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RAMAN AND SERS CHARACTERIZATION
OF NORMAL PATHOLOGICAL SKIN

ALEXANDRA FALAMAS®", CRISTINA DEHELEAN®,
SIMONA CINTA PINZARU?

ABSTRACT. This study presents a Raman characterization of normal
pathological mice skin both in vivo and ex vivo. Good correlation between the
in vivo acquired spectra from the back of the mice specimens and the ex vivo
formalin fixed skin samples was observed, although the in vivo spectra presented
better resolved Raman bands. Additionally, using near-infrared laser excitation
SERS spectra were acquired from the ex vivo skin samples immersed in Ag
nanoparticles. The NIR-SERS spectra revealed main vibrational modes at
1573, 1327, 1227 and 227 cm” preponderantly characteristic to nucleic acids,
which bring additional contribution to the chemical composition of the Raman
investigated tissue.
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INTRODUCTION

Human and animal skin has been the subject of numerous spectroscopic
investigations in the last years. Raman spectroscopy implies the detection
of the inelastically scattered photons by the irradiated sample. Although the
Raman signal is extremely weak, the main advantages of the technique rely
on the fact that the sample requires minimal or no preparation and that the
interface from water absorption is almost absent from the Raman spectra.
The intensity of the active Raman bands is dependent on the concentration
of the scattering species and independent on the sample thickness. Since
the introduction of Raman spectroscopy for skin research [1], the technique
has gained increasing popularity for both in vivo and ex vivo applications.
Gniadecka et al. reported the in vitro Raman spectra of human skin, hair and
nail [2], Caspers et al. investigated the properties of different skin layers using
in vivo confocal Raman micro spectroscopy [3]. Additionally, the technique
was used for the in vivo and ex vivo diagnosis of a variety of skin cancers [4-8].
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Regardless of the multitude applications of Raman spectroscopy,
the technique has some disadvantages, as well. Firstly, of all the photons
scattered by the sample only one in 10°-10° represent the Raman signal.
This inherently weak process can not be usually amplified by increasing the
laser power because of the risk of damaging the sample. Another disadvantage
of Raman spectroscopy is that fluorescence usually interferes with the
Raman signal. Surface enhanced Raman signal (SERS) [9-11] can help
overcome both problems, because of the amplification of the scattering efficiency
per molecule and the adsorption process of the investigated sample to the
metal surface which promotes fluorescence quenching. SERS at extremely high
enhancement levels may transform Raman spectroscopy from a structural
analytical tool to a sensitive single-molecule and nanoscale probe [12, 13] due
to the favorable optical properties of the metallic nanostructures.

SERS has been lately used for a multitude of medical applications
ranging from probing and imaging live cells [14], to developing SERS gene probes
which can be used to detect DNA biotargets [15], to ex vivo diagnosing of normal
and cancerous samples [16] and in vivo tumor targeting in live animals [17].

Other studies [18] have proved that the colloidal silver nanoparticles
are able to penetrate the skin tissues and they were detected in the stratum
cormneum and the outermost surface of the epidermis. Our group has evidence
before the possibility of acquiring SERS spectra from tissue samples [19, 20]
and concluded that the Ag colloidal nanoparticles that can be incorporated
into the interstitial space in the tissues allowed high quality SERS signal. Tissue
differentiation based on the chemical composition changes would be suitable
for surface enhanced Raman scattering since the ability to nanoparticles uptake
has been proved. Different tissue structures have characteristic features in the
SERS spectra and thus, SERS diagnosis of the samples is possible [16].

In this study we employed Raman and SERS spectroscopies for the
characterization of mice skin, both in vivo and ex vivo. The aim of the research
was to probe the molecular components from the skin tissues when investigating
in vivo mice specimens versus ex vivo formalin fixed samples and to enhance the
Raman signal of the autopsy tissue samples by employing the SERS effect.

RESULTS AND DISCUSSION

The in vivo Raman spectra acquired from the skin on the back of the
healthy specimens (Fig.1 A) presented contributions from the main components
of biological tissues: proteins, lipids, nucleic acids, carbohydrates and especially
collagen. The main bands observed in the in vivo Raman spectra were assigned
to proteins and lipids. These are the 1654 cm™ amide | band of proteins), 1445 cm™
(CH, bendinq mode of lipids and proteins), 1003 cm™ (phenylalanine) and 937
and 855 cm™ (collagen). The Raman spectra acquired from the healthy mice
skin were similar to those reported by other research groups obtained from
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human and animal skin using near infrared and infrared excitation radiation
for both in vivo or ex vivo measurements [2, 4, 21]. According to the current
literature [2], the positions of the amide | and IIl bands at 1654 and 1269 cm™,
as well as the presence of the well developed band at 937 cm™ suggested a
helical protein structure.

The 1200-1340 cm™ spectral range presents mainly amide Il bands of
proteins and nucleic acids characteristic vibrational modes. These are the 1250
and 1269 cm™ (amide IIl), the latter having the highest relative intensity in this
region, the 1314 and 1338 cm™ bands of guanine and CHsCH, wagging of nucleic
acids and collagen and adenine and guanine modes of DNA/RNA, respectively.

The 1030-1130 cm™ spectral range presents useful information about
the nature of the stratum corneum lipid bilayer packing L22]. C-C stretching
modes of lipids are observed at 1127, 1087 and 1061 cm™'. Additionally, these
bands give information about the proteins as well, such as the 1127 cm’’
band assigned to C-N stretching modes of proteins and 1033 cm™ band
characteristic to C-H bending vibrations of phenylalanine of collagen [23].

Following the in vivo Raman measurements, autopsy samples were
collected from the skin on the back of the rodents and further used for ex
vivo Raman and SERS investigations. Fig.1 B) presents typical Raman spectra
acquired from the formalin immersed skin sample. The spectra usually present
the same fluorescent background as the in vivo Raman spectra and show
the same main vibrations. Although, slight differences between the in vivo and
the ex vivo Raman spectra can be observed. The 1200-1340 cm™ spectral
interval shows the same main components of tissues such as proteins,
lipids and nucleic acids and the most intense peak is assigned to the amide
Il band of proteins as in the in vivo Raman spectra. In the 1030-1130 cm™
range, the observed peaks are not as well resolved, although the Raman
modes assigned to phenylalanine, the C-O stretching mode of carbohydrates,
the C-C stretching vibrations of lipids as well as the C-N stretching mode of
proteins can still be seen, usually slightly shifted when compared to the in vivo
observed ones. Going towards lower wavenumbers, the main discrepanc
is given by the absence of the proline band characteristic to collagen at 937 cm™.
However, the main peak observed in this region is located at 919 cm™ and is
assigned to proline, as well [24]. On the other hand, the 853 cm™ band is
still present and shows the same band profile as seen in the in vivo spectra.

When passing from one spectrum to another the ex vivo Raman
spectra showed basically the same profile and main bands, although some
differences regarding the relative intensity of the bands or slight shiftings of
the wavenumbers could be noticed. One explanation for this could be the
inhomogenity of the skin tissues. Overall, the ex vivo Raman spectra matched
well the in vivo ones and basing our assumptions on the above interpretations,
we can conclude that the formalin fixation of tissues, did not affect significantly
the acquisition of the spectral information.
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Further aim of this research was to probe the Raman enhancement
using Ag colloidal nanoparticles uptaken by the skin tissues along the formalin
fixation. The autopsy skin samples collected from the mice specimens were
immersed in 10% formalin solution mixed with colloidal silver.
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Figure 1. A) In vivo and B) ex vivo Raman spectra of healthy mice skin

Figure 2 presents several SERS spectra acquired from the healthy
skin sample incubated with colloidal nanoparticles. The spectra were recorded
using short acquisition times (3 to 5 seconds) and a strong tissue signaling
with high specificity was obtained. The insertion in the figure shows the upper
spectrum after background subtraction and zoom offset.

The most intense bands seen in the SERS spectra are located at 1573,
1443, 1327, 1227, 721, 652, 418 and 229 cm™ (Figure 2). Other bands are
observed as well, although having weaker relative intensity. The relative
intensities in the SERS spectra are expected to differ significantly from the
Raman ones, due to the adsorption behavior of certain molecules to the
silver nanosurface. The SERS signal is expected from the molecular species
located in the close vicinity of the uptaken nanoparticles, superimposed with the
normal Raman scattering of the species from the laser focus area (< 1 um). Due
to the inherent inhomogenity of the tissue, the nanoparticles distribution is not
uniform. Assuming that the Raman scattering effect is accompanied by the
absorption, transmission as well as the elastic scattering, the rather low Raman
efficiency would be much lower than the local SERS enhancement. Therefore,
we assume the assignment of the recorded signal as being preponderantly
SERS signal. According to the surface selection rules, the out of plane bending
modes of a molecule adsorbed flat on the silver surface will be enhanced in
the SERS spectra, while the in plane bending modes will be enhanced when
the molecule is adsorbed perpendicular to the surface [25, 26].
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Figure 2. Typical SERS spectra acquired from the healthy mice skin tissue. The
insertion shows a detailed SERS spectrum after background subtraction.

The main bands reported here were observed in our previous SERS
studies as well, although at that time the main problem was the reproducibility
of the spectra. It was surprising to observe in this study that the SERS spectra
acquired from different points on the skin sample showed good reproducibility.
Some of the vibrational modes observed here were reported by other research
groups investigating the SERS effect in cells using gold or silver nanoparticles
[27, 28]. Thus, the observed bands in our spectra can be assigned to the
molecules or the molecular groups adsorbed to or in the close vicinity of the
silver nanoparticles. The vibrational modes seen in the high wavenumber
region of the spectra like the 1573 and 1443 cm™ are assigned to nucleic acids
constituents and proteins CH, and CH; bending vibrations, respectively. The
1380-1280 cm™ spectral range exhibits an intense broad band centered at
1327 cm™. This Raman mode is assigned to phospholipids. This broad band
contains other contributions as well, located at 1313 cm™ assigned to nucleic
acids and collagen and 1340 cm™ assigned to bending mode of collagen and
lipids [14, 29].

The same situation is seen for the 1280-1180 cm™ spectral range
which exhibits several contributions, as well. The most intense broad band
observed here is centered at 1227 cm™” and was assigned in the literature to
the amide Il band of proteins [30].
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In the low wavenumber region of the spectra more nucleic acids bands
can be observed, such as the 652 cm™ band which may be assigned to a
superposition of a tyrosine vibration and the guanine SERS fingerprint, or
the 721 cm™ assigned to adenine. The strongly enhanced sharp band seen at
229 cm™ may indicate the formation of a metal-adsorbate bond, proving the
interaction between the metal colloids and certain molecular species inside the
skin tissue [31, 32].

Summarizing these findings, one could tentatively conclude that the
silver nanoparticles penetrated the tissues along with the formalin in the
fixation process.

CONCLUSIONS

This study presented a Raman and SERS characterization of healthy
mice skin, serving as reference for further Raman skin diagnostic purpose.
In vivo Raman investigations of the mice specimens were possible proving
the efficiency of the technique for nondestructive and noninvasive studies. The
interpretation of both in vivo and ex vivo Raman spectra revealed vibrational
modes characteristic to proteins, lipids, nucleic acids and collagen. These
findings prove that the formalin fixation of the autopsy collected skin samples
did not affect significantly the acquisition of the Raman spectra.

By inoculating the samples with silver colloidal solution, it was possible
to enhance the Raman signal characteristic to the skin tissues. The most intense
vibrations were assigned to nucleic acids, although signal from proteins and
lipids could be observed as well. These findings, as well as the intense band at
229 cm™, demonstrate the interaction between the metallic nanosurface
and the adsorbate molecules in the tissues. The metal nanoparticles based
SERS technique was applied here successfully as a sensitive, nondestructive
spectroscopic method for the molecular structural probing in skin tissues.

EXPERIMENTAL PART

The Lee Meisel silver colloid was prepared through the standard
method [33]. Briefly, 100 ml of a 1 mM AgNO; aqueous solution was heated
to 93-100°C and then 2 ml of a 1% trisodium citrate solution was added.
The mixture was kept in constant (previously achieved) temperature for
about 1 hour and then was allowed to cool down to the room temperature.
The resultant colloidal mixture was of dark grey color. Finally, the colloidal
solution was centrifuged at 5500 rotations/min, for 5 min, resulting colloidal
nanoparticles with extinction maximum at 420 nm and band half width of 50
nm. For the preparation of the solutions three distilled water was used.
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Materials and methods

For this experiment BALB/c mice specimens were employed which
were obtained from Charles River, Germany. The work protocol followed all
NIAH-National Institute of Animal Health rules and the animals’ regulations
at the University of Medicine and Pharmacy Biobase, Timisoara, Romania.
The animals were maintained during the experiment in standard conditions:
12h light-dark cycle, food and water ad libidum, temperature 24° C, humidity
above 55%. At the time of the measurements, the mice specimens were 18
weeks old. After the in vivo Raman measurements, autopsy samples were
collected from the skin on the back of the mice and immersed in formalin
solution for further Raman investigations or formalin solution mixed with Lee
Meisel silver colloid for the SERS measurements.

For the in vivo measurements, the mice were completely anesthesized
with ketamine. The increased heart rate and breathing was monitored using
the Raman microscope video-camera for defocussing reasons.

Instrumentation

For the Raman and SERS measurements a dispersive high performance
micro-Raman spectrometer, Bruker Senterra with high spatial and spectral
resolution was employed. The spectra were acquired using the 785 nm laser
line and the exposure time for each spectrum was 3 to 5 s. The output laser
power was set to 100 mW. The spectral resolution was 9 cm™.
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