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Contamination by accidental cutaneous contact with the commercial products and the air pol-
lutants raised a considerable health and safety issue. This study aimed to trace the dynamics of
the 20 nm gold nanoparticle (GNP) penetration and accumulation in rat skin tissues using a
surface-enhanced Raman scattering (SERS) technique. After the topical application of GNPs on
rat skin surface, the SERS spectra were recorded for every 15 �m to an overall depth of 75 �m
from skin surface for 150 min. The processes of GNP penetration in rat skin were accompanied by
aggregation of GNPs, which a®ected SERS spectra. The results revealed that 20 nm GNPs can
penetrate through stratum corneum layer, viable epidermis layer, and then into dermis layer.
This study demonstrated for the ¯rst time the potential of SERS spectroscopy to monitor the
penetration and accumulation of GNPs in rat skin.

Keywords: Surface-enhanced Raman scattering spectroscopy; rat skin; gold nanoparticle pene-
tration; aggregation.

1. Introduction

Particle matter (PM) is one of the ambient air par-
ticulate pollutants, which can be classi¯ed into three

groups based on their diameters:< 0:1, 0:1� 2:5, and

> 2:5 �m. PM2.5 in ambient air can easily transfer

into human bodies by inhalation, ingestion, dermal
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contact absorption, deposit in many organs, and
pose a hazard to human health. \Nanoparticles" are
engineered structures with diameters of < 100 nm.
Due to smaller size, big surface area, and suspension
in air for longer time, nanoparticles show greater
toxicity than ¯ne particulates (< 2:5 um) of the same
material on a mass basis.1 Recently, with the devel-
opment of nanotechnology, nanomaterials are
widely investigated and applied in many ¯elds, such
as biomedicine, cosmetics, catalysis, food, textiles,
semiconductors, and biomedicines.2–5 In addition to
occupational exposure, direct human bodies expo-
sures through commercial applications and ambient
air pollution were a major concern.

Gold nanoparticles (GNPs) are one of the most
extensively studied nanomaterials ¯rst described by
Faraday more than 100 years ago.6 Due to its easy
preparation, functionalization, size and shape con-
trol, and good biocompatibility, GNPs have become
a hot issue in the ¯elds of drug delivery, bioimaging,
biosensors, and catalysis.7–9 Meanwhile, the risks of
contamination with nanomaterials by accidental
cutaneous contact with the commercial products and
the air pollutants had received considerable atten-
tion. The toxicity of nanomaterials is mainly due to
its biological permeability. Humans contact with the
di®erent air pollutants is primarily via four exposure
route: the respiratory tract (i.e., inhalation expo-
sure), skin, eyes, and the gastrointestinal tract. The
human skin was the largest organ with a surface area
of nearly 1.5 m2 in the body, protecting us from the
unwanted environmental e®ects. The skin's most
important function was to form an e®ective barrier
between the organism and the environment pre-
venting the invasion of pathogens and fending o®
chemical and physical assaults, as well as the unreg-
ulated loss of water and solutes. Polar and nonpolar
materials can permeate across the stratum corneum
(SC) via a paracellular route. The potential of
nanoparticles to penetrate into the SC and to di®use
into underlying structures raised a considerable
health and safety issue. Hence, understanding their
penetration abilities into the skin was necessary. In
recent years, skin penetration and accumulation of
metal nanoparticles had been investigated through
several techniques, including scanning electron mi-
croscopy (SEM), Two-photon microscopy combined
with °uorescence lifetime imaging microscopy
(FLIM) analysis,10 confocal Raman microscopy,11

transmission electron microscope (TEM), static
Franz cells, re°ectance confocal microscopy (RCM),

multi-photon tomography (MPT), and optical co-
herence tomography (OCT).12–16 Although these
modalities were useful, they presented certain lim-
itations. SEM, TEM, RCM, MPT, and Franz cells
had an excellent resolution and can be used to detect
nanoparticle penetration in skin. However, these
methods were destructive and di±cult for practical
implementation. OCT was a suitable tool for nonin-
vasive imaging of the process of nanoparticle pene-
tration and accumulation in skin by determining
changes in optical characteristics of the OCT images.
These changes can indicate the penetration and ac-
cumulation of nanoparticles in tissues. However,
OCT did not provide a high resolution. Darvin et al.
used Ag NPs (70� 20 nm) to investigate human skin
penetration ex vivo and veri¯ed the location of the
penetrated AgNPs using SERS technology. Their
conclusions showed that the coated AgNPs were able
to penetrate the SC of the skin. Confocal Raman
microscopy, especially SERS technology, provided
high sensitivity and has a much higher log-order
signal than normal Raman scatterings.

Compared with these techniques, surface-en-
hanced Raman scattering (SERS) technology had
shown a great promise for monitoring the process of
nanoparticle–biotissue interaction by changes in op-
tical characteristics in real time and noninvasively.
SERS e®ect, an enhancement phenomenon of the
Raman e®ect, was a hot issue in the application of
GNPs. SERS e®ect allowed for label-free, highly
sensitive and selective detection of low concentration
analytes through ampli¯cation of localized plasmon
resonances of noble metal nanoparticles. The SERS
e®ect resulted in strongly increased Raman signals
from molecules which had been attached to nano-
meter sized metallic structures. Previous reports
demonstrated that SERS enhancement levels were
mainly associated with electromagnetic (EM)
¯elds.17–19 This implied that enhancement factor
strongly depended on the morphology of nano-
particles, such as size, shape, and aggregation. In the
aggregates, large EM ¯elds were created at the
junction sites of adjacent nanoparticles (hot
spots).17,20–22 So far, extremely high enhancement
factors had been obtained by exploiting EM ¯elds on
aggregates formed by silver or GNPs with sizes of 20–
60 nm.23 Therefore, SERS technology based onmetal
aggregates can be used to deliver enhanced Raman
signals and provided detailed information on their
environments.24–26 Kneipp et al. monitored the
changes in the morphology of GNPs without Raman
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reporter molecules in living cells over time by SERS
spectroscopy.27 The increase in SERS signals in cells
was indicative of the formation of gold nanoparticle
aggregates (GNAs). Sharma et al. measured nano-
particle penetration through bone by surface-
enhanced spatially o®set Raman spectroscopy.28

With this technique, the bone penetration of GNPs
coated with a Raman reporter molecule can be
detected by speci¯c Raman signature of the nano-
tags. However, the fate of nanoparticles in tissues had
not been investigated. Previous reports had shown
that when GNPs penetrate through skin tissues it
form aggregates.12,14,15 GNPs could hardly generate
a SERS enhancement, because an excitation wave-
length of 785 nm used is far away from the surface
plasmon absorption band of GNPs, but GNP aggre-
gates produce strong SERS enhancements.

The aim of this study was to continuously mon-
itor the changes in SERS spectra in the rat skin
associate with 20 nm GNPs penetration and ag-
gregation over time at di®erent positions using
SERS technology in a noninvasive manner. Reports
demonstrated that nanoparticles with the diameter
ranging between 7 and 20 nm could penetrate the
skin. Owing to its tunable size, biocompatibility,
and easy functionalization, GNPs have been ex-
tensively studied on photothermal therapy, SERS,
and drug delivery.29 SERS spectra were acquired in
the wavenumber ranging of 800–1800 cm�1 from rat
skin with a 785 nm excitation laser. These spectra
acquired provide information on rat skin and cit-
rate-coated GNAs. By changes in SERS signal, we
can conclude about penetration and accumulation
of nanoparticles in skin, and trace the dynamics of
these processes.

2. Materials and Methods

2.1. Materials

Chloroauric acid (HAuCl4 � 3H2O) and sodium cit-
rate (Na3C6H5O7Þ were purchased from Sigama-
Aldrich. Milli-Q grade water ((Millipore) was used
for all solution preparation and experiments.

2.2. Preparation of GNPs and GNAs

The gold colloids in our experiment were synthesized
using a modi¯ed Frens' method.30 Brie°y, HAuCl4
solution (100 mL, 0.25 mM) was heated until boiling
under a re°ux condenser. 1% (w/v) sodium citrate

(Na3C6H5O7) solution (2.0 mL) was rapidly added
into the boiling solution with vigorous stirring.
Boiling continued for 10 min, the heating mantle was
then removed, and stirring was continued for an ad-
ditional 15 min. The solution was allowed to cool to
room temperature.

For GNAs preparation, 200 �L of GNPs were
placed in 96 well microtiter plates, and 50 �L of the
aggregating agent solution (Magnesium sulphate,
MgSO4; 0.0167M ¯nal concentration) was then
added.

2.3. Characterization of GNPs and
GNAs

The morphology and size of GNPs and GNAs were
observed by a SEM. The absorption spectra were
characterized in the wavelength range 400–900 nm
using a visible/near infrared (Vis-NIR) spectrometer.

2.4. Instruments

Raman spectra and SERS spectra were acquired
using confocal Raman microspectrometer (Renishaw
InVia, Derbyshire, England) with a semiconductor
laser and a Leica DM2500 microscope. Samples were
placed on the computer-controlled 3-axis motorized
stage. The band of a silicon wafer at 520 cm�1 was
used to calibrate spectroscopy. A 20� microscope
objective was used for SERS analysis. The lateral and
axial resolution of the instrument was about 1 and 2
�m, respectively. The system acquires Raman spec-
tra in the wavenumber range of 800–1800 cm�1 from
rat skin with a 785 nm excitation laser, laser power of
9 mW, exposure time of 4 s and one-time accumula-
tion. Low laser intensities excludes possible tissue
changes caused by laser illumination. Moreover,
near-infrared (NIR) excitation is required, because
NIR wavelengths can penetrate deeper into tissue
while being less absorbed by biological tissue.

2.5. Skin hematoxylin staining for

microscope observation

Skin specimens exposed to gold colloids for 2.5 h
were frozen, cut into 15 �m sections, mounted on
poly-L-lysine coated slides, ¯xed with 4% formal-
dehyde for 1 min, stained with hematoxylin, and
coverslipped with glycerol gel.14 Sections were ob-
served using a light transmission microscope.

Monitoring the penetration and accumulation of GNPs in rat skin ex vivo
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2.6. Ex vivo penetration study

Skin penetration experiments were conducted using
male Wistar rats weighing about 260 g. All animal
experiments were approved by an ethical commit-
tee. The abdominal hair was removed from rats
with an electric clipper and an electric razor 1 day
before the penetration study.16 Rats were anesthe-
tized with ether anesthesia and decapitated. The
abdominal skin was excised immediately. The tissue
samples were sealed for preventing natural dehy-
dration and stored at 4�C for no longer than 12 h
before use. The samples were allowed to equilibrate
30 min at room temperature prior to the experi-
ments. Each skin sample was cut into 2� 2 cm2

pieces by microtome before measurement. The
penetration experiments were conducted at 22�C.
The underside of the skin was soaked in 0.9% nor-
mal saline to maintain the hydration of the skin,
and the epidermis was exposed to air. One droplet of
GNPs solution (� 20 �L) was applied on rat skin. A
set of axial scanning from the skin surface to 75 �m
was taken at the same site after the topical appli-
cation of GNPs solution. Spectra were acquired for
every 15 �m to an overall depth of 75 �m at various
time intervals of 30, 60, 90, and 150 min by Raman
microspectroscopy. GNPs solution on the sample
was removed right before acquiring the spectrum.
Five random sites of each specimen were selected.
The maximum and minimum measurements were
excluded, and the average of the remaining three
measurements was used to comprise the data set.

To accurately evaluateGNPpenetration depth, the
di®erence of the refractive index between air and skin
was considered, which induces a deviation of the light
beam. The correction model developed by Everall is
used to correct penetration depth.31,32 The real depth,
Z, is expressed using the following equation:

Z ¼ � m2 NA2 n2 � 1ð Þ
1�NA2ð Þ þ n2

� �
1=2

; ð1Þ

where� is themeasured optical depth below the skin/
air interface, NA is the numerical aperture of the ob-
jective (NA ¼ 0:4),m is the pupil factor (0 � m � 1),
and n is the refractive index of the sample. The re-
fractive indexes between di®erent layers of the skin
are di®erent. In this study, we selected amiddle value
of 1.4 as the refractive index of rat tissues.

Equation (1) can be reduced to:

Z ¼ � 0:18mþ 1:42
� �

1=2: ð2Þ

If the term 0.18m is ignored, Eq. (2) is reduced to:

Z ¼ 1:4�: ð3Þ

2.7. Data pre-processing

All of the measured Raman spectra (800–1800 cm�1)
were pre-processed. Firstly, a ¯fth-order polynomial
was used for ¯tting the °uorescence background, and
then this polynomial was subtracted from the raw
spectrum to yield the tissue SERS spectra. Vancou-
ver Raman algorithm was employed for spectra
smoothing and baseline correction.

3. Results and Discussion

3.1. Characterization of GNPs and
GNAs

SEM was used to study the morphological character-
istics of GNPs and GNAs. The average particle size of
GNPs was 20 nm with a good dispersity (Fig. 1(a)).
The corresponding GNAs had a variety of sizes and
shapes (Fig. 1(b)). GNPs and GNAs were further
characterized by a UV-vis spectrometer. The GNPs
has one surface plasmon peakwhichwas located at 523
nm (Fig. 1(c)). The prepared GNAs had two bands,
which corresponded to a transverse plasmon band
(530 nm) and an EPB (780 nm) (Fig. 1(c)). The
results con¯rmed the aggregation of GNPs with the
addition of MgSO4. It was reported that a spherical
GNP only exhibit transverse plasmon band, and an
elongated particle, such as metal nanoshells, aggre-
gated nanoparticles, and nonspherical nanoparticles,
showed a second absorption band.33,34 Each GNA
with a particular size and shape presented a unique
EPB in terms of bandwidth and peak position due to
the random nature of aggregate formation. However,
in an ensemble averaged solution these bands com-
bined to form one strong, inhomogeneously broadened
band.35

3.2. GNP penetration was assessed with
specimen histology

GNP penetration in rat skin tissues was ¯rstly
assessed with hematoxylin staining. Skin specimens
exposed to gold colloids for 2.5 h were frozen, cut into
15 �m sections, and stained with hematoxylin.14 The
sections were observed using a light transmission
microscope.
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Skin consists of SC, VE, and D (Fig. 2). No
aggregates were presented in skin layers without
GNP treatment (Fig. 2). However, blue deposits
(indicated by black arrows in Fig. 2(b)) in the SC
layer and SC/VE junction of GNP treated rat skin
samples were clearly observed.

This ¯nding indicated that GNPs penetrated
across SC layer, and then reached and aggregated in
the SC/VE junction due to skin barrier properties
formed by SC and VE layers. It was reported that a
more tightly compacted SC layer near VE layer results
from an abundance of GNAs.36 However, GNAs were
not invisible in VE and D layers (Fig. 2(b)). There
were two reasons for this. First, GNPs may be washed
o® from skin layers, in particular, loose VE layer. The

sections were repeatedly washed in the process of
complicated hematoxylin staining. Second, the low
resolution of a light microscope did not enable obser-
vation of small GNAs.

3.3. SERS spectra of citrate-coated

GNPs and citrate-coated GNAs

MgSO4 was added to GNPs to prepare GNP
aggregates for assessment of SERS activity of GNPs
aggregation. The assessment of the di®erence of
GNPs SERS activity and GNAs was necessary. The
SERS spectra of citrate-coated GNPs and GNAs
were measured using simple SERS technology. The
normal Raman bands of major sodium citrate

(a) (b)

Fig. 2. Images of hematoxylin-stained rat skin tissues (a) without GNP treatment, and (b) with 20 nm GNP treatment. Blue
deposits were clearly observed in the SC layer and the SC/VE junction (indicated by black arrow) (Bar ¼ 50 �m; magni¯cation
�40). SC, viable epidermis (VE), and dermis (D).

(a) (b) (c)

Fig. 1. SEM images of (a) GNPs with an average particle size of 20 nm and (b) the corresponding GNAs. Bar ¼ 40 nm. (c) vis-NIR
absorption spectra of GNPs and GNAs. The peak absorption of GNPs is located at 523 nm. GNAs have two bands, corresponding to
transverse (530 nm) and extended plasmon bands (EPB) (peaked around 780 nm).

Monitoring the penetration and accumulation of GNPs in rat skin ex vivo
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(Na3C6H5O7) had been previously measured at
1580, 1415, 956, and 845 cm�1, and assigned to vas
(COO-), vs(COO-), vs(C-C), and vs(CCCC-O)
modes,37 respectively (Fig. 3(a)). A SERS spectrum
of citrate-coated GNPs and three di®erent spectra
of citrate-coated GNAs were showed (Fig. 3(b)). No
obvious SERS signals for citrate-coated GNPs were
visualized, because an excitation wavelength of 785
nm used in the experiment was far away from the
surface plasmon absorption band of the GNPs and
the intensity of excitation laser was very low.38,39

With the addition of MgSO4 and the formation of
GNAs, immediate intense SERS signals at 1432 and
1588 cm�1 from nanoaggregates were detected
(Fig. 3(b)). Little enhancement was observed for a
single GNP (from 17 to 80 nm), but GNP aggre-
gates produced strong SERS enhancements. The
enhancements on nanostars or nanoaggregates was
several orders of magnitude greater than the SERS
signals from nanospheres.40,41 The nanoaggregates
yielded large enhancements due to the generation of
the EM \hot spots" between two nanospheres. And
the highest SERS enhancements had been obtained
on aggregates or clusters formed by individual silver
or GNPs 20–60 nm in size. There was compelling
evidence that SERS enhancement levels were asso-
ciated mainly with enhanced EM ¯elds.42,43 The
spectra give the detailed information on citrate group
in the nanometer-vicinity of GNAs. Moreover, the
SERS enhancement levels of three GNAs were very
di®erent due to the di®erence of nanoaggregate sizes
and shapes in randomly aggregated nanoparticle
colloids. We found that the Raman peaks from cit-
rate-coated GNAs were overlapped with those from
sulphate group in the 800–1000 cm�1 region, whereas

SERS bands at 1422 and 1588 cm�1 can be clearly
observed (Fig. 3(b)). The peaks of citrate group at
1416 and 1580 cm�1 were shifted to 1422 and 1588
cm�1, respectively. And the peak at 1632 cm�1 was
assigned to amorphous carbon created on the gold
surface by high intensity laser irradiation.44

3.4. Raman spectra of rat skin at
di®erent depth and SERS spectra

of the skin after topical application

of GNPs

To study the penetration process of GNPs into rat
skin, we ¯rst compared the Raman spectra of rat
skin samples with those of rat skin treated with
GNPs. Normal Raman spectra of rat skin with a 15
�m increment from 15 to 75 �m under the skin
surface and a SERS spectrum of skin after topical
application of GNPs were measured (Fig. 4).

The main Raman bands of skin were observed at
the following peak positions: 856 cm�1 (aromatic),
937 cm�1 (stretch backbone), 1004 cm�1 (phenylal-
anine and urea),45 1450 cm�1 (proteins and lipids),
and 1662 cm�1 (amide I) (Fig. 4(a)).46 Although the
Raman signals monotonically diminish with increas-
ing depth due to the limited light penetration into rat
skin, the Raman peaks were clearly observed at the
depth of 400 �m below the surface.47 We selected two
intense bands at 1004 and 1662 cm�1 as the markers
for the skin, which are indicated by black arrows
(Fig. 4(a)). Moreover, citrate group did not present
intense Raman signal in these spectral regions.

A SERS spectrum was collected at 20 �m below
the skin surface (Fig. 4(b)). The SERS spectra of

(a) (b)

Fig. 3. (a) Normal Raman spectra of magnesium sulphate (MgSO4) and citrate sodium (Na3C6H5O7Þ. (b) A SERS spectrum of
citrate-coated GNPs and three di®erent spectra of citrate-coated GNAs. No obvious SERS signals for citrate-coated GNPs were
visualized. However, intense SERS signals from citrate-coated GNAs were observed. The spectra re°ected the information on citrate
group in the nanometer-vicinity of GNAs. The SERS signal intensity of each GNA is highly variable, due to the di®erence of
nanoaggregate sizes and shapes in randomly aggregated nanoparticle colloids.
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the skin give the detailed information on skin and
GNAs formed in skin tissues. It contained the spec-
tral features of both skin and citrate-coated GNAs.
After the topical application of GNPs, as a conse-
quence of their exposure to the changing tissue en-
vironment, individual GNPs form nanoaggregates.
The Raman bands of the skin such as 1004, 1450 and
1662 cm�1 can be clearly observed (Fig. 4(b)). For
GNAs, we can identify the intense band at 1588
cm�1, which was chosen as the marker indicated by
an arrow (Fig. 4(b)).

3.5. Study of GNP penetration and

accumulation in rat skin ex vivo

To investigate dynamics of 20 nm GNP penetration,
the changes in the SERS spectra was monitored over
time at di®erent positions. A series of SERS spectra
were acquired by Raman microspectroscopy at the
depth of 0, 15, 30, 45, 60, and 75 �m after topical
application of GNPs for 30, 60, 90, and 150 min
(Fig. 5). Five random locations were measured using
automated depth scanning at various time intervals.
The maximum and minimum measurements were
excluded, and the average of the remaining three
measurements was used to comprise the data set.

As shown in Fig. 5, these spectra contained the
spectral features of skin and citrate-coated GNAs.
We found that the skin markers at 1004 and 1662
cm�1 were not signi¯cantly enhanced by GNAs.
This phenomenon may be because the cellular
molecule was di±cult in close proximity to SERS
hot spots of GNAs in intercellular space. Previous
reports demonstrated that analyte molecules must

be within 0–4 nm of hot spots for the EM ¯elds to
have an e®ect.33 Metal nanoparticles were observed
primarily in the intercellular spaces in intact skin.36

Additionally, the enhancement factor strongly
depended on the sizes and shapes of the GNAs.33

Given the random nature of aggregate formation,
the GNAs presented a broad distribution. There-
fore, the quantitative measurements of nanoparticle
concentrations by variations in SERS intensities
was di±cult.

As shown in Fig. 5(a), after 30 min di®usion, the
spectral marker for the GNAs at 1588 cm�1 were
only presented at 15 �m (�) below the skin surface.
After correction by Eq. (3), the real depth (Z)
descends from 15 down to 21 �m (the location of SC
layer, see the images of hematoxylin-stained sections
in Fig. 2). These data illustrated that GNAs were
presented in the SC layer, but do not reach VE layer.
In addition, the Raman signals of tissues were not
substantially enhanced, which was likely attributed
to weak interaction between tissues and GNAs.

After 60 min di®usion, the GNA marker at 1588
cm�1 appeared at 15 and 30 �m (measured optical
depth: �) under the skin surface (Fig. 5(b)). Simi-
larly, after correction, the real depth (Z) descended
from 15 and 30�m down to 21 and 42 �m ((the lo-
cation of VE layer (Fig. 2)). The results demon-
strated that 20 nm GNPs can penetrate through the
SC layer and reached the SC/VE junction at this
time point.

After the topical application of 90 min, the GNA
marker at 1588 cm�1 were all detected at 0, 15, 30,
and 45 �m (measured optical depth: �) under the
skin surface (Figs. 5(c) and 5(d)). After correction

(a) (b)

Fig. 4. (a) Normal Raman spectra of rat skin and (b) SERS spectra of the skin after topical application of GNPs. The SERS
spectra of the skin re°ected the information on skin and GNAs formed in skin tissues. After topical application of GNPs, as a
consequence of their exposure to the changing tissue environment, individual GNPs form nanoaggregates. The peaks at 1004 and
1662 cm�1 were selected as the skin marker. The peak at 1588 cm�1 from the citrate group was used as GNAs marker (arrows
indicated in Fig. 4).
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by Eq. (3), the signals can be detected from 15, 30,
and 45 �m down to 21, 42, and 63 �m. Given that
the epidermis/dermis interface of rat skin used in
our experiments was located at the depth between
60 and 80 �m (Fig. 2), these data indicated that 20
nm GNPs can penetrate through the epidermis
layer, reach the epidermis/dermis interface, and
form GNAs after 90 min exposure to GNPs.

After the topical application of 150min, the citrate
groupmarker at 1588 cm�1 were all detected at 0, 15,
30, 45, 60, and 75�m (measured optical depth: �Þ
under the skin surface (Figs. 5(c) and 5(d)). After
correction by Eq. (3), the signals can be detected from
15, 30, 45, 60, and 75�m down to 14, 28, 42, 63, and
105 �m. These data indicated that 20 nm GNPs can
penetrate through the epidermis layer and into the
dermis layer, and form GNAs after 150 min exposure
to GNPs.

The results of this study suggested that SERS
technology can rapidly and ultra-sensitively moni-
tor the penetration and accumulation of GNPs in
the skin. In addition, we observed that penetration
depth, penetration time, and SERS enhancements
were not relatively correlated, because each GNA
has a unique size and shape.

SERS spectroscopy had the potential to monitor
the dynamics of nanoparticle penetration and their
accumulation within tissues. It was worthy of notice
that SERS technology was a high resolution mea-
sure method and SERS studies could be carried out
in vivo, noninvasively, and in real time. The tech-
nique revealed that nanoparticles penetrated into
skin, and accumulated in di®erent layers and
structures, and 20 nm GNPs had excellent pene-
tration abilities in skin. The results of our study
demonstrated that SERS spectroscopy was an

(a) (b)

(c) (d)

Fig. 5. A series of SERS spectra of rat skin at 0, 15, 30, 45, 60, and 75 �m below the surface after the application of GNPs at
various time intervals of (a) 30, (b) 60, (c) 90, and (d) 150 min. The peak at 1588 cm�1 from citrate group was used as GNA marker.
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objective method for monitoring nanoparticle ac-
cumulation in biological tissues. This technology
can be a useful tool for evaluating the risks of
nanomaterial contamination by cutaneous acciden-
tal contact and for assessing therapeutic e®ect as a
vehicle in transdermal drug delivery.
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