Published on 02 December 2013. Downloaded on 18/12/2013 15:01:50.

ROYAL SOCIETY
OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal

Behaviour of silica nanoparticles in dermis-like
cellularized collagen hydrogels¥

Cite this: DOI: 10.1039/c3bm60214a
Sandrine Quignard,® Christophe Hélary,? Michel Boissiére,? Jose-Maria Fullana,®
Pierre-Yves Lagrée® and Thibaud Coradin*®

A model of the fate of colloidal silica in the dermis was designed based on the diffusion of fluorescent
silica nanoparticles through collagen hydrogels. The diffusion process was found to depend on particle
size (10-200 nm) and surface charge, as well as on collagen concentration (1.5-5 mg mL™). The presence
of human dermal fibroblasts within the hydrogels also significantly impacted on the behaviour of the par-
ticles. In particular, the simultaneous monitoring of particulate and soluble forms of silica showed that both
the hydrogel network and the cellular activity have a strong influence on the solubilization process of the
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between silica and collagen in 3D environments also lower the cytotoxicity of 10 nm particles compared to
traditional 2D cultures. The results emphasize the complexity of silica chemistry in living tissues and specifi-
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1. Introduction

Silica nanoparticles are widely used nanomaterials, e.g. fillers
in cosmetics, food additives or dental ceramics."”> Among
these applications, their use in cosmetic products raises the
problem of dermal exposure. Skin acts as the first barrier of
the organism towards the external environment. Even though
skin is said to efficiently prevent penetration of molecules
heavier than 0.5 to 1 kDa, several studies tend to show that
nanoparticles well above this limit are able to cross the epider-
mis and reach the dermis.* ' In particular, a recent study has
shown that silica particles were not only able to reach the
dermis but permeate the whole skin after topical application
and reach systemic circulation."’

Several parameters can influence the ability of nanomater-
ials to permeate skin. Apart from the intrinsic characteristics
of the materials (size, shape, surface area, surface charge, etc.),
formulation of the suspension can also affect dramatically the
behaviour of the particles towards skin,'" as well as the state of
the skin (abrasion, irritations) or mechanical strains (massage,
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cally indicate the need for further investigations of the in vivo behaviour of its soluble forms.

flexions).”'*>™** Results often seem contradictory due to the
variability of nanomaterials and the lack of precise characteriz-
ation of the nano-objects. Anyway, what emerges from these
different studies is the complexity of the interactions of nano-
objects with the different components of the skin (extra-cellu-
lar matrix, cells, soluble biomolecules, etc.).14

So far studies concerning dermal penetration of silica nano-
particles are scarce and a complete understanding of the
silica-tissue interactions is rendered difficult by the complexity
of the ex vivo medium."” In this context, we propose here a
simpler approach using collagen hydrogels associated with
human dermal fibroblasts as models of the dermis'® for
diffusion studies. Through this approach it becomes possible
to study in more detail the role of the collagen network and of
the cells on the fate of silica nanoparticles of various size and
charge. In particular, two important points had to be clarified.
The first one relates to the solubilization of silica nanoparticles
during transport through the skin. Indeed, it is well-known that
colloidal silica as obtained by sol-gel routes, and without
additional chemicals or treatment,'”'® tends to dissolve within
a few hours under neutral pH conditions and at 37 °C when
placed in an open environment (i.e. when the solubility equili-
brium is not reached due to continuous removal of released
silicic acid).'® The second aspect was related to the role of the
3D environment as provided by the dermis-mimicking col-
lagen hydrogel on the cell-particle interactions, including
internalization and cytotoxicity, that are, to a few excep-
tions,”*" mainly studied under 2D in vitro conditions.**"*®
These model studies underline the complex influence of collagen
and fibroblasts on silica partition between particulate and
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soluble forms that will ultimately play a major role in the
in vivo fate of silica-based biomaterials.*®

2. Materials and methods
2.1. Nanoparticle synthesis and characterization

Fluorescent silica nanoparticles were synthesized according to
the literature.>”*® Briefly, tetraethyl orthosilicate (TEOS 98 wt%,
Aldrich) was added to a stirred solution of ammonium
hydroxide solution (30%, CarloErba Reagents) in ethanol to
obtain nanoparticles with a diameter larger than 30 nm fol-
lowed by the addition of a solution of fluorescein-grafted amino-
propyl triethoxysilane (APTES, Merck; FITC isomer 1 95%,
Alpha Aesar). The solution was stirred for 48 h at room temp-
erature before purification of the nanoparticles by dialysis
(Spectra/Por, diameter 25 mm, pore diameter 4.2-5.0 nm from
Carl Roth). Finally, the suspension of positively-charged nano-
particles was dialysed against 17 mM acetic acid to avoid their
aggregation. To obtain smaller particles, the ammonium
hydroxide solution in ethanol was replaced by a solution of
L-(+)-lysine monohydrate (Sigma) in ultrapure Milli-Q water at
60 °C.*° After 72 h of stirring at 60 °C, negatively-charged par-
ticles were obtained. Some of those particles were post-functio-
nalized by aminopropyl triethoxysilane as described by Badley
et al.>®

Characterization of these particles and their behaviour in
biological media has already been reported.*’ Their main
characteristics are summarized in Table 1 (see ESI-11 for TEM
images). It is important to emphasize that the procedure leads
to the presence of covalently-grafted fluorophores over the
whole particle volume. Through centrifugation, it was possible
to separate fluorescent particles from fluorescent soluble
species, i.e. FITC-linked silicic acids, that originate from par-
ticle dissolution. This allowed the investigation of particle dis-
solution rate in culture medium (kg,,). In addition, it was
demonstrated that the incorporation of the fluorophore had
only a minor impact on the solubility rate compared to pure
silica particles of similar size.*'

2.2. Invitro permeation study

Normal human dermal fibroblasts (NHDF, from Promocell)
were grown in Dulbecco’s modified Eagle culture medium
(DMEM, Gibco BRL) supplemented with fetal calf serum (10%,

Table 1 Average diameter from DLS (dp.s) and from TEM (dtem), zeta
potential in water (£®**") and in medium ((™%“™) and dissolution rate in
medium (kq,m) for fluorescent silica nanoparticles used in this work

dDLS dTEM ater Cmedium kd,m (10—4 mg
(nm) (nm) (mV) (mv) mL'h™)
Si + 200 230 £ 25 175+ 20 50+4 —-3+3 470 £ 50
Si + 60 60 + 15 40 £ 15 56+5 —-5+3 25+4
Si+10 n.d. 10+ 3 42 +4 -5+3 7+1
Si—10 n.d. 10+3 —-18+4 -23+4 2.1+0.3

n.d. non-determined.
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Fig.1 SEM images of (a) acellular and (b) fibroblast-populated
3 mg mL™* collagen hydrogels (scale bar = 5 ym).

from Gibco BRL), penicillin (100 units mL™"), streptomycin
(100 pg mL™", from Gibco BRL) and fungizone (0.25 pg mL™",
from Gibco BRL). The culture flasks (75 cm?) were kept at
37 °C in 95% humidity and a 5% CO, atmosphere. At conflu-
ence, fibroblasts were removed from cultured flasks by treat-
ment with 0.1% trypsin and 0.02% EDTA. Cells were rinsed
and resuspended in the supplemented DMEM media. Fibro-
blasts were used at passage 6-7 for the experiments.

Collagen hydrogels with entrapped fibroblasts were pre-
pared as previously described (Fig. 1).*? Briefly, for collagen
hydrogels at 3 mg mL™" (H3), 1.5 mL of collagen solution in
acetic acid at 10 mg mL™" was mixed with 2.75 mL of culture
medium, 0.25 mL of 0.1 M NaOH and 0.5 mL of cell suspen-
sion (3.0 x 10° cells mL™"). The mixture was poured into cell
culture inserts (pore size 2 pm) adapted to 24-well culture
plates and set in an incubator at 37 °C with 95% humidity and
a 5% CO, atmosphere for 24 h before starting the permeation
experiment. The volume was adjusted to obtain a 2 mm thick
gel in order to have an easily handled gel with a thickness
close to that of the dermis. Hydrogels at 1.5 mg mL™" (H1.5)
were prepared following the same protocol using 1.5 mL of a
5 mg mL™' collagen solution in acetic acid mixed with
2.75 mL of culture medium whereas the 5 mg mL™" (H5)
hydrogels were prepared using 2.5 mL of the 10 mg mL™" col-
lagen solution mixed with 1.75 mL of culture medium.

For diffusion experiments, 500 pL of silica nanoparticle
suspension (C, = 0.6 mg mL™') were deposited onto the
surface of the hydrogels and 1 mL fresh culture medium was
used as the receptor medium under the culture inserts
(Scheme 1). At selected intervals from 1 h to 72 h, 200 pL ali-
quots of the receptor solution were removed and immediately
replaced by an equivalent volume of fresh medium. For each
sample, two measurements were performed: the total fluo-
rescence and the fluorescence intensity after centrifugation in

SiO, nanoparticles
suspensionT

Collagen hydrogel_|

Receptor

Membrane < }— compartment

Culture medium

Scheme 1 Set-up for diffusion studies.
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a Nanosep 3kD device (15 min, 8300g) to separate the nano-
particles from the solution and have access to the fluorescence
of the dissolved forms only. Each experiment was conducted
in triplicate. It was checked that the particle suspension de-
posited directly on the membrane diffused within a few
minutes in the receptor compartment and did not influence
the dissolution kinetics.

2.3. Modeling of the diffusion process

Modelling of the diffusion of nanoparticles across collagen
hydrogels was performed taking into account the simul-
taneous adsorption—desorption process. The system is then
described by eqn (1) and (2).

oc 9*C N

o P e (1)
oS
5 — kadsc - kdesS (2)

where C is the concentration of diffusing particles, S the con-
centration of adsorbed particles, D the diffusion coefficient,
and k,qs and kqes the adsorption and desorption constants,
respectively.

These two coupled equations were solved numerically by an
iterative process. To simplify the equations, it was hypo-
thesized that an equilibrium was reached in the kinetics of the
adsorption and desorption processes (i.e. kiqs = Kdes)- By
varying the diffusion coefficient D and adsorption constant k,
we manually adjusted the calculated curve C = f(¢) with the
experimental data corresponding to the diffusion of particles.

The Stokes-Einstein equation (eqn (3)) was used to calcu-
late the diffusion coefficient Dgg of the same particles in water.

kT

Dgg = 3
SE 61 Ry ()

with kg the Boltzmann constant, T the temperature in K, » the
viscosity of water at 37 °C and Ry the hydrodynamic radius of
the particles, as obtained from DLS measurements.

Finally, dissolution of the particles during their diffusion
was modelled using eqn (4) after exchanging time ¢ with ¢ — ¢,
where ¢, is the lag-time observed before any soluble species is
measured in the reservoir, to side-step the effect of diffusion.

ClC_ ka

oA Cug (Ceq — Cs) (4)

with Cs the concentration of soluble silica, k4 the dissolution
rate, and C,q the equilibrium concentration. This equation was
used to fit experimental data corresponding to the soluble frac-
tion measured in the receptor medium and determine their
dissolution rate.

2.4. Toxicological assays

The cellular activity of NHDF cells in the hydrogels was evaluated
with the Alamar Blue assay (n = 6).>® After 24 h of exposure, the
nanoparticle suspension was removed and kept at 37 °C for
further exposure times. Cellularized hydrogels were rinsed with
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medium and incubated, at 37 °C in a humidified 5% CO, air
atmosphere, for 4 h with a 10% solution of Alamar Blue in
phenol red-free culture medium. Absorbance of the medium at
570 nm and 600 nm was recorded using a UV-visible spectro-
meter and cellular activity was calculated. Gels were rinsed
three times and the stored nanoparticle suspension added
back until 3 days and then 7 days of exposure. Incubation of
silica nanoparticles with Alamar Blue gave negligible absor-
bance values, suggesting that no false positive results can orig-
inate from the particles.

In addition, the number of cells was followed by Trypan
Blue staining.>® Fibroblasts were removed from the hydrogels
by treatment with collagenase (2 mg mL™", 1 mL per gel) at
37 °C until the gel is completely digested, centrifuged at 400 g
for 5 minutes and resuspended in 200 pL of Trypan Blue solu-
tion 0.1% in PBS and counted with a Malassez hemocytometer
(n=6).

2.5. Nanoparticle internalization

Internalization of the nanoparticles in fibroblasts immobilized
in collagen hydrogels (3 mg mL™") was studied using fluo-
rescence microscopy. At 24 h and 72 h of exposure to the nano-
particles, gels with entrapped fibroblasts were fixed with 4%
paraformaldehyde (24 h, 4 °C), after being washed three times
with PBS 1x. The fixed samples were then dehydrated with an
ascending ethanol series ending in butanol before inclusion in
paraffin to obtain ten-micrometer sections, transverse to the
sample surface. These sections were obtained with a manual
microtome (Stiassnie, France) and rehydrated. Staining of the
membranes with wheat germ agglutinin Alexa Fluor 555 conju-
gate (Invitrogen) and the endosomes with Blue/Yellow Lyso-
sensor (Invitrogen) was used to investigate the internalization
and location of the nanoparticles within the cells. Briefly, the
sections were incubated for 30 min at room temperature with
Lysosensor, rinsed with HBSS 1x and then incubated for
10 min with the WGA before observation under a fluorescent
microscope (Axio 100, Carl Zeiss). The experiments were con-
ducted in triplicate and analysis was performed on at least 10
images.

Additional colocalization studies were performed using a
laser scanning confocal fluorescent microscope (LSCM 710,
Zeiss). Human dermal fibroblast cell culture was treated with
Lysosensor Yellow-Blue (2 uM) for 60 min at 37 °C following
the supplier’s protocol, and then with FITC-labelled nanoparti-
cles (0.6 mg mL™") for an additional 24 h. The cells were
rapidly washed with ice cold PBS to prevent the removal of the
attached Lysosensor, fixed, and prepared for visualization
under a LSCM. The obtained fluorescence micrographs were
further analyzed by quantitative software (ZEISS Zen) to obtain
colocalization-related parameters including Mander’s overlap
coefficient (MOC) and colocalization rate (CR).*

2.6. Statistical analysis

The statistical significance of differences was evaluated by a
Wilcoxon-Mann-Whitney test. This test was chosen instead of
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Student’s ¢ test according to the result of a Shapiro-Wilk
normality test. A value of P < 0.05 was considered significant.

3. Results

3.1. Diffusion of silica nanoparticles in collagen hydrogels

3.1.1. Effect of the size and charge of particles. After
the deposition of silica particles on the top of acellular
collagen hydrogel at a 3 mg mL™" concentration, the content
of the reservoir was analyzed by fluorescence spectro-
photometry. Fig. 2(a) represents the cumulative diffusion of
fluorescent species (nanoparticles and soluble species result-
ing from their dissolution), as monitored by the ratio between
total intensity at time ¢ in the receptor compartment and
initial intensity of the particle suspension (I/I,) as a function
of time. Under these conditions, the smallest positive particles
(Si + 10) lead to a greater amount of diffusing species as com-
pared to larger ones (Si + 60 and Si + 200), whereas negative
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Fig. 2 Diffusion of silica nanoparticles of various sizes and charges in
3 mg mL™ collagen hydrogels. (a) Evolution of total fluorescence inten-
sity in the reservoir (I;) over initial particle suspension fluorescence
intensity (/o) with time; (b) evolution of fluorescence intensity of nano-
particles (plain circles, /) and of soluble forms (empty circles, /) in the
reservoir over g for Si + 60 nanoparticles.
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Table 2 Relative fluorescence intensity of particles (/,/lg) and soluble
forms (Is/lo) in the reservoir after 72 h, apparent diffusion coefficient in
gels (D) compared to calculated values in water using the Stokes—
Einstein model (Dsg), lag-time before detection of soluble forms (to) and
apparent dissolution rate in gels (kq,g) for particle diffusion in 3 mg mL™t
collagen hydrogels

L I/,* D”(Dsp) kag
(%) (%) (107em?>s™) ¢ (h) (10" mg mL™" h™")
Si+200 13 40 5(0.2) 0.8+0.2 4.4+03
Si+60 9 36 4(0.6) 1202 1.3+02
Si+10 31 35 7(4) 3.2+0.8 0.12+0.03
Si—10 25 17 6(4) 8.0+0.5 0.07+0.01

@129%. b +1%.

particles lead to less diffusing species than positive ones of
similar diameter (Si — 10 vs. Si + 10).

To address specifically the diffusion of nanoparticles, the
total fluorescence intensity was decomposed into its two com-
ponents: nanoparticles (I,) and fluorescent species resulting
from the partial dissolution of the particles (I5). Such
decomposition is given for Si + 60 particles in Fig. 2(b). Ana-
lysis of the repartition of fluorescent species recovered in the
reservoir between particles and soluble forms highlights that
size and surface charge affect the behaviour of the particles in
the gel (Table 2). For positively-charged particles larger than
60 nm, soluble species are mainly recovered whereas for
10 nm particles half of the signal is due to diffused particles.
Furthermore, the surface charge of the particles has a signifi-
cant influence on this phenomenon as less soluble species
from negatively charged (Si — 10) particles diffuse through
the 3 mg mL™" collagen hydrogel compared to positive ones
(Si +10).

Modelling of the curve corresponding to diffusion of nano-
particles gives an estimation of their diffusion coefficient D in
each experiment (Table 2). No significant variation was
observed as a function of particle size and charge. Interest-
ingly, the apparent diffusion coefficients for 10 nm particles
were comparable to those obtained from the Stokes-Einstein
equation for colloids diffusing in water. This was no longer
true for larger particles that exhibit higher apparent D values
than the calculated ones.

Following evolution of the fluorescence intensity of soluble
species out of the gel gives access to the apparent dissolution
of the particles (Table 2). An initial lag-time ¢, was observed
before the recovery of soluble species, which increases when
the diameter of the particles decreases and when their surface
is negative, indicating a slower intra-gel dissolution for those
particles. The dissolution rate was thus estimated by fitting the
experimental curves with the dissolution equation (after
exchanging time with ¢ — ¢, to side-step the effect of diffusion).
Interestingly, dissolution rates in the gel (Table 2) are
ca. 10-100 times smaller than in culture medium (Table 1) but
follow the same evolution regarding the effect of size and
charge.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Diffusion of silica nanoparticles Si + 60 in 1.5 mg mL™ (H1.5),
3 mg mL™* (H3) and 5 mg mL™* (H5) collagen hydrogels. (a) Evolution of
total fluorescence intensity in the reservoir (I;) over initial particle sus-
pension fluorescence intensity (o) with time; (b) evolution of fluore-
scence intensity of Si + 60 nanoparticles (plain circles, /) and of soluble
forms (empty circles, I) in the reservoir over Iy for a 5 mg mL™*
hydrogel.

3.1.2 Effect of collagen concentration. Diffusion of posi-
tive 60 nm diameter silica particles across gels with different
collagen concentrations, ranging from 1.5 to 5 mg mL ™", has
been studied. Note that 5 mg mL ™" is the highest possible con-
centration compatible with the 3D immobilization of fibroblast
cells (vide infra). The corresponding curves and the different
parameters are presented in Fig. 3 and Table 3.

Higher concentrations of collagen hindered the diffusion of
particles, both in terms of quantity of particles able to perme-
ate the gel and in terms of kinetics. When the fluorescent
signal is decomposed into its two components, nanoparticles
and soluble species, it can be observed that collagen concen-
tration impacts on the number of diffused particles, that
decrease from 47% in a 1.5 mg mL™" gel to 6% in a 5 mg mL™"
gel (Table 3). At the same time, the apparent diffusion coeffi-
cient is higher in the 1.5 mg mL™" hydrogel. Concerning the
quantity of soluble species released from the gel, doubling the
concentration of collagen from 1.5 mg mL™" to 3 mg mL™"
induces no significant modification, but increasing the

This journal is © The Royal Society of Chemistry 2014
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Table 3 Relative fluorescence intensity of particles (/,/lg) and soluble
forms (Is/lo) in the reservoir after 72 h, apparent diffusion coefficient in
gels (D), lag-time before detection of soluble form (t;) and apparent dis-
solution rate in gels (kq,g) for Si + 60 particle diffusion in collagen hydro-
gels of various concentrations

Collagen  I/I,“ I/l D’ ka,g

(mgmL™") (%) (%) (107em*s™") ¢ (h) (10 *mgmL™" h™")
1.5 47 32 11 0.3+0.2 3.4%0.3

3 9 36 4 1.2+0.2 1.3+0.2

5 6 18 2 2.4+0.8 0.46 +0.08

T4, b1,

collagen concentration up to 5 mg mL ™" decreases the quantity
of recovered soluble species. The lag time increases with col-
lagen concentration whereas the apparent dissolution rate
decreases.

3.2 Influence of hydrogel cellularization

3.2.1. Influence of cells on particle diffusion. The pres-
ence of cells entrapped in the collagen matrix may interfere
with the diffusion process. Table 4 gives a summary of the
different characteristic parameters obtained for different par-
ticles in 3 mg mL ™" cellularized gels (see ESI-21). A first obser-
vation is that the effect of size and charge of the particles
follows a similar trend in gels with or without entrapped cells.
However, the lag time is shortened in all cases, except for
Si + 10. In the case of positive particles fewer fluorescent
species diffuse when cells are present whereas for negative
particles cells enhance the amount of diffused particles. Cells
entrapped within the gels also increase the diffusion coeffi-
cient and apparent dissolution rate for Si + 200 particles com-
pared to collagen hydrogels (Table 4). In the case of Si — 10,
the numerical calculation did not permit us to fit correctly the
experimental data to calculate a reliable D value, indicating the
significant influence of cells in the diffusion process.

To assess whether the influence of the cells is passive
(hindrance due to the spatial obstruction of the cells and/or
passive interaction of the particles with the membrane) or
active (internalization), the diffusion of Si + 60 particles in col-
lagen hydrogels containing fibroblast cells fixed prior to their

Table 4 Relative fluorescence intensity of particles (/,/lo) and soluble
forms (Is/lp) in the reservoir after 72 h, apparent diffusion coefficient in
gels (D), lag-time before detection of soluble form (to) and apparent dis-
solution rate in gels (kg g) for particle diffusion in cellularized 3 mg mL~*
collagen hydrogels

Il IJI," D’ kag

(%) (%) (107cm*s™) ¢, (h) (107" mgmL™' h™)
Si+200 12 34 11 0.1+0.1 9.6 +0.8
Si + 60 16 25 3 0.5+0.2 0.6 +0.3
Si+10 34 23 5 61 0.17 £ 0.03

Si—10 46 20 n.d. 2.8+£0.5 0.11£0.02

@+ 2.2+ 1.n.d., non-determined.
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Fig. 4 Diffusion of Si + 60 silica nanoparticles in 3 mg mL™* hydrogels
with living fibroblasts (H3c, circles) and with dead cells (H3dc, squares).
Evolution of fluorescence intensity of nanoparticles (plain symbols, /)
and of soluble forms (empty symbols, /) in the reservoir over total inten-
sity Io.

immobilization was studied. No significant difference in the
diffusion of nanoparticles was observed compared to living
cells (Fig. 4) indicating that the influence of the cells on the
diffusion of nanoparticles is mostly a passive phenomenon.
However, dead cells strongly decrease the kinetics and yield of
soluble forms recovery compared to living cells (Fig. 4).

3.2.2 Interactions of silica nanoparticles with immobilized
fibroblasts. The potential internalisation of diffusing silica
nanoparticles by immobilized human dermal fibroblasts was
further studied by fluorescence microscopy (Fig. 5). Lysosomes
were labelled using Lysosensor Yellow-Blue whose dark blue
fluorescence combines with the green fluorescence of interna-
lized FITC-labelled particles to give a light blue fluorescence, as
observed within immobilized fibroblasts after 24 h of diffusion
(see Fig. 5a,b and ESI-37).

4
&

-

Fig. 5 (a) Confocal fluorescence optical imaging of a 3 mg mL™
collagen hydrogel containing fibroblasts after 24 h contact with Si + 60
nanoparticles. Lysosensor Yellow-Blue was used for blue staining of the
endosomes. Green fluorescence corresponds to FITC (scale bar =
20 pm). (b) Detailed visualization of an entrapped fibroblast, where the
intracellular light-blue color corresponds to a combination of Lyso-
sensor and FITC fluorescence (scale bar = 20 um). (c) Scatter diagram
and pseudo-colored image of colocalization with the corresponding
slice as an inset.

¢
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Quantitative colocalization analysis is an advanced digital
imaging tool to characterize the spatial expression of mole-
cules of interest in immunofluorescence images obtained
using confocal microscopy. By obtaining a scatterplot of the
individual pixels from the paired images, CR actually rep-
resents the percentage of colocalized pixels in the middle sec-
torial field of plot zone 3 (Fig. 5b) compared to total pixels.
MOC indicating an actual overlap of the signals is considered
to represent the true degree of colocalization. Image analysis
led to a MOC of 0.94, i.e. 94% colocalization between FITC and
Lysosensor signals, confirming the intracellular localization of
the nanoparticles in lysosomes. Internalisation of the particles
in the presence of inhibitors of endocytosis (clathrin- and
caveolae-mediated) was also checked by fluorescence micro-
scopy as shown in ESI-3.1 The data suggest that endocytosis of
silica-nanoparticles in dermal fibroblasts immobilized in a
collagen matrix is a combination of clathrin- and/or caveolae-
mediated pathways, as already reported for similar cells in 2D
culture.>*?>3!

The impact of nanoparticles on cell viability was also moni-
tored using cell counting (Trypan Blue staining) and metabolic
activity (Alamar Blue assay) experiments after 24 hours and up
to two weeks of culture.

Cell counting experiments (Fig. 6a) for 3 mg L™" hydrogels
show the absence of a significant detrimental effect of the par-
ticles, except for cells exposed to Si — 10 nanoparticles whose
population slightly decreases after 24 h and 72 h. After 7 days
of exposure, living cells are in similar or greater numbers
when exposed to nanoparticles compared to the control. Meta-
bolic tests provide some information concerning the activity of
cells (Fig. 6b). Over the first 7 days, cells have a metabolic
activity similar to that of the control, except for Si + 60 at 24 h
and Si — 10 at 7 days for which the activity is significantly
higher. However, compared to direct exposure, immobilized
cells are far less sensitive to the detrimental effects of nano-
particles, especially Si — 10.>" Finally, the cytotoxicity of Si + 60
particles towards fibroblasts entrapped in collagen hydrogels
is not modified by collagen concentrations ranging from 1.5 to
5 mg mL~" (see ESI-47).

4. Discussion
4.1. Fate of silica particles in acellular hydrogels

The transport of nano-sized objects within hydrogels has
already been studied to elucidate biological processes.*® In
these situations, the diffusing species may exhibit structural
flexibility but are considered as chemically-inert.?” In the here-
described model, the possibility for silica particles to undergo
dissolution during transport introduces another level of com-
plexity, as a population of smaller particles as well as soluble
forms are simultaneously produced that will also diffuse
(Scheme 2(a)).

The effect of the hydrogel network on diffusion can arise
from two phenomena:*® tortuosity that lengthens the path of

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Evolution of (a) number of living cells from Trypan Blue staining
and (b) cell metabolism from an Alamar Blue test for immobilized fibro-
blasts during silica particle diffusion in 3 mg mL™* collagen hydrogels.
When necessary, * indicates statistical significance (p < 0.05) compared
to particle-free gels at each time point from the Wilcox test.

the species compared to a linear straight displacement, and
sorption that temporarily immobilizes the species on the gel
internal surface. The former can be effective if the diffusing
species dimensions are close to the hydrogel pore size. Here,
the 3 mg mL ™" collagen network is macroporous, with pores in
the micron-size domain (Fig. 1), i.e. one order of magnitude
higher than the largest particles used in this work. Hence such
an effect is not expected to significantly modify the diffusion
kinetics of the particles or soluble forms.>® As a matter of fact,
it was observed that the apparent diffusion coefficient for
larger particles was higher than the ones that can be calculated
for particles of similar size in water (compare Tables 1 and 2).
A plausible explanation is that dissolution induces a continu-
ous decrease in particle size during transport so that the
initial particle dimension is not the correct value to be used in
the Stokes-Einstein equation. This hypothesis is strengthened
by the fact that as the largest particles have the higher dissol-
ution rates, their size decrease is effective very early during the
diffusion process. Accordingly, it is interesting to note that
Si + 200 particles have a much higher solubility rate than

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Schematic overview of the fate of silica particles in collagen
hydrogels. During transport, particles may (a) undergo solubilization,
leading to smaller particles and soluble forms (Si-FITC) that diffuse
further, (b) adsorb on collagen fibres, decreasing their apparent solubi-
lity, and (c) be uptaken and dissolved by fibroblasts. For the sake of
simplicity, the interactions of soluble forms with collagen and cells have
been omitted.

Si + 60 particles in the medium but both species behave very
similarly in the long term in the gel system.

Considering sorption processes, a first observation is the
systematic decrease of the apparent dissolution rate of the par-
ticles from the medium to the gel, this decrease being
enhanced at higher collagen concentrations. Accordingly, a
delay that increases with decreasing solubility rate is necessary
before observing soluble forms in the reservoir, whereas par-
ticles are recovered at the beginning of the experiments. In
parallel, for fast-dissolving large positively-charged particles,
silica is mainly recovered as soluble forms indicating that the
time required for particle diffusion is sufficient for extensive
dissolution of the particles. For smaller positive particles with
slower solubility, a significant amount of particles can be
transported as such (or with limited solubilization). However,
at the end of the experiment, a similar amount of soluble form
is recovered and the total amount of silica species that has
diffused through the gel is larger.

One interpretation for these data is that, during transport, a
fraction of silica particles is adsorbed on the collagen surface,
resulting in the decrease of their rate of dissolution (Scheme 2
(b)). This fraction decreases with decreasing particle size (as
the available surface per particle is decreasing with its dia-
meter) and with increasing collagen concentration (as the
density of collagen is increasing with its concentration)
(Table 3). The presence of a negative charge on the particle
surface also tends to decrease the amount of sorbed particles,
which can be related to the negative charge of collagen above
pH 7.%°

As far as soluble forms are concerned, the most striking
observation is that their final amount is in the 35-40% range
for positively-charged particles except for Si + 10 in 5 mg mL™"
hydrogels and for Si — 10 in all gels. This suggests that in these
situations, soluble forms also tend to get adsorbed on the col-
lagen surface. Whereas this effect can be easily understood for
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more concentrated collagen gels, the variation observed for
Si — 10 is more difficult to analyze but would indicate that
the soluble forms originating from Si + 10 and Si — 10 are
different, the latter having a better affinity for collagen than
the former.

4.2. Fibroblast-silica interactions in 3D environments

When fibroblast cells are incorporated into the hydrogels, a
number of additional processes can occur. From a physico-
chemical point of view, cells can be considered as objects with
dimensions in the 20-30 pm size range that can modify the
tortuosity of the network and provide new surfaces for sorp-
tion. As living organisms, they can also uptake and dissolve
intra-cellularly silica particles, releasing dissolution products
as particles and soluble forms in the medium.**

Overall, for positively-charged particles, the presence of
cells mainly seems to modify the fate of soluble forms, that are
produced in lower amounts but are recovered more rapidly in
the reservoir, resulting in almost no change in apparent dissol-
ution rates (compare Tables 2 and 4). In other words, the cellu-
larized gels speed up particle solubilization compared to
acellular environments and retain more strongly the soluble
forms. Hence cells behave like a new type of sorbent with less
affinity for particles and more affinity for soluble silica com-
pared to collagen. Using dead cells does not modify particle
diffusion compared to living cells but limits the formation and
release of soluble forms. On this basis, it can be proposed that
cells, being dead or alive, have a similar ability to interact with
silica particles. However, their influence on solubilization
depends on their viability, suggesting that some biological
activities are involved in this process.

In this context, it was possible to image Si + 200 nanoparti-
cles within immobilized fibroblasts, in agreement with our
previous reports on silica particle internalization in the same
cells.*" Interestingly, the use of specific inhibitors indicated
that the internalization pathways are similar for both surface-
seeded and encapsulated cells. Thus, it is reasonable to
assume that the intracellular dissolution process that was
observed in 2D also takes place here. Coming back to our
model experiments, it can therefore be suggested that the
influence of immobilized cells on particle diffusion and dissol-
ution is for some part related to their internalization/biodegra-
dation (Scheme 2(c)).

Another interesting outcome of this study is that no signifi-
cant cytotoxicity of the different particles could be observed
for cells in 3D environments whereas Si + 10 and Si — 10
induced a detrimental effect on cell viability under 2D culture
conditions at the same silica concentration.*’ This can be
attributed to the fact that the hydrogel lowers the dose of par-
ticles actually reaching the cells at a given time.

5. Conclusions

The results of these experiments bring some interesting infor-
mation concerning the influence of different parameters on
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diffusion of silica nanoparticles through a collagen matrix. In
particular, they demonstrate the influence of collagen-silica
interactions on particle solubility. Noticeably, cellularization
also influences the solubilization process through a combi-
nation of chemical and biological mechanisms. Indeed our
model hydrogels differ from the dermis in several ways: col-
lagen density is low compared to the tissue (ca. 50 mg mL™"),
it does not contain other important biomolecules such as
elastin and glycosaminoglycans and lacks macrophages and
adipocytes. All these can have a major role in the different
phenomena that could be identified via our model systems,
especially silica particle adsorption on the matrix and cell-
mediated dissolution. Nevertheless this work ultimately
suggests that a more extensive study of the interactions
between soluble forms of silica and living tissues is required
to achieve a better understanding of the fate of silica-based
nanostructured biomaterials in the human body.
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