of fibroblasts [15-20]. Therefore,
we developed an alternative, composite-like strategy to strengthen
collagen gels with silica colloids, as already described for other bio-
polymer gels [21,22]. A combination of chemical and biological
analyses was used to study the time evolution and final properties
of the materials. All these analyses provide good evidence that
silica-collagen bionanocomposites are suitable 3-D hosts for
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fibroblast encapsulation, proliferation and activity, and may in the
future be developed for in vitro 3-D culture models and for in vivo
applications such as biological dressings.

2. Materials and methods
2.1. Fibroblast cell culture

Normal human dermal fibroblasts (Promocell) were propagated
in Dulbecco’s Modified Eagle’s Medium (Gibco BRL) supplemented
with 10% fetal calf serum (Gibco BRL), 100 units ml~! penicillin,
100 pg ml~! streptomycin (Gibco BRL) and 0.25 pg ml~! Fungizone
(Gibco BRL). Tissue culture flasks (75 cm?) were kept at 37 °C in a
95% air and 5% CO, atmosphere. Before confluence, fibroblasts
were removed from culture flasks by treatment with 0.1% trypsin
and 0.02% EDTA. Cells were rinsed and resuspended in the above
culture medium. Fibroblasts were used at passage 7 for the exper-
iments. Collagen type I was purified from rat tails and the concen-
tration was estimated by hydroxyproline titration [23].

2.2. Nanocomposite preparation

Silica nanoparticles 12 nm in size (Si12) (Ludox HS-40) were
purchased from Aldrich. 80 nm silica nanoparticles (Si80) were
synthesized by the Stober method using ammonia for the base-cat-
alyzed hydrolysis and polymerization of tetraethylorthosilicate
[24]. Silica nanoparticle-collagen bionanocomposites with fibro-
blasts were prepared by mixing 0.6 ml of collagen solution
(2.8 mg ml~! in 17 mM acetic acid) with 0.8 ml of complete culture
medium in an ice bath. In parallel, a suspension of nanoparticles
was acidified to pH 3.0 with acetic acid. Precise amounts of the sil-
ica nanoparticle suspension were added to the collagen solution in
order to obtain different final concentrations (5 and 10 mM) in the
gels. The solution was then neutralized with 0.08 ml of 0.1 M NaOH
and finally 0.6 ml of a cell suspension in complete medium supple-
mented with PBS was added. The cell density in each gel at the
beginning of the experiments was 1 x 10° cells per gel. The refer-
ence classical collagen hydrogels (0.6 mg ml~!) were prepared fol-
lowing the same protocol previously described by Bell [4] except
that no silica nanoparticles were added.

2.3. Fibroblast viability

The cellular viability of entrapped cells was determined by the
tetrazolium assay [25]. This colorimetric assay is based on the
ability of the mitochondrial dehydrogenase enzymes of living cells
to convert 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) into an insoluble formazan. In short, a 5 mg ml~!
solution of MTT in PBS was prepared and added to the immobilized
cells, and then incubated at 37 °C in a humidified 5% CO, air atmo-
sphere for 4 h. Afterwards, the MTT solution was removed, the gels
washed three times with PBS and dimethyl sulfoxide was added.
The optical density (OD) of the purple solution was read at
570 nm with a spectrophotometer. Cell-mediated contraction
was evaluated by measuring the diameter of the samples every
7 days for 21 days.

2.4. Ultrastructural characterization

Samples for scanning electron microscopy (SEM) were fixed
using 3.63% glutaraldehyde in 0.05 M sodium cacodylate buffer
(pH 7.4) with 0.3 M saccharose for 1 h at 4 °C. Following fixation,
samples were washed three times in the same buffer and then
dehydrated in a graded series of ethanol (70%, 95% and two
changes of alcohol 100%). Finally, the samples were subjected to

supercritical drying and were gold sputter-coated for analysis
using a JEOL JSM 5510LV microscope operating at 10 kV. For trans-
mission electron microscopy (TEM), following fixation and wash as
described above, the samples were post-fixated using 2% osmium
tetraoxide in 0.05M sodium cacodylate buffer (pH 7.4) with
0.3 M saccharose for 1 h at 4 °C. Samples were then washed three
times in the same buffer, dehydrated with ethanol and embedded
in araldite. Thin araldite transverse sections (70-80 nm) were
made with an Ultracut ultramicrotome (Reichert, France) and con-
trasted by phosphotungstic acid. Slides were then analyzed with a
Philips CM12 electron microscope operating at 120 kV.

2.5. Differential scanning calorimetry (DSC)

DSC experiments were performed using a Mettler-Toledo (Swit-
zerland) 822e thermal analyzer equipped with a Huber (Germany)
TC100 cooling device for measurements down to -80 °C. Indium
(Ttus = 156.60 °C, DHgys = 3267 ] mol 1) and zinc (Tgy s = 419.53 °C,
DHyys = 7320 J mol~') were used for calibration of temperature.
The initial samples were concentrated by removing about 50% of
the water content. They were introduced into standard Mettler-To-
ledo 40 pl aluminum capsules and weighed on a microbalance sen-
sitive to 0.01 mg.

2.6. Rheological measurements

Shear oscillatory measurements on nanocomposite disks were
performed on a Bohlin Gemini rheometer (Malvern) equipped with
plane acrylic 40 mm diameter geometry. Both base and geometry
surfaces were rough in order to avoid sample slipping during mea-
surements. All tests were performed at 37 °C. Mechanical spectra,
i.e. storage, G’ and loss, G’ modulus vs. frequency, were recorded
at an imposed 1% strain, which corresponded to non-destructive
conditions, as previously checked (data not shown). In order to test
all nanocomposite materials under the same conditions, before
each run the gap between base and geometry was chosen so that
a slight positive normal force was applied to the gels during mea-
surements. Four samples of each hydrogel type were tested at day 1.

2.7. MMP2 activity

Gelatin zymography was carried out using the Miniprotean III
system (Bio-Rad), using a previously reported procedure [26]. Poly-
acrylamide migration gel was performed at 10% (ratio acrylamide/
bis-acrylamide 37:1) in 0.375M Tris-HCl, pH 8.8, containing
1 mg ml~! gelatin and 0.1% sodium dodecyl sulfate (SDS). Stacking
gel contained 4% polyacrylamide in 0.125 M Tris, pH 6.8, and 0.1%
SDS. Gels were polymerized by adding 50 pl of 10% ammonium
persulfate and 10 pl of 0.1% TEMED. At each culture time point,
supernatants were half-diluted in 0.125 M Tris, pH 6.8, 50% glyc-
erol, 0.4% bromophenol blue and deposited within gel wells
(n=3). Then, gels were run under Laemmli conditions (24 mM Tris,
192 mM glycine, 3.47 mM SDS; 40 mA, 1 h). Following electropho-
resis, gels were washed twice (30 min each) in 200 ml of 2.5% Tri-
ton X-100 under constant mechanical stirring and then incubated
in 100 mM Tris-HCI, pH 7.4, 30 mM CaCl, for 19 h at 37 °C. Gels
were stained with Coomassie Blue R-250 for 2 h (50% methanol,
10% acetic acid) and destained appropriately (40% ethanol, 10%
acetic acid). Proteinase activity was evidenced as cleared area. Fi-
nally, the gels were rinsed for 1 h in 5% ethanol, 7.5% acetic acid
and kept in sealed bags containing distilled water. The stained
polyacrylamide gels were observed with a CFR 126 Video camera
and black and white images were converted into different gray lev-
els. Complete digestion of gelatin substrate corresponded to a gray
level of 255 and absence of digestion corresponded to a O gray le-
vel. The average surface of each lysis band from gelatin zymograms
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was determined semi-automatically following its contour with a
calibrated electronic slide on a BIOCOM station. Gelatinase activity
was expressed as arbitrary units. A control was performed with
culture medium collected on a collagen hydrogel without fibro-
blast. Results were normalized by the MTT assay and expressed
as the average value * SD for each culture time point and compared
to collagen hydrogels at day 7.

2.8. Histological analysis and immunodetection of collagen Ill, MMP1
and MT1-MMP

Sections 10 pm thick, transverse to the sample surface, were cut
with a manual microtome (Stiassnie France). Paraffin sections were
then rehydrated and stained with hemalun. The sections were
dehydrated, mounted between slide and coverslip, and observed
with an optical microscope (Nikon E600 POL). Photographs of
hydrogel slides were taken with a CCD camera (Nikon). For indirect
immunodetection, after rehydration and an extended wash in PBS,
the rehydrated sections were incubated 5 min at room tempera-
ture with 0.2% pepsin in acetic acid 10% (v/v). The sections were
rinsed in PBS and incubated for 30 min in PBS containing 1% glycin.
After another wash in PBS, the sections were incubated 60 min at
room temperature with a blocking solution (0.05% Tween PBS, 1%
bovine serum albumin, 10% calf serum). Adequate dilutions of pri-
mary antibodies against collagen IlIl, MMP1 or MT1-MMP (1/50 and
1/10 dilution, respectively) were added to different sections and
incubated in a moist chamber overnight. The following day, sec-
tions were incubated in a moist and dark chamber for 90 min with
a secondary antibody anti-mouse coupled with Rhodamine
(Molecular Probes). After three rinses in PBS, sections were then
incubated for 10 min in a DAPI bath (dilution: 1/50,000 v/v). Final-
ly, slides were rinsed three times in PBS and observed with an AXIO
100 (Zeiss) fluorescence microscope.

3. Results
3.1. Silica—collagen nanocomposite materials

When fibroblasts are entrapped within collagen hydrogels, they
pull the collagen fibrils to enhance the density, and therefore the
stiffness, of their environment. This results in a contraction of the
gel that can be quantified by measuring the decrease in gel surface.
For classical collagen hydrogels, the surface rapidly decreases to
57% after 1 day and becomes 10% or less of the initial surface after
2 weeks (Fig. 1). The addition of silica nanoparticles efficiently de-
lays the contraction process over the same period, with 76% of the
initial surface found at day 1 for 10 mM Si80 addition and 49% at
day 7 for 10 mM Si80 and Si12 (compared to 23% for classical col-
lagen hydrogels). At day 14, the lowest contraction is observed for
10 mM Si12 (22% compared to 10% for reference gels). In all cases,
lower silica nanoparticle concentration (5 mM) leads to larger, or
at best equivalent, contraction.

In parallel, the structural evolution of the composite gel was fol-
lowed by SEM and TEM (Fig. 2a and b). After 1 day, SEM images
indicate that the classical collagen gels consist of a highly porous
structure formed by thin homogeneous collagen fibrils with a
diameter of about 50 nm (Fig. 2a;A). This characteristic structure
was also observed in silica nanoparticle-collagen gels (Fig. 2a;B
and C). TEM further confirms the SEM observations and shows that
the characteristic collagen cross-striations were visible in all
conditions (Fig. 2b;A-C), indicating that the addition of silica
nanoparticles to the acid collagen solution did not modify the
self-assembly of collagen molecules to form organized supramo-
lecular fibrils after neutralization. In addition, Si12 nanoparticles
are organized as necklaces, suggesting that they surround the
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Fig. 1. Cell-mediated contraction of the nanoparticle-collagen nanocomposites.
Results are expressed as mean+SD from triplicate experiments. *Statistical
significance (P < 0.05) according to Student’s test.

collagen molecules (Fig. 2b;B). Such an organization is not seen
for Si80 nanoparticles that nevertheless seem systematically asso-
ciated with collagen fibrils within the gel network (Fig. 2b;C). After
3 weeks, a local but limited aggregation of collagen fibrils was ob-
served by SEM in classical collagen gels, due to cell contraction
activity (Fig. 2a;D). A similar evolution was observed for Si80 nano-
particle addition (Fig. 2a;F). In contrast, larger fibrils aggregates are
apparent in the presence of Si12 colloids (Fig. 2a;E). These phe-
nomena are also visible on the TEM images where collagen fibrils
appear more entangled with one another (Fig. 2b;D). In addition,
the density of Si12 is apparently lower after this delay
(Fig. 2b;E). In the case of Si80, particles much smaller than the ori-
ginal ones are visible after 3 weeks in the vicinity of collagen fibers
(Fig. 2b;F). As both situations may result from silica dissolution, the
release of silica from the composite gels was investigated by Si
titration using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) on the gel supernatant. This release was
initially slightly faster for the Si80-collagen gels during the first
14 days, but at the end of the 21 days the released amount ranged
from 35% to 45% for all samples (Fig. 3).

Composite materials obtained in the absence of cells were stud-
ied by DSC and rheology. The peak temperature for collagen dena-
turation was found at 55 °C for pure collagen and did not change
significantly when silica nanoparticles, irrespective of their size
and concentration, were present in the system (Fig. 4a). Mechani-
cal properties were also analysed for the 10 mM nanoparticle-col-
lagen nanocomposites showing that both storage and loss moduli,
G’ and G”, increased in Si12-collagen nanocomposites; Si80-colla-
gen gels did not present a significant difference when compared to
the control collagen hydrogels (Fig. 4b).

3.2. Encapsulated fibroblast behaviour

The viability of fibroblasts within silica nanoparticles—collagen
gels was first studied using the MTT assay. In classical collagen
hydrogels, fibroblast viability increased by a factor of 2 within
the first week and then remained constant. The largest silica parti-
cles, Si80, appear to have the most noticeable effect, independent
of their concentration, particularly after 2 and 3 weeks where a
6-fold increase in activity is observed compared to the control
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Fig. 2. Representative (a) SEM and (b) TEM images of collagen (top line), Si12-collagen (middle line) and Si80-collagen (bottom line) hydrogels after incubation for 1 day
(A-C) and 21 days (D-F) (insert scale bar 200 nm). In the SEM images, dark arrows show local fiber aggregation. In the TEM images, dark arrows show collagen fibrils and
white arrows show silica nanoparticles.
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(Fig. 5). The smaller Si12 colloids also clearly enhance cell meta-
bolic activity on the long term but to a lesser extent (up to three
times compared to pure collagen after 21 days).

After entrapment, fibroblast cells may undertake remodelling of
the gel structure, starting with collagen degradation. This degrada-
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Fig. 5. Metabolic activity of entrapped fibroblasts (MTT assay). Control collagen
hydrogels were normalized to 100% at each time point. Results are expressed as
mean * SD from triplicate experiments. *Statistical significance (P < 0.05) according
to Student’s test.

tion can be monitored by studying the activity of MMP2 enzyme
(Fig. 6) [27]. MMP2 activity was detected after 7 days for each
material, except in the 10 mM Si12-collagen gels. At this time,
the activity was lower in silicified gels than in reference collagen
gels. With time, the collagen degradation activity of the entrapped
cells increased progressively for classical hydrogels. In contrast, the
active form of MMP2 was present at significantly lower levels in all
composite materials, and after 3 weeks, presented 3-fold lower
activity levels than the control collagen gel.

As these two techniques suggested that the composite networks
were suitable environments for cell proliferation, their response to
encapsulation was further examined qualitatively in terms of cell
distribution and morphology by histology analysis as well as
immunolabelling techniques (Fig. 7). Optical microscopy inspec-
tion of the samples indicated that the cells were able to spread
and proliferate in the core regions of the bionanocomposites. In
all cases, homogeneous distributions of the cells with a spindle
shape were observed. Moreover, these results confirm the presence
of an interconnected pore network capable of ensuring a good
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Fig. 6. Catabolic activity of entrapped fibroblasts (active form of the MMP2 enzyme
produced by the cells normalized to MTT assay). Results are expressed as mean * SD
from triplicates experiments. *Statistical significance (P<0.05) according to
Student’s test.
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mass transfer of nutrients and waste products, which is an impor-
tant issue in tissue engineering. The immunodetection of the MT1-
MMP collagenase [28], which is responsible for the activation of
the MMP2, as well as that of MMP1, which hydrolyses collagen,
suggests that these enzymes are present in all the materials.
Although this technique is only qualitative, it is worth noting that
within classical hydrogels, only the red fluorescent signal of the
membrane-bound MT1-MMP is observed, whereas in bionanocom-
posite hydrogels, the blue fluorescence corresponding to cell nu-
cleus is much more visible, suggesting lower levels of MT1-MMP
expression, in agreement with MMP2 activity measurements. In
addition, it was possible to detect collagen III [29], a good marker
for newly synthesized collagen fibrils resulting from the anabolic
activity of the cells, in all samples.

4. Discussion

The first aim of silica nanoparticle addition to collagen hydro-
gels was to improve their resistance to cell contraction activity in
order to enhance cell proliferation. Rheological measurements of
acellularized materials indicate that collagen and Si80-collagen
composites exhibit similar stiffness, while Si12-collagen compos-
ites are slightly stiffer. However, these variations are small, sug-
gesting rather weak silica-collagen interactions This is supported
by the absence of significant variation in collagen thermal stability,
as obtained from DSC measurements. SEM images also indicate
that silica addition does not initially modify the initial structure
of the collagen network, although TEM images suggest that nano-
particles are in close proximity to the collagen fibrils.

Despite these limited effects, addition of silica nanoparticles to
collagen gels has a significant effect on the time evolution of the
gel structure and the cellular activity, and two different periods
may be distinguished. Over the first week, a strong contraction

step occurs where cells mainly modify their environment, espe-
cially via collagen fibril network remodelling [6-8]. During this
stage, cell viability, MMP2 production and gel surface contraction
are clearly correlated when considering the effect of silica nano-
particle size and concentration. It was suggested that during the
time when fibroblasts are migrating, attaching to and spreading
on collagen matrices, the contractile forces they generate are
force-limited and not displacement-limited [30]. In other words,
cells are able to adapt the number and spatial distribution of focal
adhesion sites, via cell elongation and migration, in order to devel-
op a suitable level of force. Therefore the gel contraction process
depends not only on the possibility for collagen fibrils to aggregate
for a similar cell contraction activity (material stiffness) but also on
the cell/material contact interactions (material composition).

In this context, TEM suggests that some of the fibrils are densely
covered by Si12 rosaries, while, at a similar concentration, Si80
nanoparticles appear more disperse. This suggests that for classical
collagen hydrogels where fibroblast/matrix adhesion contacts are
good and inter-fibril sliding during contraction is easy, the suitable
adhesion that should be beneficial for cell activity does not com-
pensate for the poor resistance to cell contraction, which occurs
too rapidly and becomes detrimental to cell activity. For Si12-col-
lagen composites, both cell adhesion and fibril aggregation are lim-
ited by the presence of a dense silica coating, so that the beneficial
effect of an increase in material stiffness is offset by the poorer cell/
matrix interactions. Si80 appears as an intermediate interesting
situation where the presence of silica may be less detrimental to
cell adhesion while limiting fibril aggregation.

After 21 days, all composites showed similar gel surface and cell
MMP2 activity, respectively higher and lower than for reference
collagen gels that have become almost independent of the initial
silica content and size. At the same time, immunodetection of col-
lagen Il in all samples indicates that cells produce new collagen, a
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good indication of their anabolic activity. This suggest that fibro-
blasts have entered a second stage where they can proliferate.
However, a lower level of production of MT1-MMP and MMP1 is
observed in the composites compared to the collagen gels, suggest-
ing that the former materials represent a better environment for
the cells compared to the latter.

In addition, fibroblasts immobilized in Si80-collagen materials
still exhibit a significantly higher viability compared to Si12-based
composites after 21 days. After this delay, about one-third of the
initial amount of silica has been released, leading to a decrease
in Si12 density and Si80 average particle size, as seen from TEM.
In parallel, SEM observations show that the Si12-collagen materi-
als exhibit larger fibril aggregates compared to Si80-based com-
posites, which may constitute a less favourable situation for cell
adhesion and proliferation.

Finally, it is interesting to compare these results with previous
data on silica-collagen hybrid materials [14]. On the one hand,
these materials were obtained by in situ polymerization of sili-
cates, resulting in a continuous coating of collagen by silica. As a
result, a significant increase in collagen thermal stability is ob-
served and, in terms of gel contraction, a 5 mM silicate concentra-
tion has a similar effect as a 10 mM silica colloid content, at least in
the short term. On the other hand, the strong reactivity of silicates
towards collagen prevents their incorporation at concentrations
higher than 5 mM. Moreover, they have a very strong influence
on the aggregation of collagen fibrils under contraction, resulting
in much lower cell viability and higher MMP2 production. Finally,
due to their high solubility in biological media [31,32], silicates are
almost fully released from the gel after 1 week.

5. Conclusions

The colloidal silica-collagen composites described in this paper
are compatible with fibroblast cell encapsulation, and, when com-
pared to classical collagen hydrogels, favour their viability while
limiting gel contraction. They therefore constitute original 3-D
environments for in vitro cell culture studies. In parallel, in vivo
studies of their biocompatibility [33,34] are now underway in or-
der to evaluate the potential of these composites as biological
dressings [1-3].
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figure 7, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi:10.1016/j.actbio.2010.05.014.
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