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Introduction

Abstract. In order to investigate the penetration depth of silver nanoparticles (Ag NPs) inside the skin, porcine
ears treated with Ag NPs are measured by two-photon tomography with a fluorescence lifetime imaging micros-
copy (TPT-FLIM) technique, confocal Raman microscopy (CRM), and surface-enhanced Raman scattering
(SERS) microscopy. Ag NPs are coated with poly-N-vinylpyrrolidone and dispersed in pure water solutions.
After the application of Ag NPs, porcine ears are stored in the incubator for 24 h at a temperature of 37°C.
The TPT-FLIM measurement results show a dramatic decrease of the Ag NPs’ signal intensity from the
skin surface to a depth of 4 um. Below 4 um, the Ag NPs’ signal continues to decline, having completely dis-
appeared at 12 to 14 um depth. CRM shows that the penetration depth of Ag NPs is 11.1 + 2.1 um. The pen-
etration depth measured with a highly sensitive SERS microscopy reaches 15.6 8.3 um. Several results
obtained with SERS show that the penetration depth of Ag NPs can exceed the stratum corneum (SC) thickness,
which can be explained by both penetration of trace amounts of Ag NPs through the SC barrier and by the
measurements inside the hair follicle, which cannot be excluded in the experiment. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.5.051006]
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the SC has triggered controversial discussions about their safety

Silver nanoparticles (Ag NPs) are silver particles of size
between 1 and 100 nm, which may be used as ingredients in
sterilizing dyes or antibacterial agents.! Food, medical devices,
and cosmetic industries often coat their products with Ag NPs,’
which, however, depending on the concentration, could be toxic
for organs.’ Toxic effects are higher when the surface-to-volume
ratio of the Ag NPs is increased and there is direct contact with
viable cells.*> This is due to the fact that the Ag NPs applied to
tissue-cultured human cells may induce free radicals, raising
concerns for potential health risks.®” Such radical formation
can be reduced by coating the NPs.® Ag NPs dispend under oxy-
gen and form silver ions, which is the main cause of silver tox-
icity in bacteria and mammalian cells.”’

Although Ag NPs are widely used in creams, textiles, topical
products, and surgical prosthesis,>'®!! their penetration into
skin is not yet completely understood. Inside the skin, there
is a barrier function that is generally attributed to the stratum
corneum (SC), preventing the entrance of foreign molecules
from the external environment.'> Therefore, the capability of
solid NPs, such as silver or zinc oxide, to penetrate or permeate
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and is now a topic of international research.'® So far, many stud-
ies have been focused on the Ag NPs’ penetration ability into the
skin using different methods.®'*'7 Larese et al.'* used poly-N-
vinylpirrolidone (PVP)-coated Ag NPs (25 nm) to investigate
human skin penetration ex vivo and verified the location of
the penetrated Ag NPs using transmission electron microscopy
(TEM). Their conclusions showed that the coated Ag NPs were
able to permeate the damaged skin in an ex vivo diffusion cell
system. George et al.'” applied a nanocrystalline silver dressing
to healthy volunteers with normal intact skin and analyzed the
silver absorption by tissue mass spectrometry, light microscopy,
scanning electron microscopy, and an x-ray diffusion spectrog-
raphy. Their results demonstrated that Ag NPs were able to pen-
etrate through the intact human skin in vivo and could be found
beyond the SC at depths of the reticular dermis. Samberg et al.'®
conducted microscopic and ultrastructural observations of dif-
ferent Ag NPs’ (20, 50, and 80 nm) in vivo/ex vivo penetration
through human/porcine skin and determined the location of
the penetrated Ag NPs in cytoplasmic vacuoles of human epi-
dermal keratinocytes by dynamic light scattering and TEM.
Furthermore, they proved that Ag NPs are nontoxic when
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dosed in washed Ag NP solutions or when they are carbon
coated. Verano-Braga et al’® adopted mass spectrometry
based proteomic technologies, western blotting, and confocal
laser scanning microscopy to investigate the Ag NPs and protein
interaction in the human LoVo cell (epithelial cell) line. Their
data showed that 20-nm-diameter Ag NPs were able to enter
the cells, while 100-nm-diameter Ag NPs were not. Kokura
et al.” studied the permeability of Ag NPs in human skin
and proved that Ag NPs did not penetrate through intact
human skin at concentrations of 0.002 to 0.02 parts per million,
thus having no effect on HaCaT keratinocytes. Considering the
results described above, we investigated the ex vivo Ag NPs’
penetration into porcine skin, which is a suitable model of
human skin,'®!"° using three different methods, i.e., two-photon
tomography with fluorescence lifetime imaging microscopy
(TPT-FLIM),?® confocal Raman microscopy (CRM),?! and sur-
face-enhanced Raman scattering (SERS) microscopy.”” TPT-
FLIM is an imaging technique based on the differences in
the exponential decay rate of autofluorescence (AF) from
skin cells, which is combined with two-photon excitation
microscopy. TPT-FLIM can track the penetration depth of Ag
NPs in porcine skin based on the different fluorescence lifetimes
of skin components and Ag NPs and their contribution to the
multiexponential fluorescence decay function. CRM is a
spectroscopic technique that has been widely used in medicine
in order to observe vibrational, rotational, and other low-
frequency modes of investigated molecules.”** The strong
limitation of Raman microscopy regarding the penetration mea-
surements is the superposition of Raman peaks of the investi-
gated substance with the Raman peaks and fluorescence
background of the skin. A strong enhancement of Raman inten-
sities up to 10'3 times generated by molecules adsorbed onto a
nanostructured metal surface can overcome the disadvantages of
Raman spectroscopy.’>*% SERS is a surface-sensitive technique
that improves Raman scattering by molecules adsorbed on
rough metal surfaces or by nanostructures, such as plas-
monic-magnetic silica nanotubes.?”*® SERS provides high sen-
sitivity since it can be generated even by a small group of NPs.
At the same time, it has a much higher log-order signal than
normal Raman scattering and can reflect information about
chemical bonds between the NPs and organic substances.?’™!

2 Materials and Methods

2.1 Nanopatrticles

The Ag NPs were synthetized by the group of Matthias Epple, as
described by Mahl et al.*> The particles were coated with PVP
(Ag NPs size: 70 £ 20 nm silver core in diameter) and soaked in
the liquid suspension (ultrapure water). They had a zeta potential
of =25 mV.*> The Ag NPs’ concentration in suspension
was 1.2 mg/mL.

2.2 Skin Sample Preparation

Fresh porcine ears were obtained on the day of slaughter from a
local butcher. Three porcine ears were selected, and three sam-
ples of 2 X2 cm were excised from each of them. Before the
measurement started, the ears were cleaned with cold flowing
water and dried with paper towels. The bristles were carefully
removed so as not to affect the integrity of the SC.

After the Ag NPs—containing solution was applied on the
surface of porcine ears (40 uL for 4 cm? area), the skin samples
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were stored in a wet chamber in an incubator for 24 h at a tem-
perature of 37°C, 5% CO,, and 100% humidity for passive
penetration.

2.3 Two-Photon Tomography with Fluorescence
Lifetime Imaging Technique

The two-photon tomograph (Dermalnspect, Jenlab GmbH, Jena,
Germany) equipped with a tunable femtosecond titanium sap-
phire laser (Mai Tai XF, Spectra Physics, USA, 710 to
920 nm) was used for ex vivo measurements of porcine ear
skin.***> The laser was operated at 760 nm and generated
100-fs pulses at a repetition rate of 80 MHz. Employing the
time-correlated single photon counting technology, one channel
FLIM module with a temporal resolution of 250 ps was attached
to the Dermalnspect tomograph. The femtosecond laser is
focused on the sample within a femtoliter volume by a high-
NA oil-immersed objective lens (magnification 40x; NA:
1.3). In the Dermalnspect, the optics of the signal-receiving
channel consists of one each short bandpass filter 409 nm
and long bandpass filter 680 nm (HC 680/SP). The maximal
scanning range is 350 X 350 ym in the X — Y direction and
200 pm in the Z direction. The lateral and axial resolutions
of the Dermalnspect system in the skin are 0.4 to 0.6 um
and 1.2 to 2.0 um, respectively.’® The FLIM and AF intensity
signals can be registered through the same objective lens by dif-
ferent photomultiplier tubes. For intensity images, the resolution
is typically 512 x 512 pixels, and for FLIM images, the typical
resolution is 128 X 128 pixels. The immersion oil, the measure-
ment window, and the skin all have the same refractive index of
around 1.45; therefore, all depths measured using this method
are real geometrical depths.

Fluorescence lifetime analysis was performed with software
(SPCImage 4.2) incorporated into the Dermalnspect system.
The fluorescence lifetime is the average time from absorbance
to emission of a photon. Since the number of photons is linearly
proportional to the fluorescence intensity, the fluorescence life-
time can be determined from the fluorescence intensity decay as
the 1/e of the maximum value. The fluorescence decay is often
multiexponential. A biexponential fit function was utilized as
shown in Eq. (1)

I'(t) = Io(ale‘t/fl + aze"/TZ), (1

where I, is the initial intensity of excited fluorescence at t = 0, ¢
is the current time, 7, and 7, are the fluorescence lifetimes of fast
and slow components, respectively, which are independent of
the initial intensity of the emitted light, and a; and a, are
the corresponding amplitudes of the fast and slow components,
respectively. The average time of fluorescence could be defined
as

T, = (@171 + ay1y) /(a) + ay). 2

After pulsed excitation, the lifetime of AF will decay expo-
nentially as described in Eq. (1). The width of the instrumental
response function has to be taken into account, and in our case, it
is small compared to the width of the time channel
(250 ps/channel) in the fluorescence lifetime histogram. The
measured fluorescence intensity, /(¢), follows the description
presented in Eq. (3)

I(t) =I'(t) ® IRF(z), 3)
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where ® is the convolution operator. However, the decay func-
tion I'(¢) cannot be deconvoluted directly as division by zero
will yield an error. But one can measure the instrumental
response of the source, detector, and electronics from the scat-
tered excitation light.

Skin samples were fixed onto the cover glass. The excitation
wavelength was set at 760 nm. To image the Ag NPs—treated
skin with SC or even stratum spinosum (SS), the FLIM mea-
sured depth reached 18 ym, based on the Ag NPs’ signal detec-
tion. The acquisition time was equal to 9.6 s for one image. The
depth increments were set at 2 um for the FLIM stack measure-
ments. For each of the three ear samples, three different posi-
tions were measured.

2.4 Confocal Raman Microscopy

CRM measurements were performed using a model 3510 Skin
Composition Analyzer (River Diagnostics, Rotterdam, The
Netherlands), which is commonly implemented for in vivo/ex
vivo skin investigations. A near-infrared laser (785 nm,
26 mW on the skin surface) was used to analyze the skin sam-
ples in the fingerprint region (400 to 2000 cm™!). The 785 nm
excitation wavelength has been widely used for Raman mea-
surements in the field of dermatology due to the reduced absorp-
tion and scattering by the skin and, as a result, the high
penetration ability.””*® The Raman fingerprint spectra were
recorded from the skin surface down to a depth of 40 ym at
increments of 2 ym. The immersion oil, the measurement win-
dow, and the skin all have the same refractive index around 1.45;
therefore, all depths measured using CRM are real geometrical
depths. The acquisition time for one Raman spectrum was 5 s. In
this case, the detailed Raman profiles were acquired within the
epidermis. According to the CRM spectrum of the Ag NPs—
treated skin, the penetration profile can be determined by the
nonrestricted multiple least square fit (NMF) method using
Skin Tools 2.0 software provided by River Diagnostics.**’
For each porcine ear skin sample, 10 different points were mea-
sured in order to obtain the penetration profile. In total, three
different porcine skin ear samples were measured. The utilized
Raman microscope was described in detail elsewhere.’’#!~#

2.5 Surface-Enhanced Raman Scattering
Microscopy

As Ag NPs are able to generate an SERS signal under the exci-
tation of 785 nm,?* the CRM described above was used for ana-
lyzing the Ag NPs’ penetration into the skin by SERS
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microscopy. The same measurement procedure was applied,
i.e., a measurement depth of 40 ym at increments of 2 um,
5 s acquisition time for one spectrum, and excitation wavelength
of 785 nm at 26 mW on the skin surface. Again, 10 different
points were measured on each porcine skin ear sample. In
total, three different porcine skin ear samples were measured.
The penetration profile could be easily calculated as the
shape of the SERS spectrum differs strongly from that of the
intact skin Raman spectrum, and its intensity is much higher.

3 Results and Discussions

3.1 TPT-FLIM Experiment

To understand the spectroscopic properties of the PVP-coated
Ag NPs, the AF intensity was investigated, depending on the
excitation wavelength in the range between 710 and 920 nm.
The maximal fluorescence efficiency of Ag NPs was found
in the range between 730 and 780 nm. Thus, the wavelength
of 760 nm was chosen as the excitation wavelength of the
TPT-FLIM system in our experiments. Separately, the average
lifetime (z,,) distributions of PVP-coated Ag NPs, SC, and SS of
porcine skin were acquired by the TPT-FLIM system. They are
shown in Fig. 1(a). From Fig. 1(a), one can see that the peak
value of the Ag NPs’ fluorescence lifetime distribution is at
~75 ps, and SC’s and SS’s mean lifetimes based on the maxi-
mum values of the lifetime distribution lie in the range of 1300
and 1700 ps, respectively. Therefore, the Ag NPs and skin layers
can be clearly distinguished according to their own lifetime dis-
tributions. In this case, we continued our experiments on the Ag
NPs-treated porcine skin after 24 h. Starting from the SC, two
prominent peaks are visible in the lifetime distribution curve,
which are shown in Fig. 1(b). One peak is at ~150 ps and
the other at ~1275 ps. The first peak is caused by Ag NPs,
but its lifetime value is higher than that of independent Ag
NPs’ AF, which may have been induced by the interaction
between the NPs and skin components. Thus, we can track
the peaks of Ag NPs’ FLIM on the skin layers to determine
the NPs’ penetration depth. The lifetime peak of the initial test-
ing position (at the depth of 0 ym) appears at 7,, = 159 ps. In
this way, the penetration depth can be confirmed in the position
where the Ag NPs’ FLIM signal disappears with respect to the
7,, = 159 ps peak position. According to our experimental
analysis, the Ag NPs’ signal at 7z, = 159 ps disappears at a
depth of 12 to 14 um on average. The NP penetration depth
could, therefore, be determined to be 12 to 14 um, thus not
exceeding the SC thickness. Figure 2 represents the Ag NPs’

600
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100 4

Autofluorescence pixel frequency

T T T T
0 500 1000 1500 2000
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Fig. 1 The average lifetime (z,,) distributions of silver nanoparticles (Ag NPs), stratum corneum (SC),
and stratum spinosum (SS) (a) and Ag NPs—treated skin at a depth of 0 to 2 um (b).
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Fig. 2 The penetration profile of Ag NPs into porcine skin obtained
using fluorescence lifetime imaging microscopy technique.
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Fig. 3 The a, distribution maps of Ag NPs, SC, and SS.

penetration profile inside the porcine skin. The Ag NPs’ signal
intensity decreases strongly from O to 4 ym, and below 4 um, it
continues to decline, having completely disappeared at 12 to
14 ym in depth. Below 14 ym in depth, the Ag NPs’ signal
approaches zero, showing that no Ag NPs exist in these depths.
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Furthermore, according to the literature,>** normal skin has

the amplitude coefficient, a;, values of AF between 50 and 90%,
whereas values of a; >90% denote the NP signals.
Accordingly, the a; distribution curves could be obtained for
Ag NPs, SC, and SS, which are shown in Fig. 3. The Ag
NPs’ a; values are distributed in the range between 85 and
100%. Both SC’s and SS’s a; values vary between 40 and
85%, which is basically identical to the values in the reference
literature.

Using SPCImage 4.2 software, a; values were coded by a dis-
crete color scale ranging from blue (<40%), green (>40%,
<85%) to red (>85%), which are shown in Fig. 4. Figure 4(a)
is the amplitude a, distribution map on the skin surface, i.e.,
at the depth of 0 ym. The green areas represent the SC FLIM
information and the red is the Ag NPs. In Fig. 4(a), the
Ag NPs are densely distributed on the surface of the skin.
Figure 4(b) shows the amplitude a; distribution maps at
a depth of 18 pum. It can be seen that the Ag NPs’ signal has
completely disappeared.

3.2 CRM Experiment

Figure 5 shows the Raman spectra of the PVP-coated Ag NPs
and the PVP coating material. As can be seen, the PVP is a
Raman active substance that does not contain any fluorescence
signal. The PVP-coated Ag NPs, characterized by the strong
fluorescence background, originated from the Ag NPs itself
and not from the PVP coating. Prominent Raman peaks at
956, 1400, and 1638 cm™! are visible on the fluorescence back-
ground, which are shifted in comparison to the PVP’s Raman
spectrum. The Raman peak at 956 cm™' is the shifted peak
of the PVP’s breathing ring mode at 935 cm~'.* The Raman
peak at 1400 cm™! can be interpreted as the vibration of the car-
bonate,***” which may have been formed by the chemical inter-
action of Ag NPs’ and PVP’s C=0 atomic group. The peak at
1638 cm™! is the Raman signal that comes from PVP’s carbonyl
bond stretching mode.*>*® Normally, this peak is observed at
1666 cm™! for PVP’s solid state, but its position is shifted in
the solution, which can be explained by the partial donating
of lone electrons of PVP to the vacant orbitals of the Ag
atom.**30

Figure 6 shows the Raman spectra of intact and PVP-coated
Ag NPs’ pretreated porcine ear skin samples. The significant
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Fig. 4 a, value distributions coded by a discrete color scale ranging from blue (<40%), green (>40%,
<85%) to red (>85%) on the skin surface measured at a depth of 0 xm (a) and at the depth of 18 um (b).
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Fig. 5 Raman spectra of the poly-N-vinylpyrrolidone (PVP)-coated
Ag NPs (solid line) and PVP coating material (dotted line).

difference between these spectra is observed in the range of
950 4 40 cm™!, which corresponds to the Raman peak at
956 cm™! of the PVP-coated Ag NPs. Other peaks at 1400
and 1638 cm™! could not be evaluated in the skin due to
their complete superposition with the skin Raman peaks.

The NMF method is applied for analyzing the penetration
depth of PVP-coated Ag NPs into the skin. The NMF method
includes the fitting of the skin Raman spectra by the known
model spectra of SC’s compounds, such as cholesterol, ceram-
ide, keratin, urea, water, etc. Thus, the depth-dependent coeffi-
cients of each individual compound are determined, minimizing
the residual fitting error. For the skin pretreated with PVP-
coated Ag NPs, the same skin coefficients and an additional
coefficient of PVP-coated Ag NPs could be determined. This
depth-dependent coefficient serves as the PVP-coated Ag
NPs’ relative concentration in the skin. The maximum of the
PVP-coated Ag NPs’ concentration is observed near the skin
surface. Then their concentration is exponentially decreased,
disappearing completely at a depth of 11.1 2.1 um. The
penetration profile of PVP-coated Ag NPs is shown in
Fig. 7. Thus, the results obtained using CRM show that the
majority of PVP-coated Ag NPs remains on the skin surface
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Fig. 6 Raman spectra of the PVP-coated Ag NPs—treated skin and
intact skin at a depth of 4 um and the difference between them.
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Fig. 7 The penetration profile of Ag NPs into porcine skin obtained
using confocal Raman microscopy.

and in the superficial layers, and does not penetrate into the via-
ble layers of the epidermis.

3.3 SERS Experiment

Figure 8 shows the exemplary SERS spectra of a PVP-coated
Ag NPs’ pretreated porcine ear skin sample measured at the
three different depths. The SERS spectra look completely differ-
ent compared to the intact skin Raman spectrum, showing an
almost five times higher intensity and another spectrum
shape. As can be seen from Fig. 8, some small SERS peaks
exist and disappear depending on the measured depth, but for
all the skin depths, the three strong SERS peaks are always
observed, e.g., 650 cm™!, which corresponds to C-S stretching
mode of the cystine component of keratin,”>>!? 1003 cm™',
which corresponds to the stretching mode of the C-C backbone
of the phenylalanine and urea,”>>* and 1600 cm™!, which cor-
responds to the C=0 stretching mode of proteins.”® As SERS
peaks at 1003 and 1600 cm™' are superimposed on the intact
skin Raman peaks, the peak position at 650 cm™' was used
for determining the penetration profiles of Ag NPs into the

skin. By detecting the SERS signal intensity at 650 cm™!,
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Fig. 8 Surface-enhanced Raman scattering spectra of the PVP-
coated Ag NPs—treated skin at different depths and Raman spectrum
of intact skin at a depth of 4 ym.
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the penetration depth of Ag NPs is determined to be
15.6 = 8.3 ym. The high standard deviation is explained by
the fluctuation of SERS intensities and by the lack of SERS sig-
nal reproducibility. The generation of reproducible SERS spec-
tra from the Ag NPs—treated skin will be a promising task for the
future. The existence of a SERS signal in the skin shows that
PVP coating material was dissolved in the SC and that Ag
NPs were released. The optimal release conditions were not
investigated in the present study and serve as a topic for future
work.

The intensity of SERS spectra at different depths could
change significantly, showing a blinking effect that was men-
tioned in the literature.?* In fact, the SERS generation can be
affected by many factors, such as NPs release efficiency, the
aggregation of NPs, the shape, size, and periphery of
NPs, %57 and the coating influence. The depth-dependent
intensity fluctuation could be caused by the discrete aggregation
of Ag NPs in the skin tissue, by the differences in combining
organic molecules to Ag NPs, and by the non-optimal release
of Ag NPs from the PVP coating. Therefore, the penetration pro-
file based on SERS analyses is not presented in this paper, but
the maximal penetration depth was successfully determined.
The appearance frequency of the SERS signal in the skin
was determined at ~14% of the total measurement points.
The obtained SERS spectra are similar to the SERS spectra
of human tissue presented in the literature.?>*

4 Conclusions

In the present study, the penetration of PVP-coated Ag NPs into
porcine ear skin was investigated ex vivo by TPT-FLIM, CRM,
and SERS methods. The TPT-FLIM method detected the pen-
etration depth of Ag NPs based on the differences of AF lifetime
distributions between cells (SC/SS) and NPs. The TPT-FLIM
measurement clearly shows that the Ag NPs signal declined dra-
matically from the surface to 4 ym in depth and then became
much weaker and completely disappeared at a depth of 12 to
14 ym. Thus, the TPT-FLIM method could confirm the maxi-
mum penetration depth of Ag NPs at ~14 ym. The mean pen-
etration depth measured by CRM and analyzed using the NMF
method was found to be 11.1 2.1 ym. SERS is a very sensi-
tive method capable of tracking a small group of Ag NPs. Using
SERS microscopy, the penetration depth was found to be
15.6 & 8.3 ym, which was also coincident with the TPT-
FLIM results.

According to the obtained results achieved by three different
methods, it proved that the Ag NPs saturate the uppermost layers
of the SC (~4 um). Only a small amount of Ag NPs could be
detected in the SC’s deep layers, i.e., near the boundary to the
SS layer (depths around 8 to 16 ym). However, several results
obtained with SERS microscopy show that penetration depth of
Ag NPs could exceed the SC thickness and reach the viable cells
of the SS layer. This could be explained by both the penetration
of trace amounts of Ag NPs through the SC barrier and by the
measurements inside the hair follicle, which cannot be excluded
in the experiment. As the results of several SERS measurements
could be interpreted as the ability of a trace amount of Ag NPs to
penetrate through the SC barrier, further investigations of the
effects of the Ag NPs on the skin could be of interest since
the toxic effects of Ag NPs on skin cell cultures were previously
reported.”*%> The effect of Ag NPs release from the PVP coat-
ing material also serves a topic of future investigations.
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By comparing the applied methods, it could be established
that the SERS technique is most sensitive for detecting the Ag
NPs, but is also time-consuming due to the low frequency
appearance of the SERS signal in the skin. The FLIM technique
is sensitive enough and CRM has a low sensitivity, but both
methods are well suited for the determination of Ag NPs pen-
etration into the skin.
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