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number of commercially available
products, including food, drugs, cos-
metics, and textiles already contain
nanoparticles as active agents, carriers, or
additives. Nanoparticles are currently ex-
plored in several fields including materials
science as well as biomedical research.’
In dermatology and cosmetology nano-
particles promise to become important tools
for a more efficient and selective targeting of
drugs to skin regions and cell populations of
interest.? However, up to now, little is known
about the principles underlying nanoparticle
translocation through body barriers as well as
the mechanisms of cellular uptake of particles
and their possible interactions with biological
processes. In addition, the former hypothesis
that nanoparticles made of nontoxic material
would be harmless has been already replaced
by the evidence that nanoparticles can inter-
act with several biological systems in a differ-
ent way than the corresponding bulk material
does. Indeed, it has been shown that several
materials in their particulate state, and especi-
ally in the nanometer range, can become
toxic>™® Improved understanding of how
the physicochemical properties can influence
nanoparticle interactions with biological sys-
tems is needed to ensure an efficient and safe
use of nanosized materials.

Besides lung and gut, skin is one of the
major entry routes for external substances,
especially because of its large surface area
and accessibility to environmental expo-
sure. Nanoparticle contact with skin may
happen accidentally but also intentionally
because of their presence in clothing, drugs,
cosmetics, and other skin care products.
Healthy skin is an efficient barrier to the

RANCAN ET AL.

ABSTRACT In this study, the skin penetration and 423 nm 756 nm
cellular uptake of amorphous silica particles with
positive and negative surface charge and sizes ranging
from 291 + 9 to 42 + 3 nm were investigated.
Dynamic light scattering measurements and statistical
analyses of transmission electron microscopy images
were used to estimate the degree of particdle aggrega-

tion, which was a key aspect to understanding the

results of the in vitro cellular uptake experiments.
Despite partial particle aggregation occurring after transfer in physiological media, particles were
taken up by skin cells in a size-dependent manner. Functionalization of the particle surface with
positively charged groups enhanced the in vitro cellular uptake. However, this positive effect was
contrasted by the tendency of particles to form aggregates, leading to lower internalization ratios
especially by primary skin cells. After topical application of nanoparticles on human skin explants
with partially disrupted stratum corneum, only the 42 4 3 nm particles were found to be associated
with epidermal cells and especially dendritic cells, independent of their surface functionalization.
Considering the wide use of nanomaterials in industries and the increasing interest for applications
in pharmaceutics and cosmetics versus the large number of individuals with local or spread
impairment of the skin barrier, e.g., patients with atopic dermatitis and chronic eczema, a careful
dissection of nanoparticle-skin surface interactions is of high relevance to assess possible risks and
potentials of intended and unintended particle exposure.
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epidermis. A further barrier is represented by the net-
work of antigen presenting cells in the epidermis and
dermis, which have the role to recognize and process
penetrating foreign materials and organisms and to
elicitimmune responses.® Most of the studies assessing
the skin penetration of different nanoparticle types
after topical application have shown penetration of
particles into upper layers of the SC but not deeper into
the viable epidermis and dermis. Lademann and co-
workers have shown that after repeated applications of
an oil/water emulsion to human volunteers, 17 nm
titanium dioxide nanoparticles penetrated only to the
upper SC and accumulated in hair follicles canals.”
Even smaller iron nanoparticles (10 nm) were shown
to accumulate in hair follicle orifices and penetrate
through the lipid matrix of the SC but were never
detected deeper than the uppermost strata of the
epidermis.? Similarly, ZnO nanoparticles (26—30 nm)°
and nail-shaped quantum dots coated with carboxylic
acid'® have been reported to penetrate not deeper
than the SC. Polyvinylpyrrolidone-coated silver nano-
particles (25 + 7.1 nm) were detected by means of
transmission electron microscopy (TEM) in the SC and
only in the upper keratinocyte layers."' Nevertheless,
there is strong evidence that the extent of nanoparticle
penetration into the skin changes, when the integrity
of the skin barrier is altered and the immune system is
activated. In fact, there are a few studies, which report
on nanoparticle skin penetration across a damaged
skin barrier using different skin models.">~" In our
previous investigations, we showed that polystyrene
nanoparticles could translocate to the viable epidermis
using human skin explants pretreated with cyano-
acrylate skin surface stripping (CSSS), which induces
mild barrier disruption, but also opens hair follicle
orifices for shunt penetration.'? In later studies on
mice, the relevance of such shunt penetration was
demonstrated on murine skin, where particles could
be tracked in hair follicles, in the surrounding dermis,
and, subsequently, in draining lymph nodes and
secondary lymphatic organs upon cutaneous applica-
tion."® Using UV irradiated skin as another model for
altered skin barrier, Mortensen et al. reported on
quantum dot translocation to the viable skin of mice."*

In this study, we used the CSSS-pretreated human
skin explants to compare amorphous silica particles of
different sizes and surface charges with regard to skin
penetration and cellular uptake. Silica particles have
several industrial applications because of their specific
properties such as abrasion resistance, chemical inert-
ness, and high thermal stability. They are used as
additives, fillers, and a rheological modifier for food,
cosmetics, paints, and other products.” Furthermore,
silica particles are investigated as drug carrier systems
for medical use'® and are widely used as model
systems due to the numerous surface functionalization
possibilities.'®”'® A number of toxicological data have
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been reported about crystalline silica,'® but signifi-
cantly less in vivo studies on the biological effects
of amorphous colloidal silica have been published.
Toxicity data have been obtained in mice after intra-
venous® and gastrointestinal administration of
particles.”® The induction of inflammatory responses
was found in mice after administration of acute or
subacute doses via the respiratory tract.' Surprisingly,
there is only one published work reporting on in vivo
investigations on skin penetration and toxicity of
amorphous silica particles after topical administra-
tion.?? Therefore, many questions about silica particle
interaction with skin remain unsolved, and substan-
tially improved knowledge on silica nanoparticles
translocation through the skin barrier and cellular
uptake is still needed.

One of the main problems, encountered when
investigating the interactions of micro- and nanopar-
ticles with biological materials, is the instability of the
colloidal dispersions in physiological media and the
consequent particle aggregation. Even particles which
can be well dispersed in different organic solvents or
water, often aggregate when they are transferred to
physiological media.® This effect is due to the ionic
strength and polarity of the used dispersing phase but
might also result from complex interactions between
the functionalization groups on the surface of the
particles and the components of the media, for exam-
ple, phosphates.?® On the one hand, particle aggrega-
tion in both in vitro and in vivo conditions might reduce
the number of nonaggregated particles available for
interactions with biological membranes and cellular
uptake. On the other hand, aggregation occurring in
certain body compartments or inside cells could give
rise to novel cytotoxic effects.>* To evaluate the effect
of particle aggregation on their cellular uptake and skin
penetration we investigated the colloidal stability of
the particles in those physiological media which were
used during the experiments. These results allowed us
to provide more detailed information on the extent of
particle aggregation during the experiments using
both isolated cells and human skin explants.

RESULTS AND DISCUSSION

Preparation and Colloidal Stability of Silica Particles after
Transfer into Physiological Media. Fluoresceine isothiocya-
nate (FITC)-labeled silica particles of four different sizes
were prepared by a seeded growth process. First, a
silica core covalently labeled with FITC was synthesized
by a microemulsion synthesis. Subsequently, up to four
additional layers of silica were grown on these parti-
cles in a Stober-like growth process.>> 28 The resulting
particles had an outermost dye-free silica layer of
about 3 nm thickness, so that any interaction of dye
molecules with the surrounding physiological medium
could be excluded. Spherical particles with diameters

VOL.6 = NO.8 = 6829-6842 = 2012 F@L@Mi{\)

WWW.acsnano.org

6830



3

200 nm

Figure 1. TEM images of APS-functionalized silica nanopar-
ticles of the samples SiO,-42 (a), SiO,-75 (b), Si0,-200(c), and
Si0,-300 (d).

TABLE 1. Diameter Measured by TEM and DLS as well as
Zeta Potential of Silica Particles without Surface
Functionalization in Water (pH = 7)

sample TEM? diameter (nm) DLS diameter (nm) zeta potential (mV)
Si0,-42 42 +3 1M0+£3 -2+3
Si0,-75 5+6 101+£7 -45+ 4
Si0,-200 19 +9 206 + 16 -56+5
Si0,-300 29149 3B1+£19 -48+2

“TEM data are obtained from particle ethanolic dispersions after the evaporation of
the dispersing phase.

of 42 + 3 nm (sample SiO,-42), 75 &+ 6 nm (sample
Si0,-75), 190 £ 9 nm (sample SiO,-200), and 291 +
9 nm (sample SiO,-300) were produced with low poly-
dispersity, as measured by TEM (see Figure 1a—d).
These particles were colloidally stable in ethanol
and water. The colloidal stability in water was con-
firmed by additional measurements of their hydro-
dynamic diameter, as determined by dynamic light
scattering (see Table 1). These data indicate that
the particles were only slightly larger in water than
the particles dried from ethanol. Further, they had a
relatively high negative zeta potential (see Table 1).
Only particles of the sample SiO,-42 had a zeta poten-
tial with an absolute value that was lower than —30 mV,
where —22 + 3 mV were found. As a consequence
of this low surface charge some aggregates were
formed, which resulted in a more than doubled hydro-
dynamic diameter compared to the corresponding
value for the dried particles measured by TEM (see
Table 1). In vitro studies with cultured cells, however,
usually require transfer of particles in physiological
media, which causes alterations of the surface charge
and the colloidal stability. This aspect has to be con-
sidered in the design of such experiments. In fact,
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TABLE 2. Hydrodynamic Diameter and Zeta Potential of
Silica Particles without Surface Functionalization in PBS
(pH = 7.4) Directly and 1 Week after Transfer in the Medium

directly after transfer 1 week after transfer

DLS diameter  zeta potential ~ DLS diameter  zeta potential

sample” (nm) (mV) (nm) (mV)

Si0,-42 1000 = 100 —2+1 2000 £200 10413
Si0-75 1000 =+ 100 —2+1 3800 £400 —07 415
Si0,-200 2000 =+ 300 —1+£2 4900 + 500 —03+12

“The Si0,-300 sample aggregates and precipitates in PBS, hence no proper DLS or
zeta potential measurements are possible.

when the particles are incubated in physiological
buffers or cell culture media their zeta potential
and degree of aggregation will be changed depend-
ing on the ionic strength, pH, and other properties of
the dispersing medium.?>?°=3" Further, the aggrega-
tion of silica nanoparticles is highly sensitive to the
transfer process from ethanol to physiological media.*®
Thus, nanoparticles added to physiological media or
biological systems are typically partially aggregated
already before they come in contact with cell mem-
branes. Therefore, the detailed analysis of such aggre-
gated systems is of primary importance in order to
investigate the influence of size and surface func-
tionalization on cellular uptake and skin penetra-
tion. In this study, we developed a transfer protocol
which led to a reproducible partial particle aggrega-
tion. The ethanolic particle dispersion was diluted
with PBS, and centrifuged and redispersed in PBS
twice in order to ensure that <0.5 vol. % of ethanol
was present in the samples. The extent of particle
aggregation after this transfer protocol was studied
by means of TEM and dynamic light scattering. After
this transfer procedure, the zeta potential of the in-
vestigated particles had only a value between —1 and
—2 mV and consequently aggregation occurred, which
resulted in hydrodynamic diameters of about 1000 nm
or even larger values for the samples SiO,-42, SiO,-75,
and Si0,-200 (see Table 2). The sample SiO,-300
partially precipitated, and consequently, proper zeta
potential and light scattering measurements were
impeded. The aggregation slowly progressed with
time and after 1 week of storage in PBS the hydro-
dynamic diameters were 2—4 times larger than directly
after transfer (see Table 2). The aggregates could
not be redispersed by diluting with PBS or treating
them with ultrasound. The reduced colloidal stability
in PBS can be explained by the high salt content and
the resulting ionic strength of PBS (I; = 0.174 mol/L)
which reduces the thickness of the electrostatic
double layer and hence, the colloidal stability of the
nanoparticles. 2332734

All particles were first transferred and stored in
PBS and then added as dispersion in PBS to the cells
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Figure 2. TEM analysis of the aggregated silica nanoparticles without and with surface functionalization after their transfer in
PBS (pH 7.4). Results of the statistical analysis and representative TEM images of the corresponding samples (a) SiO,-42,
(b) Si0,-75, (c) Si0,-200, (d) APS-SiO,-42, (e) APS-SiO,-75, and (f) APS-Si0,-200 are displayed.

obtaining a thousand fold dilution of the particles
in the cell culture medium RPMI-1640. In RPMI-1640
the particles were highly diluted (c = 0.01 g/L). Hence,
a proper modeling of the evolution of the particle
aggregation in RPMI-1640 by DLS measurements was
not possible. We have recently shown that at least
concentrated samples (c = 0.55 g/L) have in RPMI-1640
a hydrodynamic diameter about 1.5 times larger than
in PBS.2> Consequently, the results obtained from
studies in PBS give a lower limit of the average hydro-
dynamic diameter of the particles during the cellular
uptake experiments. The hydrodynamic diameters
were obtained from a cumulant fit of dynamic light
scattering data and are consequently average values
for a large number of particles. As the light scattering
measurements were carried out at only one fixed
scattering angle of 165°, it has to be taken into account
that the obtained particle diameters are sufficiently
accurate for small silica nanoparticles (<100 nm),
whereas for larger aggregates, with size of the order
of the incident wavelength, the angular-dependence
of the scattered light has to be considered, as well >
Intensity measurements at small angles are known to
be more sensitive to the growth of aggregates during
the coagulation process than measurements at large
scattering angles. Therefore, the average size of the
aggregates is likely underestimated by this simple
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approach, which makes use of a fixed scattering
angle.?> Nevertheless, a large average hydrodynamic
diameter obtained from DLS measurements does not
imply that only aggregates are present in the sample.
The scattering intensity is proportional to the sixth
power of the diameter of the scatterer; consequently,
small particles are practically not detected in such
measurements. In contrast, TEM allows us to visualize
single nanoparticles as well as small aggregates if
drying effects are negligible. Therefore, a statistical
analysis of the samples SiO,-42, SiO,-75, and SiO,-
200 was carried out. The samples were highly diluted
with PBS in order to minimize the drying effects. DLS
data indicate that dilution of the samples does not
change the state of aggregation, so that it is assumed
that the extent of particle aggregation corresponds to
that of the nanoparticle dispersions used for the
uptake experiments. Representative TEM images of
each sample are displayed in Figures 2a—c and reveal
that nonaggregated particles and small aggregates
were still present in all samples.

The results of the statistical analysis are also shown
in Figure 2. In the case of sample SiO,-42, a fraction
of about 43% of all particles corresponded to nonaggre-
gated particles or small aggregates (aggregation num-
ber <10, see Figure 2a). More than half of the parti-
cles were found in larger aggregates, with aggregation
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TABLE 3. Particle Diameters Obtained from TEM and DLS
Measurements As Well As Zeta Potential of Silica Particles
Functionalized with APS in Water (pH = 7)

sample TEM diameter (hm)  DLS diameter (nm)  zeta potential (mV)
APS-Si0,-42 42 +3 121+ 4 +12 42
APS-Si0,-75 75+6 122+7 +11+3
APS-5i0,-200 19 £ 9 235+12 +10+1
APS-5i0,-300 291+9 326 + 16 +10 42

numbers reaching up to a few hundred particles.
The smaller nanoparticle aggregates had often a chain-
like structure, whereas the larger ones were fractal
structures, which is typical for reaction limited colloidal
aggregation.®® In the sample SiO,-75 the fraction of
nonaggregated particles and small aggregates with an
aggregation number <10 was significantly smaller
(about 28%) than in sample SiO,-42 and, among those,
most of the aggregates contained 9 or 10 particles
(Figure 2b). Sample SiO,-200 contained less aggregates
than sample SiO,-75; about 36% of the particles had
an aggregation number <10 (Figure 2c). However, the
average hydrodynamic diameter of sample SiO,-200
in PBS was twice as large as that of sample SiO,-75
(see Table 2), which is due to the larger diameter of the
primary particles of sample SiO,-200 (approximately
2.5 fold with respect to SiO,-75, see Table 1).

The initial step of the interaction between nano-
particles and cells is particle adsorption on the cell
membrane, which is followed by the uptake into the
interior of the cell.3” As the cell membrane has several
negatively charged groups,” it is expected that posi-
tively charged nanoparticles are taken up better than
negatively charged ones. To investigate the influence
of a positive surface charge with regard to silica particle
cellular uptake and penetration into skin, (3-amino-
propyl)-trimethoxysiliane (APS) was covalently bound
on the silica surface of the four above-mentioned
particle sizes. These samples are named APS-SiO,-42,
APS-Si0,-75, APS-Si0,-200, and APS-Si0,-300, respec-
tively. APS is often used to functionalize silica particles
for in vivo and in vitro studies.*®~*? TEM measurements
confirmed that the diameter and the morphology of the
nanoparticles were unchanged after this surface modi-
fication. In addition, zeta potential measurements con-
firmed that the particle charge was converted from
negative to positive (see Table 3). However, the abso-
lute value of the zeta potential in water was relatively
low (+10 to +12 mV), implying that the colloidal
stability of the particles was modest. This can be
explained by a slow detachment of the APS ligands
from the silica particles in aqueous dispersion, which
is promoted by the formation of a stable cyclic
intermediate.?*** As a result of the lower colloidal
stability, the hydrodynamic diameter of the nanopar-
ticles was increased compared to the diameter mea-
sured by TEM. Note that the diameters of the larger

TABLE 4. Hydrodynamic Diameter and Zeta Potential of
Silica Particles Functionalized with APS in PBS (pH = 7.4)
Directly and 1 Week after Transfer in the Medium

directly after transfer 1 week after transfer

DLS diameter zeta potential DLS diameter zeta
sample” (nm) (mV) (nm) potential (mV)
APS-Si0,-42 1600 4= 100 +4+1 2300 £ 200 +0.6 & 1.1
APS-Si0,-75 2100 4 100 +2+2 3900 + 400 +0.8 1.5
APS-Si0,-2 0 3400 £ 200 +1+2 5000 + 800 —02+£13

“The APS-Si0,-300 sample aggregates and precipitates in PBS, hence no proper DLS
or zeta potential measurements are possible.

particles (APS-SiO,-200 and APS-SiO,-300) were only
slightly increased with respect to particle primary size,
whereas the APS-SiO,-75 particles had a more than
60% larger diameter and the hydrodynamic diameter
of the APS-Si02-42 sample was almost three times
larger than the value obtained from TEM. These values
are still similar to the corresponding hydrodynamic
diameters of the nonfunctionalized particles in water
(see Table 1). The transfer of the APS-SiO,-42, APS-SiO,-75,
and APS-Si0,-200 samples in PBS resulted in a significant
decrease of the zeta potential, which reached only values
about +1 to +4 mV (see Table 4). Consequently, these
particles strongly aggregated, and average hydro-
dynamic diameters of about 1600—3400 nm were mea-
sured (see Table 4). Similar to the results obtained for the
nonfunctionalized particles, the extent of aggregation
increased when the particles were stored for 1 week
in PBS. Also the zeta potential was further decreased
and reaches values around zero after this time period
(see Table 4). In a detailed study on the aggregation
kinetics of APS-functionalized 55 nm diameter silica
particles, we could recently show that by using an
optimized transfer protocol (see Materials and Methods
section), the initial zeta potential and the hydrodynamic
diameter are only slightly lower than in water.?® However,
also in this case severe aggregation occurred within 16 h
after transfer due to the detachment of APS ligands from
the particle surface in aqueous environment, as explained
above.”® The particles of sample APS-Si0,-300 aggre-
gated and partially precipitated and, hence, could not be
further characterized by DLS and zeta potential measure-
ments in PBS. The statistical analysis of TEM images of at
least 3700 particles per sample revealed that the three
samples still contained a significant number of non-
aggregated nanoparticles and small aggregates, despite
the large average hydrodynamic diameters (Figure 2d—f).
About 23% of the particles of APS-SiO,-42 sample
were nonaggregated particles or small aggregates
(aggregation number <10, see Figure 2d). This is a
significant smaller fraction with respect to that found
for the corresponding nonfunctionalized SiO,-42 sam-
ples, in which about 43% of the particles were not
aggregated or formed small aggregates (Figure 2a).
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This result agrees well with the increased hydro-
dynamic diameter of sample APS-SiO,-42 in PBS
(1600 £ 100 nm) as compared to sample SiO,-42 in
PBS (1000 £ 1 00 nm). In sample APS-SiO,-75, the
fraction of particles with aggregation number <10 was
even smaller: less than 16% (Figure 2e). Most of the
particles were forming large aggregates with aggrega-
tion numbers up to 700 (Figure 2e). These are the
largest aggregation numbers found for all samples in
the present work. A typical example for such a large
aggregate is displayed in Figure 2e. Also in the case
of sample APS-SiO,-75 the fraction of particles with
aggregation number <10 was smaller than that found for
the corresponding nonfunctionalized sample SiO,-75,
(28%, Figure 2b). In sample APS-SiO,-200 about 26%
of the particles had an aggregation number <10
(Figure 2f), compared to 36% in the corresponding
nonfunctionalized sample SiO,-200 (Figure 2c). The
results obtained from the statistical analysis of TEM
images are in full agreement with the data obtained
with dynamic light scattering, yielding for all APS-
functionalized particles significantly larger average
hydrodynamic diameters than for the corresponding
particles without an APS functionalization (see Tables 2
and 4). Furthermore, the statistical analysis of particle
TEM images allows obtaining more detailed informa-
tion about the number of nonaggregated particles and
small aggregates that are effectively available during
the cellular uptake and skin penetration experiments
and are very useful for the interpretation of the cellular
uptake experiments.

Positive surface charge enhances particle uptake by HaCaT
cells. The cell line HaCaT was first used to investigate
the influence of size, surface charge, and aggregation
on particle uptake by skin cells. HaCaT cells are spon-
taneously immortalized human keratinocytes and
are similar to normal keratinocytes with regard to
growth and differentiation properties.** Flow cyto-
metry (Figure 3) allowed the analysis of a large number
of cells and the quantification of cells associated with
silica particles (i.e., cells with internalized and/or mem-
brane adsorbed particles), whereas confocal laser scan-
ning microscopy (CLSM, Figure 4) was used to verify
particle internalization. The flow cytometry analyses of
HaCaT cells incubated for 2 h with the particles re-
vealed that most of the cells were associated with
particles, as a marked shift of the sample fluorescence
signal with respect to that of control cells was detected.

The fraction of cells associated with silica particles
was approximately 90—99% for all samples, indepen-
dent from the particle size and surface functionaliza-
tion. The changes in surface charge and hydrodynamic
diameter occurring during the transfer of particles to
PBS and their dilution in cell culture medium did not
impede the uptake of particles by HaCaT cells. Evi-
dently, even if aggregation occurred, the fraction of the
small aggregates and nonaggregated particles was

RANCAN ET AL.
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Figure 3. Uptake of SiO, particles by HaCaT cells. Cells were
incubated with the samples (10 ug/mL, 2 h, 37 °C) Si0,-42
and APS-Si0,-42 (a), SiO,-75 and APS-SiO,-75 (b), Si0,-200
and APS-Si0,-200 (c), Si0»-300 and APS- SiO,-300 (d). Cells
incubated with nonfunctionalized (black lines) and APS-
functionalized (gray lines) SiO, particles show a positive
particle-related signal with respect to the untreated control
cells (filled gray histograms). The averaged (n = 4) relative
mean fluorescence intensity (MFI) values are displayed for
nonfunctionalized (black) and functionalized (gray) SiO,
particles. *The analysis of APS-Si0,-300 samples was not
possible because of particle sedimentation.

Figure 4. CLSM analysis of HaCaT cells incubated with
SiO, particles show internalized single particles as well as
aggregates. The rows a and b are two different sections of
the same cell showing single and aggregated particles of
the Si0,-200 sample; the rows c and d are two different
sections of the same cell showing particles of the SiO,-42
sample accumulated in the cells. The last column shows the
4-fold magnification of the respective boxed areas. An
Olympus FV1000 confocal scanning microscope was used
to collect z-stacks of single cells (Olympus, Germany).
The pictures are a selection of images collected in three
independent experiments. Scale bar = 5 um.

sufficient to reach internalization by almost all incu-
bated cells. HaCaT cells treated with APS-functiona-
lized particles displayed stronger fluorescence shifts
than cells incubated with nonfunctionalized negatively
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charged particles of the same size. This observation
confirms the hypothesis that the interactions of posi-
tively charged particles with the negative charges on
cell membrane would facilitate their internalization.*”
Obviously, the positive surface charge of the APS-
functionalized particles significantly promoted the cel-
lular uptake, despite of the fact that a large fraction of
the APS-functionalized particles was aggregated (see
Figure 2). Nevertheless, the shift between Si0,-200 and
APS-Si0,-200 samples was smaller compared to that
observed for the samples with smaller TEM diameters
(i.e., 75 £ 6 or 42 &£ 3 nm). This means that, in the case
of the 190 + 9 nm diameter particles, the APS func-
tionalization had a less positive effect with regard to
cellular internalization due to the big size of particle
aggregates. In the case of the APS-SiO,-42 and APS-
SiO,-75 samples, the aggregates with low aggregation
number (<10) are still small enough to be taken up by
the cells. For all these small aggregates the uptake is
enhanced by the APS functionalization. In the case of
Si0,-200 and APS-SiO,-200 samples, the diameter of
the primary particles is already large (190 & 9 nm) and
close to the size limit for receptor-mediated endo-
cytosis.*> Consequently, for the APS-Si0,-200 sample
only nonaggregated particles are available for cellular
uptake, which results in a significantly smaller shift
between the flow cytometry histograms of APS-SiO,-
200 and nonfunctionalized SiO,-200 particles.
Confocal laser scanning microscopy (CLSM) studies
have been performed in order to confirm the intra-
cellular uptake of SiO, particles (Figure 4). The same
HaCaT cells which were analyzed by means of flow
cytometry have been imaged by confocal fluores-
cence microscopy. Detached from the growing
surface, HaCaT cells have a spherical shape and a
diameter of approximately 12—18 um. The CLSM
analysis of the cells, by z-stacks with 1 um steps,
allowed us to scan several cell cross sections and to
verify the presence of particles within intracellular
areas. The CLSM images confirmed the intracellular
uptake of silica particles independent of their size and
surface functionalization (Figure 4). Rapidly proliferat-
ing cell lines often possess uptake mechanisms which
are different from those of the deriving primary cells. It
has been reported that HaCaT cells can internalize
substances and particulate material by means of
macropinocytosis and that they are able to internalize
dextran colloids with a size of 20 um.*® In the case of
silica particles, nonaggregated particles (Figure 4, B) as
well as small aggregates (Figure 4 A) were observed in
cells incubated with SiO,-200 particle dispersions.
However, these aggregates were never larger than a
few hundred nanometers. Even if the nanoparticles
have a size which is below the resolution limit of
a conventional optical microscope, diffused fluores-
cence associated with single particles was rarely ob-
served within cells. We rather observed fluorescent
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spots close to the cell membrane and in the perinuclear
region (Figure 4C,D). The spots have a regular shape
and a size of approximately 200 nm, which is indica-
tive for particle accumulation in endosomal vesicles
and consequently for an endocytotic internalization
pathway.*® This finding leads us to the hypothesis that
HaCaT cells preferentially internalize particle aggre-
gates in the size regime of about 200 nm or alterna-
tively that single particles accumulate in specific areas
of the plasma membrane prior to being internalized
into endosomes which have a diameter size of about
200 nm. Endocytosis has been described as the pre-
ferential internalization mechanism for several particle
types.*> However, it is still unclear if an interaction with
a receptor is always required, for example , via serum
proteins adsorbed on the particle surface. In the pre-
sent experiments HaCaT cells were incubated with
silica particles in serum-free medium. Therefore, we
can exclude that the interaction of particles with the
cell membrane takes place via the binding of serum
proteins adsorbed on a particle surface to a specific
receptor.

Surface Functionalization, Size, And Aggregation Influence
the Uptake of Silica Particles by Primary Skin Cells. It has been
shown that, when the skin barrier is partially damaged,
particles and macromolecules can bypass the horny
layer (stratum corneum) and come in direct contact
with the first layers of keratinocytes."**” Nevertheless,
the first cell layers of the epidermis represent a fur-
ther barrier to particle translocation into the viable
tissue, being connected by means of tight junctions.
Therefore, particles should be smaller than the gaps
between the tight junctions (~6 nm) or actively inter-
nalized by cells in order to penetrate into skin. This is,
for example, the case of dendritic cells of the skin
immune system.*” The cellular uptake of particles
varies strongly depending on the cell type. In parti-
cular, subsets of cells of the skin immune system are
specialized in the uptake of pathogens and can inter-
nalize proteins and other antigens by means of en-
docytosis, macropynocytosis, and phagocytosis.*® We
have therefore focused our interest on epidermis cells
(ECs) and on Langerhans cells (LCs). Keratinocytes are
the most represented cells of the epidermis (90%),
whereas the LCs represent approximately 3—5% of all
epidermis cells.5*° The flow cytometry analysis of
freshly isolated skin cells incubated with differently
sized silica particles showed that the size of the primary
particles, the degree of aggregation, and the surface
charge significantly influenced particle uptake. Re-
markably, different uptake abilities between ECs and
LCs were measured. In general, LCs showed higher
mean fluorescence intensity (MFI) values than ECs
incubated with the same silica particles, indicating that
LCs were more prone than ECs to internalize particles
(see Figure 5).
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Figure 5. Association of SiO, particles with primary epider-
mis and Langerhans cells. After incubation of cells with
samples Si0,-200 (a), APS-Si0,-200 (b), SiO,-75 (c), APS-
Si0,-75 (d), Si0,-42 (e), and APS-SiO,-42 (f) (10 ug/mL, 2 h,
37 °Q), association of SiO, particles with freshly isolated ECs
(a,c,e) and LCs (b,d,f) were analyzed by means of flow
cytometry. Cells incubated with nonfunctionalized (open
black lines) and APS-functionalized (open gray lines) SiO,
particles were compared with untreated control cells (filled
gray histograms). The averaged (n = 4) relative mean
fluorescence intensity (MFI) values are displayed for non-
functionalized (black) and functionalized (gray) SiO, parti-
cles. The results show that LCs were more prone than ECs to
particle uptake and that APS-functionalization promoted
the association of silica particles with cells.

This was mostly evident in the case of the samples
with a primary particle size of 190 & 9 nm. In fact,
primary ECs incubated with fluorescently labeled SiO,-
200 and APS-SiO,-200 particles gave the same shift as
control cells (Figure 5a), which means that no or
negligible particle uptake took place. On the contrary,
the signal of LCs incubated with the same silica parti-
cles was strongly shifted with respect to control cells
(Figure 5b). Thus, the extent to which size and aggre-
gation influence particle cellular uptake varies with the
type of the investigated cells. Primary cells feature
different endocytosis mechanisms depending on their
physiological role. Dendritic cells, such as LCs, are able
to internalize pathogens with sizes in the micrometer
range by means of phagocytosis, whereas keratino-
cytes internalize by means of endocytosis, which is
limited to material with a size of about 200 nm.** The
present results indicate that silica nanoparticles and
their aggregates are internalized by means of different
uptake mechanisms depending on their size. HaCaT
cells and LCs can internalize particles with a diameter
of 200 nm and larger aggregates by means of
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phagocytosis or macropinocytosis, whereas ECs can
uptake only particles with sizes below 200 nm most likely
by means of endocytosis.

The uptake of silica particles by both cell types is
found to be enhanced when the particle surface was
functionalized with positively charged ligands. The
fluorescence intensity signal of ECs incubated with
positively charged APS-SiO,-75 and APS-SiO,-42 nm
particles is higher than that of cells incubated with the
nonfunctionalized negatively charged particles. For
example, in the case of the APS-SiO,-42 sample, the
relative MFI values were of 2.9 4+ 0.8 and 1.9 £ 0.5,
respectively (see Figure 5e). The extent of particle
association with LCs was also positively influenced by
the APS-functionalization, with the exception of 190 £
9 nm particles (Figure 5b), where the high tendency
of APS-functionalized particles to form aggregates
resulted in a reduction of the cellular uptake. The fact
that the functionalization of the particle surface with
APS molecules enhanced the uptake of the smaller
particles (75 & 6 and 42 & 3 nm), but not that of the
190 + 9 nm particles, can be easily explained by the
fact that the APS-SiO,-200 sample formed aggregates
with a larger size than those formed by APS-SiO,-75
and APS-Si0,-42 samples (see Table 4). These are
evidently too big to be internalized even by LCs.
Therefore, even if samples APS-SiO,-75 and APS-Si0O,-42
have a similar aggregation number than APS-SiO,-200
sample (Figure 2), the extent of cellular uptake was
different. These results show that even LCs are less prone
to internalize particles or aggregates with diameters
significantly larger than 200 nm. Consequently, for the
APS-Si0,-200 sample the negative effects of aggregation
on the cellular uptake was more important than the
enhanced internalization achieved by means of particle
surface functionalization.

These data support the general observation that a
positive charge on the particle surface enhances their
electrostatic interactions with the cell membrane and
favors their internalization.>® However, particle col-
loidal stability, which is correlated to particle surface
charge, strongly affected particle aggregation and
cellular uptake. In addition, we found that LCs inter-
nalized particles more efficiently than keratinocytes,
representing thereby a significant particle-scavenging
mechanism as well as a possible target for intended
transcutaneously applied particles

Translocation of Amorphous Silica Particles through the Skin
Barrier. Investigations on nanoparticle interactions
with physiological body barriers are a matter of re-
search for both safety and drug delivery purposes.
Under physiological conditions, particles need to by-
pass barriers, such as films made of lipids and proteins
as well as cell layers sealed by tight junctions, before
they can enter body compartments and interfere with
biological processes. These barriers act as physical
impediment but might also interact with the particles
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Figure 6. Skin penetration of Si0,-42 and APS-SiO,-42 particles after topical application on cyanoacrylate-stripped skin
explants. After application of the particle dispersion (0.4%), skin was incubated in a humidified chamber at 37 °C for 16 h.
(a) Representative images are shown of particle distribution on skin surface monitored by means of CLSM. Arrows show
particles accumulated in skin furrows and triangles particles on the hair shaft. (b) Skin sections showing the accumulation of
silica particles in a hair follicle canal. Arrows show the penetration of the nanoparticles in the stratum corneum around the hair
follicle orifice. (c) ECs (CD1a negative) and LCs (CD1a positive) isolated from skin topically treated with SiO,-42 and APS-SiO,-
42 samples were analyzed by means of flow cytometry. The fractions of particle-positive cells (boxed areas) are reported as an
average of three independent experiments (three different donors). Representative fluorescence microscopy images
showing that ECs (d) are associated with a few particles (arrows), whereas LCs (e) take up several silica nanoparticles.

and change their surface, for example, by protein
adsorption. To elucidate the effects of size and surface
functionalization on particle penetration into skin,
human skin explants have been used to investigate
the distribution of particles on the skin surface, their
penetration within the hair follicle canals, and their
translocation across the horny layer into the epidermis.
Prior to the topical application of the silica particles,
skin explants were treated with a single cyanoacrylate
skin surface stripping (CSSS) in order to partially
remove sebum and other impurities from the hair
follicle orifices and improve their accessibility to parti-
cle penetration. In fact, in excised skin the hair follicle
orifices are often clogged and have a smaller volume
due to the loss of the physiological skin elasticity.
Therefore, in the case of excised skin, the CSSS pre-
treatment represents a suitable way to get closer to the
in vivo situation where most hair follicles are accessible
to particles. The analysis of the skin surface by confocal
laser microscopy showed that silica particles accumu-
lated mostly in skin furrows (Figure 6a, arrows), in
the hair follicle orifices, and also on the hair shafts
(Figure 6a, arrowheads).

Similar to other types of nanosized spheres,
silica particles penetrated also into the hair follicle

13,51
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canals, as visualized in the skin sections. In the case
of 42 + 3 nm silica particles, we also noticed particle-
associated fluorescence intensity within the SC
(Figure 6b). This is particularly evident in the areas near
the hair follicle openings, where the particles were
predominantly accumulated (Figure 6b, arrows). The
low resolution of a conventional fluorescence micro-
scope did not allow a clear identification of particles
within the keratinocyte layers or in the dermis. There-
fore, to detect nanoparticles which were translocated
through the stratum corneum and had been inter-
nalized by keratinocytes and LCs, we performed an
enzymatic digestion of the skin and isolated the cells of
the epidermal layers. LCs were then separated from
epidermal cells by means of magnetic sorting of cells
expressing the cluster of differentiation CD1c, as ex-
plained in the Materials and Method section. Cell flow
cytometry analyses as well as the fluorescence micro-
scopy images revealed that only SiO,-42 and APS-SiO,-
42 nanoparticles, but not the 75 + 6 nm samples had
translocated to the epidermis and were associated to
ECs and LCs. Figure 6¢ shows a representative dot plot
analysis for the SiO,-42 and the APS-SiO,-42 samples
in comparison to untreated control cells. Small but
significant fractions of LCs (CD1a™) and ECs (CD1a")
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were found to be associated with silica particles. More
precisely, the ratios of particle-positive LCs detected in
the skin of three different donors were 1.7 + 0.2% and
1.8 £ 0.1% for samples SiO,-42 and APS-SiO,- 42,
respectively. In the case of ECs, the ratios of particle-
positive cells were 1.1 + 1.4% and 0.8 + 0.1% for
samples SiO,-42 and APS-SiO,-42, respectively. Taking
into account that the human epidermis has approxi-
mately 600000 cells per square centimeter and that
LCs represent 4% of them, we can assume that in
one square centimeter of treated skin approximately
6000 keratinocytes and 400 LCs were associated with
Si0,-42 particles. The APS-functionalization, despite
enhancing particle uptake in vitro, had no significant
influence on particle cellular uptake after topical
application on skin explants. The fluorescence micro-
scopy analysis of the cells revealed only a few fluor-
escent spots in most of the positive keratinocytes,
whereas several spots were visible within the positive
LCs (Figure 6d,e). This finding supports the observa-
tions of the in vitro uptake experiments, showing the
superior uptake ability of LCs. The fact that the particle
uptake by cells in skin explant experiments is strongly
reduced compared to cellular uptake in vitro is due
predominantly to the efficiency of the stratum cor-
neum as a barrier. Nanoparticles applied on the skin
surface have to bypass several layers of densely packed
corneocytes and extracellular lipids before they can
interact with the subjacent layers of living skin cells,
whereas in the in vitro conditions the investigated
nanoparticles came directly into contact with the cells.

One possibility for nanoparticles to enter the viable
epidermis is to get actively internalized by the cells
of the epidermis. LCs form a close network of cells
surveying against the entry of pathogens. They are
able to collect any encountered foreign antigen initiat-
ing or modulating an immune response.** In the
present study, we demonstrate that small amounts of
42 + 3 nm silica nanoparticles can penetrate across a
slightly damaged skin barrier after topical application
and are taken-up especially by LCs. Similar results were
obtained in a previous work with commercially avail-
able negatively charged polystyrene nanoparticles.'? It
was shown that only 40 nm polystyrene particles, but
not 750 or 1500 nm ones, could translocate through
the skin barrier of human skin explants and were
internalized by LCs. The present work, investigating
amorphous silica particles with diameters ranging
between 40 and 300 nm, confirms that particle size is
a major determinant for the translocation of particles
across the SC. Nevertheless, the fraction of LCs found
positive for polystyrene nanoparticles was higher
(24 £+ 12%) than those detected for the silica nano-
particles investigated in the present work (2%),
suggesting that besides size other physicochemical
parameters like colloidal stability or formability might
influence the extent of nanoparticle penetration across
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the skin barrier. Recently, it has been demonstrated
that murine LCs can internalize external antigens by
elongating their dendrites between the most apical
granulocytes of the epidermis.*’ A dynamic reorgani-
zation of the epidermal tight junction between LCs and
keratinocytes permitted LCs to extend their dendrites
through the tight junction barrier without disruption of
the skin barrier. This behavior was associated with
activation of LCs, for example, by tape stripping, and
would allow the immune system to resist the challenge
of possible pathogens. Our present observations, to-
gether with these findings, underline the active role of
LCs in the translocation of nanosized materials across
the skin barrier. Moreover, the storage of particles in
the hair follicle canals might last for days, as reported for
TiO,, particles.>® In the case of amorphous silica particles,
CLSM and skin cryosections (Figure 6ab) showed that
SiO,-42 nm particles stuck on the hair shafts and accumu-
late in the hair follicle ducts. Therefore, the contact of
particles with skin surface in vivo might last longer than
16 h, which would increase the number of LCs getting in
contact with the accumulated nanoparticles.

The CSSS treatment removes part of the SC and can
slightly damage the junctions between the corneo-
cytes, so that the experimental conditions used in this
work might not strictly reproduce the penetration
conditions of nanoparticles through healthy skin. How-
ever, there are several situations or pathological con-
ditions in which the skin barrier is altered. For example,
this might occur in the case of sun burn, eczema, atopic
dermatitis, and psoriasis. In these special cases, the
penetration of nanoparticles through a disrupted skin
barrier is more likely to occur.

The present results show that an amorphous silica
particle with a size of 42 + 3 nm can penetrate also
across a slightly damaged skin barrier and be inter-
nalized by small ratios of skin cells. These results might
be improved by increasing the colloidal stability of the
particles or varying other parameters such as particle
formability. Hence, our findings underscore that dee-
per knowledge on the physicochemical parameters
governing the translocation of nanoparticles to the
viable skin is still required.

CONCLUSIONS

Studies on nanoparticle translocation across biolo-
gical barriers and cellular uptake are of high relevance
to understand possible risks associated with particle
exposure as well as to explore novel fields of applica-
tion in diagnostics and therapy. While penetration of
solid nanomaterials across intact stratum corneum
seems to be very limited, we recently associated
moderate barrier disruption by skin surface strip-
ping with an increased likelihood of nanoparticle
translocation into the viable tissue using human skin
explants as model system. In this study, we found
that the surface functionalization of amorphous silica
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particles with positively charged groups enhances the
cellular uptake by different types of skin cells in vitro.
On the other hand, the penetration of silica nano-
particles in the skin is clearly size dependent. In fact,
we found that human skin can efficiently block the
penetration of silica particles of above 75 nm in size,
even after mild skin barrier disruption by means of
cyanoacrylate biopsy. These experiments on excised
human skin underline that particle—skin interactions
are even more complex than in vitro particle—cell
interactions, because they address the question of
particle behavior upon contact with the complex multi-
cellular environment of the skin which might critically
change particle properties and, as a result, the extent of
the cellular uptake. The skin penetration data on silica
nanoparticles are in line with previous findings on
particle—skin interactions published by our groups'?

MATERIALS AND METHODS

Chemicals. All chemicals (@ammonia solution (Merck, p.a.
28—-30%), 3-(aminopropyl)triethoxysilane (APS, Aldrich, 97%),
ethanol (Riedel-de Haén, puriss. p.a., 99.8%), tetraethoxysilane
(TES, Fluka, purum, 98%), fluoresceine isothiocyanate (FITC,
Fluka, 99%), and Igepal CO-520 (Sigma-Aldrich, 99%)) were used
as received without any further purification. Tetraethoxysilane
was distilled before use.

Particles Preparation. The reaction vessels utilized in all reac-
tion steps with silica particles were cleaned before use with
hydrofluoric acid (8 vol. %) to remove insoluble deposits from
the glass surface. Subsequently, they were copiously rinsed with
water. All reaction steps were carried out under exclusion of
light to prevent bleaching of fluoresceine.

Synthesis of FITC-Dye Labeled Monodisperse Silica Nano-
particles. The coupling product (FITC-APS) of fluoresceine isothio-
cyanate (FITC) and 3-(aminopropyl)triethoxysilane (APS) was pre-
pared as described by Imhof et al.>® using a 10-fold excess of APS.
The reaction product was used without further purification.

FITC-labeled silica nanoparticle cores with a low polydisper-
sity were prepared in a modified microemulsion synthesis:
51.2 mL of Igepal CO-520 (116 mmol) was dissolved in 900 mL
of cyclohexane in a 2000 mL Erlenmeyer flask in an ultrasonic
bath. A 5.5 mL portion of the aqueous ammonia solution was
added, and the mixture was stirred (600 rpm) for 30 min at 25 °C.
A 5.6 mL portion of TES (25.1 mmol) and 2 mL of an ethanolic
solution of FITC-APS, with an initial concentration of 6.8 mmol/L
FITC, were added, and stirring was continued for another 5 min.
This FITC/TES ratio corresponds to a nominal FITC concentration
of 17 mmol/L silica assuming 100% conversion of TES and a
density of colloidal silica of 2 g/cm?>. Subsequently, the disper-
sion was stored for 6 days at constant temperature (25 °C)
without stirring until the final particle size was reached. The
cyclohexane was removed by a rotary evaporator and the
particles were purified from nonreacted dye by repeated cen-
trifugation (700 g) and redispersion in 100 mL of ethanol. In the
subsequent reaction steps these particles were grown larger by
seeded growth.?*=28 In every step the dispersions were diluted
to silica volume fractions of 0.5% and the ammonia and water
concentrations were kept at 0.69 M NH; and 1.56 M H,0. TES
(30 mL, 0.134 M) and optionally FITC-APS in ethanol (1 mL
containing 6.8 mmol/L FITC) were added per 1000 mL of
dispersion for each step. Up to four additional shells were
grown onto the particles. Thereby, the outermost shell is always
free of dye, so that any interaction of FITC with the environment
can be excluded.

Functionalization of FITC-dye Labeled Silica Nanoparticles with
APS. The FITC-labeled silica nanoparticles were functionalized with
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but also underscore that different types of nanoparticles
possess distinct skin penetration abilities. These findings
and the fact that there are numerous pathological
conditions in which the skin barrier is disrupted and
the skin immune system is activated raise questions on
the biodistribution and toxicity of silica nanoparticles
upon topical application. In fact, because of the storage
properties of the hair follicle canals particle retention or
redistribution to other organs might occur. On the other
hand, nanoparticle-based targeting of hair follicles and
the follicular penetration route might be utilized to
improve drug delivery to the skin. Further, the fact that
the translocated silica nanoparticles were predomi-
nantly internalized by LCs, suggests the feasibility of
using nanoparticles to target drugs to this type of cells in
order to treat inflammatory skin diseases and optimize
transcutaneous vaccination strategies.

3-(aminopropyl)triethoxysilane  (APS), as described by van
Blaaderen et al.>* The amount of APS was calculated to be sufficient
to provide an approximately 2.5 monolayer coating on the silica
particles.>® The area on the nanoparticle surface covered by each
organosilane molecule was assumed to be nominally 0.6 nm?3¢
After the functionalization in ethanol the particles were centrifuged
at least five times (700 g) and redispersed in ethanol (final silica
concentration: < 5—10 g/L) with the help of an ultrasonic bath
(Bandelin Sonorex, RK 512 H 860 W, 5—15 min, 25 °C) in order to
remove all residues from the synthesis. The particles were stored in
ethanol in an argon atmosphere and under exclusion of light. The
concentrations of nanoparticle dispersions are obtained by drying
samples with a defined volume and weighing the solid with an
analytic balance.

Particles Size and Zeta-Potential. Zeta potential and size distri-
bution of the nanoparticles measurements were performed on
a Delsa Nano C of Beckman Coulter. In all DLS measurements the
scattering angle was fixed at 165°. The samples were measured
after transferring them into water-free ethanol, highly pure water
(Milli-Q) with a measured resistance of 18.2 MQcm, and phosphate
buffered saline at pH 7.4 (PBS). Prior to the measurements all
nanoparticle dispersions were filtered through a RC 0.2 um syringe
filter (Carl Roth GmbH -+ Co. KG). The concentration of the samples
was 0.05 g/L. Similar measurements were also performed using
samples with concentrations of 0.1 g/L and 0.025 of the same
nanoparticles, yielding similar results.

Transfer of the Functionalized Silica Nanoparticles from Ethanol to
PBS. The transfer processes were carried out under argon and in
the dark. Centrifuges tubes (SuperClear PP, VWR collection,
50 mL) are used for all centrifugation steps. A dispersion of
silica nanoparticles in ethanol (3—5 mL, ¢ = 5 g/L) was mixed
with 40 mL of PBS and centrifuged for 15 h at 700 g (T = 4 °C).
The sediment containing the silica nanoparticles was first
redispersed in 3 mL of PBS using a plastic spatula, then another
5 mL of PBS were added and the sample was further redispersed
by ultrasonication for 30 min (Bandelin Sonorex 102H, 240 W,
T = 4-10 °Q). Subsequently, the dispersion was centrifuged
again (700 g, 4 h, T = 4 °C). The supernatant was removed and
the sediment redispersed in PBS by ultrasonication for 30 min
(Bandelin Sonorex 102H, 240 W, T=4—10 °QC). It should be noted
that a different transfer protocol, comprising the transfer of the
silica nanoparticles first into water and subsequently into PBS,
shorter centrifugation steps (45 min instead of 4—15 h, as used
in the present protocol) at higher acceleration (2800 g instead of
700 g) as well as redispersion in an ultrasonic bath with high
power (860 W instead of 240 W) results in lower aggregation. For
example, the hydrodynamic diameter of 55 nm silica particles in
PBS is at most twice as large as that in water.?®
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Transmission Electron Microscopy. Transmission electron micro-
scopy (TEM) images were recorded using an EM 902A TEM of
Philips. The TEM samples were prepared by dipping 400 mesh
copper grids coated by an ~15 nm carbon film (Quantifoil) into
a dispersion of the nanoparticle samples. The concentration of
these dispersions was about 0.5 g/L for size measurements.

Highly diluted dispersions in PBS (0.005 g/L) were used for
the statistical analysis of particle aggregation in physiological
media by means of TEM imaging, since the formation of particle
aggregates might be influenced by drying effects during the
preparation of the samples. At least 3800 particles from each of
the samples SiO,-42, SiO,-75, and SiO,-200 were analyzed. The
300 nm samples precipitated when redispersed in PBS and were
therefore not analyzed. Control experiments by DLS indicate that
dilution of the samples does not change the state of aggregation.

Cell Culture and Incubation Conditions. A cell line of human
keratinocytes (HaCaT cells, Deutsches Krebsforschungszentrum,
Heidelberg, Germany) was cultivated in 75 cm? flasks in RPMI
1640 medium supplemented with 4 mM glutamine, 10% fetal calf
serum (FCS), 100 ug/mL streptomycin, and 100 I.E/mL penicillin.
Cells (passage 30—60) were cultivated at 37 °C in 100% humidity
and 5% CO, and were seeded in new flasks every 2—3 days. Cells at
80—90% confluency were washed once with PBS, treated with
6 mL of trypsin/EDTA (0.02%, Biochrom, Germany/0.02%, Sigma,
Germany) for 5—6 min at 37 °C. Thereafter, trypsin was inactivated
with RPMI-1640 medium supplemented with 10% FCS, centri-
fuged (300 g, 10 min), resuspended in culture medium and seeded
into a new flask (approximately 100 000 cells/mL). For the uptake
experiments, cells were seeded (approximately 2 x 10° cells/mL)
in a 6-well plate and 24 h later particle dispersions in PBS were
added to the cells in FCS-free medium. Thus, the dispersions of the
nanoparticles in PBS were diluted at a ratio of 1:1000 with RPMI
1640 reaching a final concentration of 10 ug/mL. After 2 h
of incubation at 37 °C, 100% humidity, and 5% CO,, cells were
washed twice, trypsinized, and fixed in 2% paraformaldeyde (PFA)
prior to the analysis by flow cytometry and confocal fluorescence
microscopy.

Fluorescence Microscopy of Cells. Confocal laser scanning micro-
scopy analyses of HaCaT cells were performed with a FluoView
FV1000 (Olympus, Germany). The samples were excited by an
argon-ion laser (488 nm), and the fluorescence was detected in
the region of 550—650 nm. The visualization of particles asso-
ciated with primary skin cells was accomplished by a BX60F3
Olympus microscope (Hamburg, Germany) using 470—490 nm
BP and 550 nm LP filters.

Tissue Samples and Transcutaneous Particle Application. Human
skin (retroauricular region, breast, and abdomen) was obtained
from healthy volunteers undergoing plastic surgery within 4 to
24 h after surgical excision. Volunteers had signed an informed
consent form approved by the Institutional Ethics Committee of
the Medical Faculty of the Charité—Universitatsmedizin Berlin
(Germany) and in accordance with the ethical rules stated in the
Declaration of Helsinki Principles. Skin samples were examined
macroscopically and microscopically for tissue damage. Only
intact skin explants were used for transcutaneous nanoparticle
penetration experiments. Subcutaneous fat was partially re-
moved, leaving about 3—5 mm of adipose tissue. The skin was
cut into pieces of at least 4 cm? for skin cryosections or 20 cm?
for cell isolation samples. Square areas of 1 cm?and 16 cm? were
treated with the nanoparticle dispersions leaving safety mar-
gins of 0.5 cm to the border of the tissue in order to avoid
sideways nonspecific penetration of the tested particles into the
tissue. Prior to the application of particles, cyanoacrylate skin
surface stripping (CSSS) was performed once using superglue
(UHU GmbH, Buehl/Baden, Germany). A droplet of cyanoacry-
late glue was deposited onto a clear polyethylene tape (TESA
film no. 5529, Beiersdorf, Hamburg, Germany). This material was
pressed against the surface of the skin for at least 30 s; the
cyanoacrylate polymerized and adhered to the SC. After 20 min
the material was gently lifted and peeled from the skin. This
treatment removes part of the SC and the follicular casts, that is,
the content of the follicular infundibulum, hereby simulating
mild barrier disruption which we associated in previous studies
with a high likelihood of nanomaterial translocation across the
skin barrier.'?

Dispersions of the nanoparticles in PBS (pH = 7.4) were
diluted with PBS to a concentration of 0.5% and sonicated for
3 min before use (Sonorex Super RK102H, Bandelin, Berlin,
Germany). Skin samples were stretched on expanded polystyr-
ene sheets, previously covered with aluminum foil and labora-
tory packaging film, and placed in a humidified chamber, which
consisted of a box provided with wet napkin paper and
a cover, in order to prevent skin dehydration. A volume of
20 ul/cm? was applied on the sampled skin area and the
chamber was placed for 16 h in an incubator at 37 °C, 5%
CO, and 100% humidity. This experimental setup efficiently
prevented the evaporation of the particle dispersing phase
and the drying of the skin. After incubation, adhesive tape
stripping was performed five times to remove the particles
that had not penetrated. The skin samples were then
processed to obtain cryosections or to isolate epidermis cells
as described below.

Confocal Laser Scan Microscopy of Intact Skin Explants. The pene-
tration of silica particles within human skin explants was
visualized with a “Stratum” fluorescence confocal laser scanning
microscope (CLSM, Optiscan Pty Ltd. Melbourne, Australia).
Blue laser light (488 nm) was delivered to a miniaturized con-
focal scanner via an optical fiber. The laser light was focused to a
diffraction-limited spot on the skin surface or within the tissue
and the emitted fluorescence light was refocused from the focal
plane back into the optical fiber by objective lenses. The
intensity of this fluorescence signal was measured and animage
was generated by scanning the focused spot across the tissue in
a raster fashion.

Skin Sections. After incubation with particles, a skin area of
1 cm? was excised and split into four blocks which were frozen
in liquid nitrogen. Cryosections of 5 um in thickness were
prepared from each block using a microtome (2800 Frigocut-N,
Reichert-Jung, Heidelberg, Germany). Cutting was performed with
fresh blades from the dermis side toward the epidermis in order to
avoid dislocation of particles from the skin surface inside the
section. Cryosections from three different donors were analyzed
by fluorescence microscopy.

Isolation of Epidermis Cells and MACS Separation of Epidermal (D1c+
Langerhans Cells. Skin samples (16 cm?) were chopped into
3 mm? slices. Skin was digested with Dispase (2.4 U/mL Dispase
I, Roche, Germany) over 2.5 h at 37 °C in order to detach the
epidermis layers. Trypsin digestion (0.025% trypsin, 1.5 mM
CaCl, in PBS) of the epidermis was then performed over 15 min
in order to isolate epidermis cells. Cells were collected after
filtration and centrifugation. Subsequently, MACS separation
with anti-BDCA-1 (anti-CD1c) antibodies was performed on
isolated epidermis cell according to the manufacturer's recom-
mendations (Dendritic Cell Isolation Kit, Miltenyi Biotec,
Bergisch Gladbach, Germany). Three different experiments using
skin from three different donors were performed for each type of
studied particles.

Flow Cytometry. Cells incubated in vitro with the studied
particles (10 ug/mL, 2 h) as well as epidermal and Langerhans
cells isolated from skin explants treated with the silica par-
ticles (0.5%, 16 h) were analyzed by flow cytometry using a
FACS Calibur and the CellQuest software (Becton Dickinson,
Heidelberg, Germany). A total number of 20000 events were
recorded. The software FCS-Express 3.1 (De Novo Software,
USA) was used to analyze the collected data.
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