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ABSTRACT: Local delivery of biomolecules from hydrogels is highly challenging
because of their rapid diffusion and degradation. Gene therapy represents an alternative
that allows for the prolonged production of proteins by transfected cells. In this study, we
have developed nanocomposites consisting of DNA-polyethylenimine-silica nanoparticle
complexes coencapsulated with fibroblasts within collagen hydrogels. Through the
modulation of the particle size and polyethylenimine molecular weight, it was possible to
achieve “in-gel” transfection permitting the sustained production of biomolecules from
hydrogels over 1 week. Alternative configurations consisting of particle addition to
cellularized gels and cell culture in the presence of complex-containing hydrogels were also investigated. These studies
demonstrated that particle encapsulation limits DNA and silica dissemination outside the collagen hydrogels. They also show the
key role of cell proliferation within collagen hydrogels on the transfection efficiency. Such nanocomposites therefore constitute
promising materials for the development of novel gene delivery systems to promote tissue repair.
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■ INTRODUCTION

Healing requires a well-orchestrated integration of biological
events that lead to tissue repair.1 In some cases, tissue repair is
impaired due to a chronic inflammation, a fibrosis, or a large
defect of tissue.2,3 These pathophysiological situations require
the treatment of wounds. Protein therapies have first been
developed with the aim of favoring tissue regeneration.4,5

Despite the effort in the development of drug delivery systems,
protein therapies suffer from high cost, rapid diffusion, and
degradation of biomolecules.6 An alternative strategy relies on
the implantation of biomaterials into the wound site.7 Scaffolds
have to provide biophysical and biochemical signals to guide
the formation of neo-tissue at the site of injury.6 Nowadays
research orientation is toward the integration of active
biomolecules within scaffolds in order to tune cell phenotype
toward migration, differentiation, or modulation of inflamma-
tion.2

Gene therapy represents a promising alternative to protein
delivery as it overcomes the concerns about protein stability
and affords a sustained delivery of biomolecules.8 Gene delivery
into cells makes them produce therapeutic molecules that act
locally, thereby preventing harmful side effects.9 Success of
gene delivery depends on the development of an efficient
delivery vector that permits the penetration of genes into the
cells as well as their protection against endosomal degradation.
Viruses are the most efficient vectors to transfect cells but they
suffer from safety concerns such as immunogenicity or
oncogenicity.10,11 Polymers such as dendrimers are an
alternative as they allow the conjugation of large DNA
molecules with low toxicity.12,13 Among the nonviral vectors,
polyethylenimine (PEI) has emerged for gene transfection. PEI

is able to compact large DNA sequences such as plasmids and
permits DNA penetration into cells thanks to its positive
charge.14 In addition, PEI is able to escape from the endosome
due to the “proton-sponge” effect.15 As the efficiency and
toxicity are strongly correlated with the molecular weight,
efforts have been made to explore the possibility of applying
PEI with lower molecular weight by chemical modification16 or
complexation with nanoparticles17 to shield their positive
charge.
In this context, silica nanoparticles (SiNP) possess several

attractive characteristics such as biocompatibility, large surface
area, tunable size/shape, and versatile bioconjugation chem-
istry18 making them ideal drug delivery vehicles19 and gene-
transfection agents.20 Nevertheless, regular SiNPs, being plain
or mesoporous (MSN), cannot be used alone as gene carriers
as they bear a negative charge near neutral pH and are unable
to compact DNA, thereby preventing its internalization.21

Several studies have been performed to modify SiNP with PEI
by in situ polymerization,22 covalent bonding,23 and electro-
static adsorption.24 The latter option appears particularly
attractive to enhance transfection but has so far been evaluated
mainly on MSN systems.
In tissue engineering, encapsulation of gene cargo within a

scaffold is crucial to get a prolonged effect within the wound
site. First, gene carriers are more effective when they are
immobilized, as the host material can control their release.25

Second, scaffolds have an effect in wound healing on their own.
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In particular, collagen-based materials give the right signal to
cells for adhesion, migration, and proliferation.26,27 Moreover,
they provide appropriate hydration and can be remodeled by
host cells. Type 1 collagen is one of the most extensively
investigated polymers for scaffold-mediated gene delivery. For
local gene therapy, combining scaffolds and polyplexes (i.e.,
DNA-polymer complexes) has been investigated.28 Polyplexes
are either dropped at the material surface after its formation or
encapsulated during scaffold preparation.29 The first technique
leads to a low DNA loading and a rapid diffusion, whereas the
second often leads to polyplex aggregation and inactivation.
In this study, collagen-based nanocomposite hydrogels

integrating plain silica nanoparticles were evaluated as gene
delivery systems to favor tissue repair. Such materials were
previously shown to be biocompatible after subcutaneous
implantation in rats.30 It was also recently demonstrated that
the collagen hydrogel provides a suitable environment to slow
down the release of antibiotics entrapped in plain SiNPs.31 On
this basis, we hypothesized that the integration of plasmid-PEI-
SiNP complexes within collagen hydrogels would allow for a
sustained gene release. We show here that PEI-coated silica
nanoparticles with optimal size and polymer molecular weight
are efficient plasmid vectors when they are entrapped within
cellularized collagen networks, allowing for a prolonged gene
expression. We demonstrate that the transfection efficiency
depends on both particle diffusion and cell proliferation within
the hydrogel. The encapsulation of the vectors within the
protein scaffold also has the advantage of avoiding rapid
dissemination of the plasmids and the particles, providing a safe
solution for the development of biofunctional medical dressings
favoring tissue regeneration.

■ EXPERIMENTAL SECTION
Preparation and Functionalization of Silica Nanoparticles.

Silica nanoparticles (SiNP) with diameter d varying from 50 to 400 nm
were synthesized by the Stöber method using ammonia, ethanol, and
tetraethylorthosilicate (TEOS) (see Table S1 in the Supporting
Information). The as-synthesized particles were dialyzed against
distilled water for 2 days, recovered by centrifugation, and resuspended
in 10 mM phosphate buffer saline (PBS) (pH = 7.4). For PEI-SiNP
particle preparation, 200 mg of branched PEI with different molecular
weights (1.8 kDa, 10 kDa, 25 kDa, Sigma-Aldrich) was dissolved in 20
mL of 10 mM PBS (pH 7.4). Silica nanoparticle suspension (20 mL)
with the same concentration was then added dropwise into the PEI
solution under stirring. The mixtures were further stirred for 48 h after
which particles were recovered by centrifugation, washed 3 times in 10
mM PBS, and finally resuspended in the buffer solution. Particle sizes
and zeta potentials (ζ) were measured in 10 mM PBS solution using a
ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire, UK).
Particles were also imaged using transmission electron microscopy
(TEM) on a JEOL 1011 instrument. The amount of adsorbed PEI was

determined by thermogravimetric analysis (TGA) and elemental
analysis (C,H,O,N).

pDNA-PEI and pDNA-PEI-SiNP Complexation. Reporter
plasmid pCMV-GLuc (pGluc) encoding Gaussia Luciferase (New
England BioLabs, Ipswich, MA) was used to quantify transgene
expression. This plasmid was amplified by one shot BL21(DE3) pLysS
kit (Invitrogen, Life technologies), extracted by one PureLink HiPure
Plasmid kit (Invitrogen, Life technologies), and finally stored in Tris-
EDTA buffer at −20 °C. pDNA-PEI complexes were prepared at
weight ratio of 1:2. pDNA-PEI-SiNP complexes were prepared at
various pDNA:PEI-SiNP weight ratios. Complex formation was
examined by agarose gel electrophoresis. Briefly, 1 μL of pDNA
solution (0.1 μg.μL−1) was mixed homogeneously with a total volume
of 9 μL of PEI-SiNP suspension or PEI solution (PBS 1×) by
vortexing in a microcentrifuge tube. The resulting mixtures were left at
room temperature for 2 h to achieve complete complexation, before
being loaded onto 0.7% agarose gel with ethidium bromide (0.1
μg.mL−1) and running with TAE buffer at 100 V for 40 min. DNA
retardation was observed by irradiation with ultraviolet light.

Fibroblast Cell Culture. 3T3 mouse fibroblasts were cultured in
complete cell culture medium (Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal serum, 100 U.mL−1 penicillin,
100 μg.mL−1 streptomycin, and 0.25 μg.mL−1 Fungizone). Tissue
culture flasks (75 cm2) were kept at 37 °C in a 95% air:5% CO2
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 before use.

Preparation of Collagen-Based Nanocomposites. Collagen
type I was purified from rat tails and the concentration was estimated
by hydroxyproline titration, as previously described. Tubes separately
filled with collagen solution (2 mg.mL−1 in 17 mM acetic acid), whole
cell culture medium, and 0.1 M NaOH were kept in ice bathes for 1 h
before preparation to slow down the gelling kinetics of collagen.
Complexes were formed by adding 1 μg of pDNA to 25 μL of a
solution containing PEI or PEI-SiNP in order to achieve the
pDNA:PEI (or pDNA-PEI-SiNP) ratio obtained from gel electro-
phoresis. Three models were proposed in our study: particles on top of
cellularized hydrogels (model 1), co-entrapped particles and cells
(model 2), and cells beneath free-floating nanocomposites (model 3)
(Scheme 1). For model 1, 500 μL of collagen solution and 400 μL of
culture medium were added to a 1.5 mL tube and vortexed vigorously.
After addition of 30 μL of 0.1 M NaOH and strong vortexing, 125 μL
of the cell suspension at a density of 106 cells.mL−1 was added and
mixed homogeneously. Then 0.9 mL was sampled from the mixture
and deposited onto a 24-well plate. The plate was then incubated at
room temperature for 10 min for complete gelling of collagen. After
this delay, 25 μL of the complex solution was added onto the surface
of the materials. For model 2, a similar procedure was followed except
that the 25 μL of complexes was mixed with 100 μL of the cell
suspension before gel formation. Model 3 was similar to model 2
except that the cell suspension was replaced by culture medium and
the recovered hydrogels were left free-floating in the culture medium
of plate-seeded cells (5 × 103 cells.mL−1).

Cell Transfection and Cell Viability. Transfection efficiency of
pDNA-PEI and pDNA-PEI-SiNP were evaluated by luciferase
expression of pGLuc by 3T3 fibroblast cells in cell culture medium.

Scheme 1. Schematic Representation of the Three Models Used in This Study
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To perform cell transfection in 2D, 3T3 mouse fibroblasts were plated
at a density of 5 × 104 per well in a 24-well plate. pDNA-PEI or
pDNA-PEI-SiNP complexes (25 μL, prepared as described above)
were added to the cell culture medium. After 4 h, the supernatant was
removed, the well was refreshed with 1 mL medium, and the cells were
then cultured for another 44 h in complete medium for the expression
of luciferase. To perform cell transfection in 3D, pDNA complexes
were added on the top of the hydrogel (model 2) or mixed with the
collagen solution (model 1 and 3). One milliliter of whole medium
was then added in each well. At selected time points over a 1-week
period, 0.5 mL of the culture medium was collected from the wells and
replenished with equal volumes of fresh medium. For measurements of
luciferase activity, a BioLux Gaussia Luciferase Assay Kit (New
England Biolabs) was used and transgene expression of luciferase was
reported as relative light units (RLU). Control groups were under the
same culture condition as the experiment groups except for the
absence of DNA complexes.
Internalization of nanoparticles in 3T3 mouse fibroblasts was

studied using fluorescence microscopy. For cells cultured in 2D, the
pDNA-particle complexes along with cell culture medium were
removed after 24 h incubation, rinsed 3 times with PBS, and fixed
with 4% paraformaldehyde for 1 h at RT. The cell nucleus was then
stained with DAPI (4′,6-diamidino-2-phenylindole dihydrochloride,
Life technologies, 300 nM in PBS) for 10 min and rinsed with PBS
before observation. For cells immobilized in collagen hydrogels, gels
were incubated for 48 h, rinsed 3 times with PBS, and fixed with 4%
paraformaldehyde overnight. Next, the fixed samples were dehydrated
in ethanol and butanol and incorporated in paraffin to obtain 10 μm
histological sections with a manual microtome. Before observation, the
as-obtained samples were immersed in toluene, ethanol, and then
water for rehydration. The cell nucleus was stained with DAPI for 10
min and rinsed with PBS before observation. Model 2 was also studied
by scanning electron microscopy (SEM). Collagen hydrogels were
fixed using 3.63% glutaraldehyde in a cacodylate/saccharose buffer
(0.05 M /0.3 M, pH 7.4) for 1 h at 4 °C. Following fixation, samples
were washed three times in a cacaodylate/saccharose buffer (0.05 M
/0.3 M, pH 7.4) and dehydrated through successive increasing
concentration ethanol baths from 70% to 100% alcohol. Thereafter,
samples were dried in a critical point dryer and gold sputtered (20 nm)
for analysis. Samples were observed with Hitachi S-3400N SEM
operating at 10 kV.
Cell viability was monitored using the Alamar Blue test. For the 2D

model, cell culture medium was removed for luciferase activity test and
200 μL of the Alamar Blue solution (10% in cell culture medium) was
added. The cells were then incubated at 37 °C with 5% CO2 for 4 h.
The supernatant in each well was then collected, diluted with 800 μL
water, and its absorbance measured at λ = 570 and 600 nm. Cell
viability was calculated and reported as a percentage of the control
group (n = 3 or 6). For the 3D model, cell viability was assessed in the
same way except that the 800 μL water was first added to the collagen
gel for 0.5 h at room temperature to extract the Alamar blue solution
trapped in the gel and then collected for the absorbance measure-
ments. To further understand the proliferation of cells in the collagen
gel (1 mg/mL) over 1 week, cell viability was evaluated with the
Alamar Blue test as described before on 2, 5, and 7 d, respectively, and
was calculated as the percentage of that at 2 d.
Statistical Analysis. Graphical results are presented as mean ± SD

(standard deviation). Statistical significance was assessed using one-
way analysis of variance (ANOVA) followed by Tukey (compare all
pairs of groups) or Dunnett (compare a control group with other
groups) posthoc test. The level of significance in all statistical analyses
was set at a probability of P < 0.05.

■ RESULTS AND DISCUSSION

Effect of Silica Nanoparticle Size on Fibroblast
Transfection in 2D. Plain silica nanoparticles SiNPd with
diameters ranging from 50 to 400 nm were obtained using the
Stöber reaction, as indicated by DLS measurements in water
(Table 1) and confirmed by TEM observation (Figure S1 of

the Supporting Information). Zeta potential (ζ) values were
constant over the particle size variation and significantly
negative (−25/−35 mV), as expected for silica near neutral
pH. After contact with PEI25, all particles have a positive ζ value
in PBS, in agreement with the surface deposition of the
polycation polymer. The amount of adsorbed PEI was
maximum for SiNP50 and SiNP200 particles (ca. 15 w%) and
lower for SiNP100 and SiNP400. DLS studies indicate that
particles with intermediate sizes have a good stability in PBS
whereas the smallest and largest ones show a tendency toward
aggregation.
The complexation ability of the different PEI25-coated

SiNPd’s was studied by electrophoretic mobility shift assays of
pDNA (Figure 1). The optimal plasmid:particle weight ratio
ensuring full retention of pDNA by particles was 1:30 w/w%
for SiNP400 and SiNP200 and 1:10 w/w% ratio for SiNP100 and
SiNP50.

The cell transfection ability of these complexes was studied
on 3T3 fibroblast cells seeded in 24-well plates (2D
configuration). Luciferase expression, indicative of successful
internalization and transport to the nucleus of the pDNA, was
observed for all systems (Figure 2). Importantly, PEI25, pDNA,
and SiNPd alone gave no significant signal. The PEI25 polymer
alone was the most efficient transfecting agent, whereas its
adsorption on SiNP decreases its transfection ability by 1 order
of magnitude regardless of the nanoparticle size. This may be
attributed to the fact that a fraction of the positively charged
ammonium groups of PEI is interacting with the silica surface
and is therefore no longer accessible for DNA complexation.
Another explanation is related to the size of the complexes that
can be less adequate for cell internalization by fibroblasts than
PEI alone. Fibroblasts are able to internalize particles by

Table 1. Diameter (d) and Zeta Potential (ζ) and PEI
Amount for Silica Nanoparticles before and after Coating
with PEI-25 kDa

bare particles after coating

dH2O [nm]a ζH2O [mV] dPBS [nm]a ζPBS [mV] PEI [wt %]b

50 ± 10 - 28 ± 12 140 ± 70 + 18 ± 8 15
120 ± 20 - 27 ± 11 150 ± 40 + 19 ± 6 10
210 ± 10 −26 ± 8 250 ± 40 + 19 ± 6 15
390 ± 40 −35 ± 7 420 ± 150 + 20 ± 9 5

aFrom DLS. b±2 wt %, from TGA.

Figure 1. Agarose gel electrophoresis showing the particle size effect
on pDNA complexation by PEI25SiNPd. A constant amount of DNA
was complexed with silica particles at different weight ratios 1:10, 1:30,
and 1:50.
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endocytosis in a size dependent manner, with smaller particles
being more rapidly engulfed by cells than larger ones.32

Noticeably, internalization of nanoparticles with a diameter
larger than 500 nm is observed only in exceptional cases.33

PEI25 on its own has the best ability to compact DNA and
generate 100 nm complexes suitable for cell uptake.14 In
contrast, after PEI adsorption, SiNPs have diameters in the
150−420 nm range. This can explain why the largest PEI25−
SiNP400 exhibited the lowest transfection efficiency.
Considering the effect of particle size in more detail, it is

worth pointing out that adsorption of cationic polyelectrolytes
on silica surface is a complex phenomenon where transitions
from flat to extended configurations are observed as a function
of polymer concentration. The particle size also has a major
influence on the adsorption process from different points of
view: it controls the density of silanol groups, and therefore
particle surface charge; it dictates the available surface for
adsorption per particle; it defines the maximum packing density
of polymers via its radius of curvature. Here a reliable
comparison must be made from the PEI density on the particle
surface rather than the amount of PEI sorption per gram of
silica. Such a density can be estimated by the product of PEI wt
% by particle radius, leading to PEI density decreasing as
SiNP200 > SiNP400 > SiNP100 > SiNP50. It illustrates the fact that
the decrease in available surface per particle with increase in
size is compensated by the increase in maximum PEI packing
density. Interestingly, electrophoresis data indicates that PEI25−
SiNP100 and PEI25−SiNP50 bind more DNA than PEI25−
SiNP200 and PEI25−SiNP400. However, higher transfection is
obtained for PEI25−SiNP50 and PEI25−SiNP200. This strongly
suggests that transfection efficiency is not directly related to
PEI amount or particle size. A more relevant parameter is DNA
compaction that depends on PEI conformation. Here SiNP50
and SiNP200 have similar transfection efficiency although
SiNP50 has lower PEI density but binds more DNA than
SiNP200. That is to say, the PEI chains on SiNP50 are more
effective for binding DNA than the PEI chain on SiNP200. As
mentioned above, this can be explained by considering that for
small radius of curvature (i.e., large particles), PEI can adopt a
flat configuration that is not favorable for DNA compaction. As
the radius of curvature increases (i.e., the particle size decrease),
PEI chains can adopt a more compact configuration to optimize
their packing on the surface, a situation that is more favorable
for DNA compaction.

Effect of PEI Molecular Weight on Fibroblast Trans-
fection in 2D. With their limited tendency to aggregate and
high PEI loading taken into account, the SiNP200 particles were
selected for the following investigations. For these SiNP200
particles, decreasing the PEI molecular weight from 25 kDa to
10 kDa led to an increase of particle size polydispersity and an
increase in the amount of adsorbed polymer (Table 2). For

short PEI chains (MW = 1.8 kDa), submicronic aggregates
were detected by DLS in PBS, whereas the amount of adsorbed
PEI was similar to that of PEI25. Large branched PEI chains are
known to adopt a compact conformation whose dimensions
decrease with decreasing MW.34 This allows for a higher
density of PEI molecules on the surface, explaining the higher
rate of adsorption of PEI10 compared to PEI25. However, when
further decreasing the polymer MW, short chains can adopt a
more linear conformation and a flat configuration on the
surface, leading to a lower density and therefore a lower
amount of adsorbed PEI. The observation of a significant
aggregation of the PEI1.8-SiNP200 confirms this hypothesis, as
flat PEI chains are less effective in improving colloidal stability
via steric repulsion compared to extended conformations.35

Agarose gel experiments performed on pDNA-complexed
PEI-coated particles showed that the optimal plasmid:particle
weight ratio was 1:30 w/w% independently of the PEI
molecular weight, in agreement with the fact that a similar ζ
value of +20 mV was found for all PEI-SiNP200 particles (Figure
3).

Transfection assays in 2D revealed an interesting phenom-
enon (Figure 4). When PEI polymers alone were used as
complexation reagents, an increase in transfection efficiency
with increasing molecular weight was observed, in agreement
with the literature.11,36,37 When PEI-SiNP200 systems were
used, the optimal transfection was achieved with PEI10.

Figure 2. Transfection of 3T3 mouse fibroblasts after 4 h incubation
with free and silica-associated PEI25 expressed in relative light units
(RLU) (n = 3). Variance of the luciferase expression among groups
PEI25−SiNP50, PEI25−SiNP100, PEI25−SiNP200 and group PEI25−
SiNP400 was determined by one-way ANOVA with Tukey posthoc
test (*P < 0.05, ** P < 0.01).

Table 2. Diameter (d) and Zeta Potential (ζ) and PEI
Amount for 200 nm Silica Nanoparticles after Coating with
PEI of Different Molecular Weights (MW)

MW [kDa] dPBS [nm]a ζPBS [mV] PEI [wt %]b

1.8 >1000 +20 ± 12 15
10 310 ± 100 +19 ± 8 25
25 250 ± 40 +19 ± 6 15

afrom DLS. b±2 wt %, from elemental analysis.

Figure 3. Agarose gel electrophoresis showing the PEI molecular
weight influence on PEI-SiNP200/pDNA complexation. A constant
amount of DNA was complexed with silica particles at different weight
ratios 1:3, 1:5, 1:10, 1:30, and 1:50.
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Moreover, the particles showed a higher transfection efficiency
than the polymer alone. This beneficial influence of PEI
adsorption was further evidenced at lower molecular weight
since PEI1.8 alone did not show any transfection capability,
whereas expression of luciferase was detectable for PEI1.8-
SiNP200.
Whereas the higher amount of adsorbed PEI10 compared to

PEI25 may, at least partially, account for the behavior of the
corresponding particles, the observed improvement of trans-
fection efficiency of shorter PEI upon coating suggests that
another parameter should be considered. Importantly, the
decrease in transfection efficiency of PEI chains with lower
molecular weight was attributed to their decreased ability to
compact DNA, a prerequisite to its internalization. Thus, based
on our observation of particle aggregation upon plasmid
addition, it is possible to assume that several particles are jointly
involved in the compaction of one pDNA chain, allowing for its
better compaction. Noticeably, such an aggregation process is
known to be responsible for the transfection capabilities of
cationic liposomal formulations (lipofection).38

To clarify the transfection pathway of PEI-coated SiNPs,
FITC-containing silica nanoparticles were prepared and their
internalization after complexation with pDNA by fibroblast
cells was followed by fluorescence microscopy. As shown in
Figure 5, the presence of silica particles (green fluorescence)

within the cells and accumulating near the nucleus (blue
fluorescence) was ascertained. Noticeably, significant particle
aggregation was observed for PEI1.8-SiNP200, in agreement with
the DLS data. Bare SiNP200 nanoparticles put in contact with
pDNA were also used as controls, showing a similar uptake as
PEI-coated ones, in agreement with the literature.39 Therefore,

it is not possible to determine whether internalized particles
bear PEI and pDNA or not. However, solutions containing the
pDNA-PEI-SiNP200 particles were regularly centrifuged and the
absence of luciferase expression using the supernatant was
checked. This evidences that transfection is not due to soluble
pDNA-PEI complexes that may have been desorbed from the
silica particle surface (Figure S2 in Supporting Information).
Altogether, these data indicate that PEI-coated silica

nanoparticles ca. 200 nm in diameter are well-suited for
plasmid delivery to fibroblast cells in 2D. Importantly, they are
revealed to be even more effective than PEI alone when using
low-molecular-weight polymers. This is a very interesting result
as the cytoxicity of PEI is know to increase with its molecular
weight due to higher cationic charge. Here, for all experiments
carried out, cells showed good viability even when PEI alone
was used as the pDNA carrier (Figure S3 in the Supporting
Information). This is probably due to the small amount of PEI
(2 μg/mL) used in these experiments together with the fact
that 3T3 mouse fibroblast is a robust cell line. To study this
point further, the viability of fibroblasts after 4 h of contact with
PEI and PEI-coated SiNP200 particles as a function of dose
(0−100 μg/mL) was studied (Figure 6). PEI25 showed

significant cytotoxicity (i.e., cell viability <80%) above a 10
μg/mL concentration. This toxic dose increased to 50 μg/mL
for PEI10 while no significant cytotoxicity was observed for
PEI1.8 in the studied concentration range. Strikingly, PEI25-
SiNP200 and PEI10-SiNP200 showed a very limited impact on cell
viability (>90%) at all investigated doses. This clearly
demonstrates the beneficial effect of PEI adsorption on the
silica nanoparticle surface on its cytotoxicity. As indicated
earlier, this can be attributed to the fact that the apparent
positive charge of the PEI chain is decreased by interaction of
some of the protonated amine groups with the silica surface.

Cellularized Collagen Hydrogels as Models for 3D
Transfection. Cellularized collagen hydrogels can be consid-
ered a good model of dermis to evaluate biomolecule effects in
more physiologically relevant 3D conditions. pDNA-PEI-
SiNP200 particles were placed onto hydrogels to assess their
diffusion through the collagen network and their ability to
transfect immobilized 3T3 fibroblasts, using pDNA-PEI
polyplexes as controls (model 1). For PEI25-based polyplexes,
an efficient transfection was detected from day 2 until the end
of the experiment. In contrast, no luciferase expression was
detected at day 2 when PEI25 was absorbed onto SiNP200. The
transfection became significant after day 5 only and was

Figure 4. Transfection of 3T3 mouse fibroblasts after 4 h incubation
with free and SiNP200 coated with PEI of various molecular weights (n
= 6). Variance of the luciferase expression between groups PEI10,
PEI25-SiNP200, PEI1.8-SiNP200 and group PEI10-SiNP200 was deter-
mined by one-way ANOVA with Dunnett posthoc test (*** P <
0.001).

Figure 5. Fluorescence microscopy images showing internalization of
(a) pDNA-SiNP200, (b) pDNA-PEI25-SiNP200, (c) pDNA-PEI10-
SiNP200, and (d) pDNA-PEI1.8-SiNP200 complexes by 3T3 fibroblasts
after 24 h of incubation. Green fluorescence corresponds to FITC-
labeled particles and blue to DAPI nuclei staining (scale bar = 20 μm).

Figure 6. Impact of PEI and PEI-coated SiNP200 nanoparticles after 4
h of contact as monitored by the Alamar Blue viability test.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507389q
ACS Appl. Mater. Interfaces 2015, 7, 2503−2511

2507

http://dx.doi.org/10.1021/am507389q


enhanced after day 7 but remained 1 order of magnitude lower
than the pDNA-PEI25 polyplexe alone (Figure 7). A similar
trend was observed for PEI10 except that, after day 7, the
particles showed a level of luciferase expression similar to the
polyplexes. In the case of PEI1.8, a weak transfection was
detected at day 7 but only for particles. Overall, similar
transfection efficiencies were obtained in these 3D models
compared to the 2D configuration, except for a delay in
luciferase expression. This is in good agreement with our recent
study showing that silica nanoparticles with sizes ranging from
10 to 200 nm can diffuse through cellularized hydrogels, with
the diffusion rate decreasing with increasing particle size.40

Moreover, these particles could be internalized by immobilized
fibroblasts. Interestingly, these data also suggest that the
particle aggregates that were suggested to be responsible for
pDNA compaction are preserved during diffusion.
Evaluation of Cellularized Nanocomposites as Cell

Factories. Two different configurations for the use of plasmid-
loaded particles associated with collagen hydrogels can be
envisioned. The first strategy relies on the implantation of
cellularized scaffolds incorporating the functional nanoparticles
(model 2, Figure 8a). The advantage of this configuration is
that DNA cargos can rapidly transfect cells encapsulated in the
implant. Cells start to produce the biomolecules of interest in a
short span of time. With this strategy, we can produce a cell

factory to promote wound healing. In addition, the
implantation of collagen hydrogels in the wound bed limits
the risk of infection while preventing dehydration.41,42

However, in this situation, it is important to check that particle
internalization by the cells is still possible within the hydrogel.
For this purpose, collagen hydrogels encapsulating both 3T3
fibroblasts and pDNA-PEI-SiNP200 were prepared. Using
fluorescent carriers, it was possible to observe the accumulation
of particles within immobilized cells (Figure 8b−d).
Transfection assays performed in collagen hydrogels

encapsulating both 3T3 fibroblasts and pDNA-PEI or pDNA-
PEI-SiNP200 also confirm internalization and gene expression
(Figure 9). The luciferase expression followed similar trends in
terms of the effect of PEI chain length, both as such or
associated with SiNP200 particles, compared to the complexes in
solution. The main difference between the two systems lies on
the lower expression rate for encapsulated complexes,
suggesting that more vectors can enter into contact with the
cells upon diffusion than after immobilization. We have
previously shown that silica nanoparticles entrapped within
the fibrillar collagen network are in close interaction with
protein fibrils.31 As a consequence, nanoparticles are expected
to have restricted mobility. The alternative possibility is that
cells proliferate and migrate within the collagen network, meet
complexes, and internalize them.26,27 This assumption is
supported by the measured proliferation of fibroblasts within
the hydrogels (Figure S4 in Supporting Information). The time
needed for cell proliferation and migration can explain the
observed delay in luciferase expression compared to the 2D
situation. Nevertheless, the trends obtained for these nano-
composites as a function of PEI molecular weight and
adsorption are in good agreement with that obtained for 2D
transfection as well as for particle diffusion assays (model 1).
This indicates that the pDNA-PEI-SiNP200 complexes preserve
their integrity upon encapsulation.
Importantly, no evidence for cytotoxicity was observed for

model 1 and model 2 after 24 h of contact with PEI and PEI-
coated particles during transfection experiments (Figure S5 in
Supporting Information). Increasing the dose to 50 μg/mL
showed high cytotoxicity for PEI25 and PEI10, whereas coated
silica nanoparticles had a limited impact on cell viability.

Figure 7. Transfection of 3T3 mouse fibroblasts immobilized in collagen hydrogels after 2, 5, and 7 d of contact with diffused free and SiNP200-
associated PEI of various molecular weights (model 1, n = 6). Variances among the cumulative luciferase expression on 7 d of PEI10, PEI25-SiNP200,
and PEI10-SiNP200 were determined by one-way ANOVA with Tukey posthoc test (*P < 0.05, ** P < 0.01).

Figure 8. (a) SEM image of nanocomposites, displaying SiNP and
fibroblast immobilized in collagen scaffold. Fluorescence microscopy
image showing internalization of (b) pDNA-PEI25-SiNP200, (c) pDNA-
PEI10-SiNP200, and (d) pDNA-PEI1.8-SiNP200 complexes by 3T3
fibroblasts within collagen hydrogels after 48 h of incubation, in which
green fluorescence corresponds to FITC-labeled particles and blue to
DAPI nuclei staining (scale bar = 20 μm).
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Evaluation of Nanocomposites as Gene Delivery
Systems. We then studied a second situation where the
collagen scaffolds incorporating functional nanoparticles could
act as a medicated dressing to deliver genes to tissue cells at the
site of implantation. To test this configuration, hydrogels
containing p-DNA-PEI or pDNA-PEI-SiNP200 were left free-
floating in the culture medium covering 3T3 cell-seeded well
plates (model 3). As shown in Figure 10, a significant level of
luciferase expression was only observed for pDNA-PEI25 after
5 days, but this level remains 1 order of magnitude below the
transfection efficiency achieved in model 2. This strongly
supports the hypothesis that entrapped vectors have a very
limited mobility within the collagen hydrogels so that
internalization is possible only if cells can migrate inside the
protein network. One important outcome of this study is that
complexing DNA with PEI-SiNP provides an efficient method
to confine gene expression within the scaffold and avoid
plasmid and silica particle dissemination in the surrounding
tissue, at least before colonization of the material by host cells.

Implication in Gene Delivery and Tissue Engineering.
Coupling PEI with plain spherical SiNP seems to be a very
interesting strategy for targeted cell transfection. The
cytocompatibility of SiNPs has been widely studied and
discussed in the literature. Dissolution of silica nanoparticles
into silicic acid has been demonstrated both in cells and in
animals.40,43 The spherical shape of SiNPs is also an important
factor. Although needles or rods have the most appropriate
shape to be engulfed by fibroblasts, they are more cytotoxic as
they inflict mechanical damage when they penetrate biological
membrane.11,44,45 Moreover, spheres are more suitable to favor
gene expression as they approach the nucleus more rapidly than
elliptical particles.45 Noticeably, most previous attempts to use
silica nanoparticles as gene carriers have been made using
mesoporous nanoparticles (MSNs). Regular MSNs are not
good carriers of plasmidic DNA because of their small pores (2
nm) that prevent internal plasmid diffusion and compaction.18

As a consequence, pDNA is stuck at the surface and is not
protected against cellular nucleases. To overcome this problem,

Figure 9. Transfection of 3T3 mouse fibroblasts coimmobilized with free and SiNP200-associated PEI of various molecular weights in collagen
hydrogels after 2, 5, and 7 d of incubation (model 2, n = 6). Variance among the cumulative luciferase expression on 7 d of PEI10, PEI25-SiNP200, and
PEI10-SiNP200 was determined by one-way ANOVA with Tukey posthoc test (*P < 0.05, ** P < 0.01).

Figure 10. Transfection of 3T3 mouse fibroblasts in contact with free-floating collagen hydrogels containing free and SiNP200-associated PEI of
various molecular weight after 2, 5, and 7 d of incubation (model 3, n = 3).
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MSNs with ultralarge pores (23 nm) have been prepared.21,46

These particles were able to pack pDNA and succeeded in
transfecting cells. Alternatively, MSNs loaded with an
anticancer drug were coated with PEI allowing for DNA and
siRNA conjugation and delivery.11 Our approach has the
advantage of technical simplicity and short reaction time.
Moreover, the possibility to encapsulate active drugs within
Stöber particles has already been demonstrated so that the
combination of drug and gene delivery using such plain SiNPs
appears feasible.31

Considering the applications of the nanocomposites
described here, it is important to first point out that tissue
repair involves the formation of new healthy tissue in the
wound site requiring several well-orchestrated phases to guide
the tissue formation. Inflammation is crucial for the debride-
ment of necrotic tissue and to kill bacteria. In the absence of
modulation, chronic inflammation can occur.1 The incorpo-
ration of a therapeutic gene modulating inflammation such as
IL-10 within collagen nanocomposites could be useful to
promote wound healing. In addition, inflammatory cells that
infiltrate the implant could be directed toward a wound healing
phenotype instead of an inflammatory one. Synthetic matrices
made from biodegradable polymers such as PLGA or
polycaprolactone were previously evaluated for gene deliv-
ery.25,47 DNA/PEI complexes are mixed with the polymer in
solution before matrix synthesis. In this case, polyplexes are
encapsulated within material walls. This allows for a controlled
and sustained delivery of polyplexes but requires a large
porosity for cell infiltration. Moreover, synthetic polymers are
not the natural support of fibroblasts and are not remodeled by
cells. Alternatively, several collagen based-materials have been
developed. Most of them are cross-linked collagen sponges
rehydrated with a polyplexes solution (Transfecting reagent/
pDNA). Polyplexes therefore adhere to the sponge wall and
easily detach under flow. As a consequence, a rapid diffusion of
polyplexes occurs preventing precise spatiotemporal control of
the gene delivery process.48 In this perspective, the silica-
collagen materials combine several advantages. As demon-
strated earlier, the stiffness of collagen hydrogels at 1 mg.mL−1

promotes fibroblast proliferation over 1 week and favors cell
infiltration thanks to a pore size of ca. 5 μm.49 This is highly
beneficial to the target application as proliferating cells are more
willing to be transfected than quiescent ones.6 The other major
advantage of the nanocomposites approach is that the DNA-
loaded particles cannot diffuse out of the hydrogel. Therefore,
in the first period after implantation, the delivery of plasmids to
the immobilized cells would allow for the production and
release of proteins. In a second phase, silica-collagen hydrogels
will be colonized by inflammatory and connective cells.30 Our
data suggest that cells from the host organism could also be
transfected during implant infiltration. Overall, it should allow
for a prolonged production and delivery of active proteins at
the implantation site and in its surroundings, favoring neotissue
formation.

■ CONCLUSIONS
We demonstrate that PEI-coated plain silica nanoparticles are
able to deliver therapeutic genes in a controlled and sustained
manner within collagen hydrogels. The gene delivery properties
of these particles were evidenced when they are transported
through preformed cellularized hydrogels or coentrapped with
fibroblasts, whereas no transfection was observed for cells
external to the material. This offers various safe options to

combine silica and collagen to design gene delivery systems
promoting wound healing. In particular, the nanocomposite
forms containing fibroblasts could be used as a cell factory to
produce biomolecules, such as PDGF or IL-10, in a prolonged
manner. Simultaneous encapsulation of silica particles contain-
ing additional active molecules, such as antibiotics, can also be
envisioned, opening the route to highly modular bioactive
medical dressing.

■ ASSOCIATED CONTENT
*S Supporting Information
Conditions of SiNP preparation (Table S1), TEM image of
SiNP with different sizes (Figure S1), control transfection
experiments with particle supernatant (Figure S2), cell viability
test in 2D (Figure S3), proliferation of cells in collagen gel
(Figure S4), and viability tests in 3D (Figure S5). This material
is available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: thibaud.coradin@upmc.fr (T.C.).
*E-mail: christophe.helary@upmc.fr (C.H.).
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. Christophe Heĺary and Thibaud Coradin were
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