
MENDOZA-PALOMARES ET AL . VOL. 6 ’ NO. 1 ’ 483–490 ’ 2012

www.acsnano.org

483

December 18, 2011

C 2011 American Chemical Society

Smart Hybrid Materials Equipped by
Nanoreservoirs of Therapeutics
Carlos Mendoza-Palomares,†,‡,# Alice Ferrand,†,§,# Sybille Facca,†,# Florence Fioretti,†,‡,# Guy Ladam,^,#

Sabine Kuchler-Bopp,†,‡ Thomas Regnier,z Didier Mainard,r and Nadia Benkirane-Jessel†,r,*

†Institut National de la Santé et de la Recherche Médicale (INSERM), Unité 977, 11 rue Humann, 67085 Strasbourg, France, ‡Université de Strasbourg, Faculté de
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S
mart nanoengineered materials allow
novel therapeutic modalities such as
improved specific cell targeting by

means of nanoparticle-based drugs, result-
ing in decreased side effects for patients.
Other advances are being made in sophisti-
catedbiomaterials for use in less invasive sur-
gical implantations, leading to shorter recov-
ery times and decreased risk of postopera-
tive infections or other complications. Such
innovations will improve the quality of life,
extend life expectancies, and should reduce
the overall cost of healthcare. Biomaterials
play central roles in modern strategies in
regenerative medicine and tissue engineer-
ing as designable biophysical and biochem-
ical milieus that direct cellular behavior and
function.
Tissue engineering is an interdisciplinary

field that has attempted to implement a
variety of processing methods for synthetic
and natural polymers to fabricate tissues
and organs regeneration scaffolds. The
study of structure�function relationships in
both normal and pathological tissues has
been coupled with the development of
biologically active substitutes or engi-
neered materials. The guidance provided
by biomaterials may facilitate restoration
of structure and function of damaged or
dysfunctional tissues. Suchmaterials should
provide provisional 3-D support to interact
with cells in ways that control their function,
by guiding the spatially and temporally
complex multicellular processes of tissue
formation and regeneration.1�9

Our expected outcomes are the develop-
ment of clinical applications in the field
of tissue engineering and nanomedicine,
and more particularly in bone and cartilage
regeneration. Recently, our grouphas focused
on the development of nanostructured active

biomaterials within this field.With the aging
of the population and a correlated increase
in the incidence of osteo-articular damage,
great attention is focused on tissue engi-
neering solutions to restore durable articu-
lar function and comfort. This is considered
a highly accessible first target for regenera-
tive medicine due to the nature of tissues
concerned. Current methods aim at repairing
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ABSTRACT

Nanobiotechnology enables the emergence of entirely new classes of bioactive devices intended for

targeted intracellular delivery for more efficacies and less toxicities. Among organic and inorganic

approaches currently developed, controlled release from polymer matrices promises utmost clinical

impact. Here, a unique nanotechnology strategy is used to entrap, protect, and stabilize therapeutic

agents into polymer coatings acting as nanoreservoirs enrobing nanofibers of implantablemembranes.

Upon contact with cells, therapeutic agents become available through enzymatic degradation of the

nanoreservoirs. As cells grow, divide, and infiltrate deeper into the porous membrane, they trigger

slow and progressive release of therapeutic agents that, in turn, stimulate further cell proliferation.

This constitutes the first instance of a smart living nanostructured hybrid membrane for regenerative

medicine. The cell contact-dependent bioerodable nanoreservoirs described here will permit sustained

release of drugs, genes, growth factors, etc., opening a general route to the design of sophisticated cell-

therapy implants capable of robust and durable regeneration of a broad variety of tissues.

KEYWORDS: biomineralization . biomaterials . osteochondral regeneration .
drug delivery . nanostructured coatings . nanoreservoirs of active molecules
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full-thickness cartilage defects.10,11 These limited tech-
niques are generally not sufficient to ensure durable
cartilage repair, and it is becoming apparent that
without a healthy subchondral bed, the entire osteo-
chondral unit is likely to fail. Therefore, the future of
articular cartilage repair depends on the development
of advanced implants allowing entire osteochondral
unit replacement, not only bone or cartilage regenera-
tion as addressed until now. We report here the first
demonstration of bone and cartilage regeneration by
implementing a novel strategy based on a synthetic
nanoengineered biomimicking membrane functiona-
lized with nanoreservoirs of a growth factor (bone
morphogenetic protein 2, BMP-2).
Several biomimicking medical devices for regenera-

tive medicine have been inspired from the intricate
fibrillar architecture of natural extra-cellular matrix
(ECM) components. Suchmatrices have already shown
remarkable success in tissue engineering applications,
such as reconstruction of a dog urinary bladder,12 or
regeneration after brain injury in a mouse stroke
model.13 However, it is established that inert ECM
mimetic scaffolds are not efficient to generate durable
tissue repair. Therefore, there is a need for materials
ensuring the sustained release of active compounds. To
this end, recent advances in nanotechnology have led
to various engineered ECM analogues and active bio-
materials incorporating drugs, genes, or growth factors
within the form of coatings.14�28

To date, three polymer processing technologies
(self-assembly, phase separation, electrospinning) allow
the fabrication of nanofibrous scaffolds.29�32 Electro-
spinning allows fiber formation down to the 10-nm
scale.33 Our strategy for regenerating the osteochondral
unit combines a synthetic electrospun nanofibrous
membrane (ENM) comprising the FDA-approvedpoly(ε-
caprolactone) (PCL) polymer, and the bioactive growth
factor BMP-2 entrapped into polymer nanoreservoirs
(NR) built atop the nanofibers according to the layer-
by-layer technology.7,15�24 This is the first investigation
of combined biodegradable PCL and active molecules
for regenerative medicine.
The European and American authorities have al-

ready approved the use of BMP-2 for bone regenera-
tion applications. For example, Medtronics offers
InductOS which is a basic collagen matrix (of animal
origin) soaked in BMP-2 (12 mg). The efficacy of this
kind of combination device is dependent on slow
release kinetics of BMPs. This criterion is recognized
as the critical, most challenging requirement for com-
bination implants. For efficient bone regeneration, the
target cells require a reliable and continuous exposure
to growth factors over an extended period of time,
until the induction of new bone or subchondral bone.
The currently available devices are totally unsophisti-
cated in this respect. In contrast, our innovative med-
ical device, with cell contact-dependent delivery from

nanoreservoirs, is designed specifically for reliable and
sustained availability of BMP-2. This strategy aims at a
dramatic enhancement of therapeutic efficacy at re-
duced cost.

RESULTS AND DISCUSSION

From the nanostructured organization surrounding
the nanofibers, we can observe the effective step-by-
step buildup of the active nanoreservoirs achieved by
simple alternate immersions into a polycation (dendri-
graft poly(L-lysine), DGL) solution and the therapeutic
agent (BMP-2) solution (Figures 1A�E). The buildup of
the nanoreservoirs embedding BMP-2 was followed by
quartz crystal microbalance (QCM-D), revealing linear
growth in the wet adsorbed mass and the hydrody-
namic thickness, and confirming the nanometric scale
of the nanoreservoirs (Figure 1F). Each BMP-2 injec-
tion step resulted in the immobilization of about
180 ng cm�2 BMP-2 up to the NR3 architecture, and
about 330 ng cm�2 for further steps (Figure 1G). This
difference is not unexpected considering that a few
adsorption steps are generally required to overcome
the possible influence of the underlying substrate
and, in turn, to reach a steady layer-by-layer growth
regime.35 We additionally showed the versatility of the
deposition method by applying it successfully to that
already used in the clinic BioGide collagenmembranes
(Geistlich) (Figure 2).
The capacity of nanoreservoirs to induce in vitro

specific gene expression by human osteoblasts was
verified by immunochemistry after 7 days of culture
(Figure 3A). Treated ENM membranes enhanced the
proliferation of human osteoblasts in vitro (Figure 3B),
while specific gene expression after 7-day culture was
fostered by NR3 architectures: 43.7 ((8.8)-fold higher
osteocalcin gene expression compared to cells grown
onto nonfunctionalized NR0 membranes (Figure 3C),
135.3 ((27.5)-fold higher bone sialoprotein (BspII)
gene expression (major structural protein of bone
matrix), and 186.2 ((50.1)-fold higher osteopontin
gene expression. For tissue engineering application,
we tested these nanostructured membranes as plat-
forms to differentiate stem cells and generate active
tissue. To this end, treated ENM membranes were
seeded with embryonic stem cells and their potenti-
ality to induce bone formation in vivo was confirmed
by the expression of osteopontin after 30 days of
implantation in mice (Figure 3D).
To analyze more deeply the capacity of these mem-

branes to induce bone mineralization, an ENM NR3
membrane was inspected by confocal Raman micro-
spectroscopy after 21-day in vitro mineralization by
human osteoblasts, to detect calcium phosphate (CaP)
deposition. A nonmineralized ENM NR3 membrane
was analyzed as a reference. Raman signatures are
very similar (Figure 4A), except in the region around
960 cm�1 relative to CaP, where the signatures of the
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mineralized membrane show a significant peak prov-
ing the presence of CaP, contrary to the unmineralized
membrane. Raman signatures of the latter display a
weak peak at 963 cm�1 relative to PCL, whose con-
tribution to the CaP peak onmineralizedmembranes is
negligible.36 A 2-D mapping of the CaP peak intensity
over the mineralized membrane (Figure 4B), reveals a
massive CaP deposition all over the ENM NR3 mem-
brane. The peaks at 960 cm�1 and 430 cm�1 (Figure 4A)
reveal the presence of hydroxyapatite (HAp) and/or

octacalcium phosphate (OCP), while the peak at
1005 cm�1 is unambiguously attributable to OCP.37,38

If the coating was pure OCP, a shoulder should be
present at 966�970 cm�1.37,38 The absence of such a
feature is necessarily due to the overwhelming con-
tribution of the HAp peak, which indirectly confirms
the coexistence of HAp and OCP. The presence of OCP
is not surprising as it is a precursor phase of HAp in
bone.38

The set of results described above is highly promis-
ing in view of bone induction, and points to potentially
far more efficient surgical approaches than are cur-
rently available. To this end, we propose an ENM-based
medical device (Implant Type 1 “NanoM1”) for small
lesions of bone without the need of osteoblasts from
patients (Figure 5). In addition, we propose an Im-
plant Type 2 (“NanoM1C”), consisting of a NanoM1
device supplemented with cells (osteoblasts and/or
chondrocytes) from the patients (Figure 6), in order to
address larger bone and/or cartilage lesions. We have
the final products ready to use for preclinical trials,
for bone regeneration in maxillofacial and orthopedic

Figure 2. SEM visualization of the collagen membrane
already used in the clinic (BioGide, Geistlich) before and
after BMP-2 nanoreservoirs formation. Scale bar: 1 μm.

Figure 1. (A�D) SEM images (�20.000) of ENM membranes showing the layer-by-layer deposition of NRn nanoreservoirs
incorporating BMP-2. (A) NR0; (B) NR1; (C) NR3; (D) NR6. (E) Zoomed SEM image of C (�35.000). Scale bars: 1 μm. (F) Evolution of
the mean wet mass and hydrodynamic thickness during the buildup of NR6 nanoarchitectures onto gold-coated quartz
sensors followed by quartz crystalmicrobalance (QCM-D). The normalized frequency curves (Δfn/n) of the different overtones
were almost superimposed (data not shown), meaning that the deposits were rigid enough to allow the application of the
Sauerbrey relation.34,35 Mass and thickness values were derived from the 3rd overtone frequency changes. Error bars
represent the standard errors over two distinct experiments. The dotted line represents the linear regression fit accompanied
by the corresponding determination coefficient R2. (G) Mean wet mass increments upon successive BMP-2 deposition steps
derived from the data shown in panel F.
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fields, and for osteochondral repair (bone-cartilage
unit regeneration), respectively. All implants were used
in vivo (mouse model), and were found to promote
bone and/or cartilage regeneration. Our results clearly
indicate colonization of ENM membranes by osteo-
blasts, as well as mineralization and cartilage regen-
eration (Figure 6R).
After 2months of implantation on nudemice (males,

16 week-old), nanomechanical analysis of the re-
trieved implants showed an increased elastic mod-
ulus (2.19( 0.39 GPa) for the Implant Type 1 NanoM1
device in comparison with the ENM NR0 membrane
(1.74 ( 0.65 GPa), which is likely due to the effect
of the incorporated BMP-2. Promisingly, the highest
value of elastic modulus was measured for an Implant

Type 2membrane enrichedwith hOsteoblasts (14.26(
2.16 GPa).
The treatment goal for large chondral or osteochon-

dral defects should be to restore the physiological
properties of the entire osteochondral unit, aiming to
achieve a more predictable repair tissue that closely
resembles the native articular surface and remains
durable over time. We report here the first demonstra-
tion of subchondral bone regeneration using a strategy
based on a synthetic nanoengineered electrospun
membrane manufactured using an FDA-approved
polymer and functionalized with nanoreservoirs of
a growth factor (BMP-2). At this step, our results show
that we can (i) design an ENM implant controlled in size
and thickness, enriched in BMP-2 (Implant Type 1) and,

Figure 3. (A) Osteopontin and BspII expression in human osteoblasts after 7 days of culture onto pristine ENM NR0 and ENM
NR6membranes. Green, osteopontin and BspII expression; red, phalloidin staining for actin cytoskeleton; blue, DAPI staining
for the nucleus. Scale bar: 20 μm. (B) In vitro proliferation of human osteoblasts growing on the surface of ENM NR3
membranes. (C) Differences in gene expression monitored by qPCR of bone markers in human osteoblasts after 7 days of
culture onto ENM NR3 membranes as compared with nonfunctionalized ENM NR0 membranes. (D) In vivo osteopontin
expression on ENM NR3 membranes seeded by stem cells prior to implantation into nude mice for 30 days. Scale bar: 20 μm.
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(ii) induce bone formation in vitro and in vivo. This
membrane implant could be used for small lesions of
bone without any need to add cells from patients. For
large and deep lesions it becomes necessary to seed the

implant with osteoblasts from the patient. In the clinic
today, surgeons use collagen membranes of animal
origin that slowly induce bone formation, but cannot
be used for all types of lesion. In this study, we have

Figure 4. (A) Typical Raman spectra of (down) a native and (up) amineralizedENMNR3membrane (HAp, hydroxyapatite; OCP,
octacalcium phosphate). Mineralization was performed by 21-day incubation of the membrane with human osteoblasts in
adequate medium. The spectra are offset for sake of clarity. (B) 2-D mapping of the calcium phosphate peak over the
mineralized membrane (100 � 100 μm2; meshsize 2.8 μm).

Figure 5. (Left) Implant Type 1 (NanoM1: PCL ENMNR3). ENMmembranes of different sizes and thicknesses can be produced.
(Middle) Morphology of osteoblasts on NanoM1 implant after 1 day. Cells are well spread and migrate along nanofibers.
(Right) Hematoxylin Eosin staining showing the membrane fibers (F) and generated bone (GB) after implantation of the
proposed medical device NanoM1 (in vivo in nude mice).

Figure 6. (Left) Implant Type 2 based on the Implant Type 1 supplemented with osteoblasts and chondrocytes from patients
for bone-cartilage unit regeneration. (Middle and Right) Osteochondral unit regeneration by Implant Type 2 with osteoblast
and chondrocytes as observed after 2months of implantation into nudemice (right, proteoglycans secreted by chondrocytes
were stained with Alcian blue for cartilage induction).
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deposited human osteoblasts and chondrocytes on the
membrane (Implant Type 1) to fabricate a nanostruc-
tured active livingmembrane (Implant Type 2 = Implant
Type 1þ osteoblastsþ chondrocytes) and have shown
bone and cartilage induction. We have also shown that
active membranes (enriched in BMP-2) seeded with
embryonic stem cells could induce bone regeneration
(Figure 3D).

CONCLUSIONS

The innovative medical device described here fulfills
and exceeds the criteria for a BMP-2-loaded combina-
tion implant; BMP-2 from the nanoreservoirs becomes
available in a reliable and sustained cell contact-
dependent manner. Degradation of BMP-2 occurs
rapidly in aqueous solution. With current systems using
collagen matrices soaked with the growth factor, this
problem is addressed by overdosing, whichmay induce
adverse side effects. The novelty of our approach lies in
the nanoimmobilization and the protection of BMP-2.
The nanostructured membrane is produced using
a special coating process that entraps the growth
factor into nanoreservoirs atop the membrane fibers.

Recently, we have elucidated the mechanism by which
cells come in contact and interact with such a nano-
structured coating.18,21,24,25 Encapsulated by polymers,
BMP-2 is protected and stabilized. Once cells come into
contact with nanoreservoirs, cellular enzymes degrade
their polymer coating and BMP-2 becomes available.
As cells grow, divide, and infiltrate deeper into the
porous structure of the membrane they provoke a slow
and progressive release of BMP-2 that, in turn, stimu-
lates further proliferation of the cells. This strategy
should allow the fabrication of a combination cell-
therapy implant capable of robust and durable car-
tilage repair in large defects. We mention that the
possibility to continue the buildup of nanoreservoirs
beyond theNR3 architecture (Figure 1F,G), illustrates the
robustness and the versatility of the method: if required
by given applications, themethod will allow to tune the
biological activity or kinetics of action of the implants by
varying the NRn architecture. We believe that our results
make a significant contribution to the area of regen-
erative nanomedicine. The concepts discovered here
may serve to design sophisticated implants for place-
ment into a broad variety of tissues.

METHODS
Chemicals. Poly(ε-caprolactone) (PCL), analytical grade, was

purchased from Sigma-Aldrich. PCL was dissolved in a mixture
of dichloromethane/dimethylformamide (DCM/DMF 50/50 vol/
vol) at 15% wt/vol and was stirred overnight before use. The
dendri-graft poly(L-lysine) (DGL) was purchased from Colcom
(Montpellier, France). In this study, we have used the fifth-
generation DGLG5. Human recombinant BMP-2 was purchased
from PeproTech. Sodium alginate medium viscosity was from
Sigma, and hyaluronic acid (MW 132.300) was from Lifecore.
Rat-tail type I collagen was purchased from Institut de Bio-
technologies Jacques Boy.

Electrospinning. A homemade standard electrospinning set-
upwas used to fabricate the PCL scaffolds. The PCL solutionwas
poured into a 5mL syringe and ejected through a needle with a
diameter of 0.5 mm at a flow rate of 1.2 mL h�1, thanks to a
programmable pump (Harvard Apparatus). A high-voltage
power supply (Spellman SL30P10) was used to set 15 kV at
the needle. Aluminum foils (20 � 20 cm2), connected to the
ground at a distance from the needle of 17 cm, were used to
collect the electrospun PCL scaffold.

SEM Observation. For morphological study, the PCL scaffolds
were gold-coated (Edwards Sputter Coater) and observed with
a Philips XL-30 ESEM scanning electron microscope in conven-
tional mode (high vacuum) with a Thornley�Everhart second-
ary electron detector. Cells interactions with electrospun
membranes were analyzed by SEM. Cell-seeded samples were
fixed with 3% glutaraldehyde for 30min at 4 �C, gently washed 3
times with PBS, gradually dehydrated with 20%, 40%, 80%, and
100%ethanol each for 5min, coveredwith hexamethyldisilazane
(HMDS), and finally left to dry overnight in a fumehood. The
samples were then imaged using a field effect gun digital
scanning electron microscope (FE-SEM, DSM 982 Gemini from
LEO) operating at 1 kV.

Buildup of the Nanoreservoirs (NR). For all biological activity
experiments, nanoreservoirs (NR) constituted by (DGLG5/BMP-2)n
layer-by-layer (LbL) architectures were built up onto electro-
spun PCLmembranes by alternating immersion during 15min in
the adequate solutions (300 μL) at the respective concentra-
tions of 50 μM for DGLG5 and 200 nMof BMP-2 in the presence of

0.04MMES and 0.15MNaCl at pH 5.5. After each deposition step
the membranes were rinsed during 15min with 0.04 MMES and
0.15 M NaCl at pH 5.5. All membranes were sterilized for 30 min
by exposure to UV light (254 nm, 30 W, distance 20 cm), and
equilibrated in contact with 1 mL of serum-free medium prior to
cell culture.

Quartz CrystalMicrobalancewith DissipationMonitoring (QCM-D). QCM-D
was operated with a D300 system (Q-Sense, Sweden) using a
QAFC302 flow chamber and QSX301 gold-coated quartz crystal
sensors. This technique consists of measuring the resonance
frequency shifts Δfn and the dissipation factor changes ΔDn of
the quartz crystal sensor upon material deposition, for the
fundamental (n = 1), third (n = 3), fifth (n = 5), and seventh
(n = 7) overtones.39 The LbL buildup was performed by succes-
sive 5-min injections of DGLG5 (50 μg mL�1) and BMP-2
(200 ng mL�1) solutions and rinsing solution (0.04 M MES,
0.15 M NaCl, pH 5.5) through the flow chamber, and monitored
in situ. A shift Δfn can be associated, in a first approximation, to
the adsorded mass through the Sauerbrey relation:34 m = �C �
Δfn/n, where C is a constant characteristic of the crystal used
(C = 17.7 ng cm�2 Hz�1). Thicknesses were derived from mass
values assuming a film density of 1.1 g cm�3.35

Cells Culture. Human primary osteoblasts were obtained
from Cell Applications and cultured in Dulbecco's modi-
fied Eagle's medium (D-MEM) containing 50 U mL�1 penicillin,
50 μgmL�1 streptomycin, 2.5 μgmL�1 Amphotericin B, and 10%
FBS (Life Technologies, Paisley, UK). Cells were incubated
at 37 �C in a humidified atmosphere of 5% CO2. When cells
reached subconfluence, they were harvested with trypsin and
subcultured.

Confocal Raman Microspectroscopy. Two PCL electrospun mem-
branes were coated with NR3 nanoreservoirs. One membrane
was stored in the buildup medium, while the other was seeded
with human osteoblasts and incubated for 21 days in miner-
alization medium, then fixed with 4% PFA for 2 h, rinsed with
PBS, and finally stored in water. The same mineralization treat-
ment was applied to a native membrane as a reference. The
membranes were laid upon a glass substrate and dried under a
gentle flow of argon prior to analysis by confocal Raman
microspectroscopy. Raman measurements were carried out in
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air by using a confocal Raman microspectrometer composed of
a Raman spectrometer (LabRamHRby Jobin-YvonHoribawith a
600 lines mm�1 grating) coupled to a microscope (model BX41,
Olympus) with xyzmapping stage via optical fibers. The excita-
tion of Raman scattering was operated with a helium�neon
laser at a wavelength of 632.8 nm. The laser beam was focused
on the sample by means of a�50LWD microscope objective. A
confocal pinhole of 400 μm diameter placed before the en-
trance slit was used to reject the Raman signal fromout-of-focus
planes. Raman spectra with good signal-to-noise ratios were
recorded with an integration time of 60 s for single spectra and
15 s for 2-D mappings.

Implants Preparation. A sample portion of 5 �104 human
osteoblasts was seeded and incubated for 72 h prior to gel
preparation. For the collagen lattices preparation, 3 mL of Rat
Tail Type-I Collagen (Institut de Biotechnologies Jacques Boy)
were mixed with 5.5 mL of medium containing 10% FBS, 0.5 mL
of a 0.1 M NaOH solution, and 1 mL of cell suspension at 2 �
105 cells mL�1. A 0.5 mL portion of the cells suspension was laid
on the electrospun membrane and incubated at 37 �C. After
30 min, 0.5 mL of a human chondrocyte suspension (1 � 105

cellsmL�1) in analginate/hyaluronic acid solution (4:1) prepared in
0.15 M NaCl, pH 7.4 were added in order to obtain the 3-layered
construct. Cylinders of 5 or 2 mm were cut using a sterile biopsy
punch and incubated o/n at 37 �C in a humidified atmosphere of
5% CO2 prior to in vivo experiments (subcutaneous or calvaria).

Cell Proliferation. AlamarBlue (Serotec) was used to assess
cellular proliferation. The Alamar Blue test is a nontoxic, water-
soluble, colorimetric redox indicator that changes color in
response to cell metabolism. In this study, 2 � 104 human
osteoblasts were seeded on top of LbL-coated 14mm-diameter
membranes (n = 3) placed on 24-well plates. After 6, 7, 14, or
21 days of culture, cells were incubated in 10% AlamarBlue/
DMEM solution in a humidified atmosphere at 37 �C and 5%
CO2. After 4 h, 100 mL of incubation media was transferred to
96-well plates and measured at 590 and 630 nm in order to
determine the percentage of AlamarBlue reduction.

In Vivo Implantation on Skull of NMRI-Nude Mice. The surgical
procedure involved removal of the hair over the head via
shaving and cleaning. The mice were anesthetized with iso-
fluorane gas and animals were placed on ventral decubitus on a
heating table, with strict aseptic conditions after skin incision,
two bony defects were performed using an electrical drill with a
sterile round bur under irrigation of sterile normal saline before
deposition of the two same membranes and sutures with
Ethicon 9/0. The skin was closed with sutures and the animal's
behavior observed after waking up.

Nanoindentation. Elastic modulus and hardness of bones and
different membranes in the retrieved implants were evaluated
using nanoindendation. The retrieved implants (membranes
attached on the bone skull), were cleaned by removing the
attached tissues. The tests were carried out on the samples
hydrated in formalin. In order to prepare the sample surface for
nanoindentation experiments, implants were gently polished
using wet cloth without any abrasive particles. Hysitron Triboin-
denter TI 900 with a Berkovich probe of 100 nm radius was used
for the indentations. A displacement-controlled indentation
cycle was applied with a maximum displacement of 100 nm
at the loading/unloading rate of 10 nm s�1. A dwell of 3 s was
included at the maximum displacement. A total of 10�15
indents were performed on each sample. The Oliver and Pharr
method was used to compute the elastic modulus.40

Immunofluorescence. Cells were fixed with 4% PFA over 1 h,
permeabilized with 0.1% Triton X-100 for 1 h and incubated for
20 min with Alexa Fluor 546-conjugated phalloidin (Molecular
Probes) for F-actin labeling and 5min with 200 nMDAPI (Sigma)
for nuclear staining. Cells were mounted on microscope slides
using Vectashield (Vector) and imaged by confocal microscopy
(Zeiss, LSM 510).

Confocal Laser Scanning Microscopy (CLSM). CLSM observations
were documented with a Zeiss LSM 510 microscope using a
�40/1.4 oil immersion objective at 0.4 μm z-section intervals.
FITC fluorescencewas detected after excitation at 488 nmwith a
cutoff dichroic mirror 488 nm and an emission band-pass filter
505�530 nm (green).

Statistical Analysis. All values are expressed as mean ( SEM,
and all experiments were repeated at least three times. Statis-
tical analysis was performed using the Mann�Whitney U test. A
probability p value <0.05 was considered significant to reject
the null hypothesis.
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