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Featured Application: Raman spectroscopy could be used as a non-invasive and rapid detector of
small molecules in the skin of patients.

Abstract: Raman spectroscopy was used to detect low quantities of Vismodegib in the skin after
its topical application via transfersomes. Vismodegib is a novel antineoplastic drug approved for
oral administration for treatment of basal cell carcinoma. Transfersomes loaded with Vismodegib
were prepared by thin film resuspension and extrusion, and were characterized physicochemically.
Transfersomes were applied to human and pig skin specimens using the Saarbriicken penetration
model. The skin was then sectioned by tape stripping, followed by penetration assessment by
UV-Vis spectroscopy and Raman spectroscopy in a confocal Raman microscope. Raman signals from
Vismodegib and transfersomes were recovered from skin sections, showing a similar distribution
in the stratum corneum obtained by the other techniques. On the other hand, pig and human skin
showed differences in their penetration profiles, proving their lack of equivalence for assessing the
performance of these transfersomes. Raman spectroscopy appears as a potential non-invasive, direct
tool for monitoring hard-to-detect molecules in a complex environment such as the skin.

Keywords: Raman spectroscopy; skin penetration; Vismodegib

1. Introduction

The epidermis, which makes up the majority of the surface of the skin, is composed
of keratinocytes produced from the basal stratum and is divided into many layers. The
outermost epidermal layer, known as the stratum corneum (SC), is made up of corneocytes
that are encased in a lipid matrix. Vismodegib (VDG) (Erivedge®, Genentech) is a novel
antineoplastic drug approved for its use by oral administration in basal cell carcinoma, a
type of skin cancer [1]. In recent years, research has been conducted on the local admin-
istration of VDG through topical applications in order to minimize systemic distribution
and mitigate potential side effects. [2,3]. Transfersomes are a special kind of unilamellar
liposomes, composed of a mixture of phospholipids and an edge activator that confers
deformability to their membrane, and they are among the carriers that have been proven
useful to deliver VDG to the viable epidermis. Their enhanced flexibility and fluidity
make them especially useful for skin delivery, as they can pass through the very narrow
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channels that exist in the SC to reach the viable epidermis, where they can release their
cargo [4]. In order to determine whether a compound loaded into transfersomes, or any
other skin delivery system, effectively overcomes the SC barrier and reaches the viable epi-
dermis, it is necessary to assess its distribution across these skin regions. For this purpose,
in vitro/ex vivo techniques, such as Franz cell permeation studies or penetration studies
using the Saarbriicken penetration model, are employed or, alternatively, in vivo incubation
in animal models, which requires sacrificing the individuals prior to determination. In
living human subjects, the tests can, at most, investigate the distribution within the SC,
using the in vivo tape stripping technique—which causes an increase in trans epidermal
water loss, is painful, and leaves the skin damaged for a period of time—without providing
insight into the distribution of the compound in the layers of the viable epidermis and
beyond [5].

On the other hand, Raman spectroscopy is a sensitive and non-destructive technique
that involves the use of optical filters to analyze the scattered radiation and obtain informa-
tion about molecular structure, relying on the emission of photons, which form the unique
fingerprint of functional groups [6]. Thus, it provides not only qualitative information,
but also quantitative conformational analysis [7]. It is based on inelastic scattering, and
measures the change in energy of the scattered radiation. Raman scattering is considered a
weak, second-order process due to the interaction of the laser photons and the vibrational
mode of the sample under analysis. It is a low-damage, high-sensitivity method, which
make it suitable for studying lipids and drugs [8], and its potential to detect molecules
in the skin has been pointed out in the past decade [9]. Recent advancements in Raman
spectroscopy have expanded its capabilities, allowing for more precise and detailed analy-
ses of samples. The Raman spectrum of VDG was previously studied [10] through their
characteristic functional groups, such as pyrimidine, amide, sulfone, phenyl, and chlorine
groups. Therefore, Raman spectroscopy could be of great utility in detecting compounds
loaded in drug delivery systems for topical-cutaneous administration, allowing for safe
monitoring of their effective arrival to deep skin layers in living individuals. This could
contribute to improved treatment monitoring and optimization of dosages, by correlating
the actual amount of the compound in the skin with measured effects. To pave the way
towards that aim, in this work, the Raman technique is used to determine VDG directly
from human and pig skin samples.

2. Materials and Methods
2.1. Materials

Soybean phosphatidylcholine (SPC) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA), while sodium cholate (NaChol) and Merocyanine 540 (MC540) were pur-
chased from Sigma-Aldrich (Buenos Aires, Argentina). Erivedge® (commercial name for VDG)
tablets and VDG standard (2-chloro-N-(4-chloro-3-(pyridin-2-yl)phenyl)-4-(methylsulfonyl)
benzamide) were donated by Roche S.A.Q. e I. 6-Dodecanoyl-2-dimethylaminonaphthalene
(Laurdan, Birmingham, AL, USA) was obtained from Thermo Fisher Scientific
(Buenos Aires, Argentina). The remaining analytical-grade reagents were obtained from Anedra
(Buenos Aires, Argentina).

2.2. VDG Extraction from Capsules and Its Quantification

The extraction and quantification of VDG from commercially-formulated capsules
were conducted according to a previously described method [11]. Briefly, the capsules’
contents were extracted using methanol (1 mL of solvent per 4 mg of Erivedge®) through
vortexing for 1 min, followed by centrifugation, yielding a recovery rate of 78.8 + 7.2%
in the supernatant. VDG determination was performed with a Shimadzu UV-1800 UV-
Visible spectrometer, using 270 nm as absorption wavelength, and a calibration curve was
generated from triplicate measurements of the standard, covering a concentration range of
0.24-24 uM (Y = 0.019 x X — 0.0238; R? = 0.9917).
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2.3. Transfersomes Obtention

Transfersomes containing VDG (T + VDG) were prepared as in previous works [12].
The liposomes were formulated using a mixture of SPC and NaChol, to which VDG
dissolved in methanol was added in a ratio of 40:7:1.4 w/w (SPC:NaChol:VDG). Briefly,
the aforementioned mixture was combined with a chloroform: methanol solution in a 1:1
v/v ratio. The solvents were then evaporated using a rotary evaporator at 120 rpm in a
flask until complete removal, to obtain a lipid film at the bottom of the flask. The lipid
film was subsequently hydrated with 1 mL of Tris-HCl buffer containing 0.9% w/v NaCl at
pH 7.4 (40 mg of SPC per ml of rehydration solution). Finally, the liposomal suspension
underwent size and lamellarity reduction using an automatic extruder (Transferra, Burnaby,
BC, Canada) connected to a nitrogen gas tank (N;). The liposomal suspension was passed
through a 100 nm pore-size polycarbonate membrane five times to achieve size reduction
and uniformity, rendering unilamellar transfersomes with a diameter of about 100-120 nm.
Transfersomes without VDG (T) were prepared in the same way, but without the addition
of the drug.

2.4. Transfersomes Characterization

The Z-average was determined by dynamic light scattering (DLS) with a Malvern
Zetasizer Nano (Malvern Instruments; Malvern, UK) at 25 °C, after appropriate dilutions.
Each sample was analyzed three times. Zeta potential was determined with the same
equipment in triplicate. The interaction of VDG with the transfersomes” membrane, and
the changes in the membrane packing and fluidity after incorporation of the drug, were
assessed with the MC540 and Laurdan probes in triplicate. For the measurement with
MC540, samples were diluted with Tris-HCI buffer until a concentration of 172 pM of lipids,
and the probe was added in a 1:200 molar ratio. The samples were incubated for 2 min,
and then scans between 400 and 600 nm were obtained with a UV-Vis spectrophotometer
(Jasco V-550, Tokyo, Japan) at 25 °C. The partition coefficient (PC) was calculated as the
ratio of the maximum absorbance of the MC540 monomer in a non-polar phase (570 nm)
with the maximum absorbance of the monomer in an aqueous phase (530 nm) [13]. A
baseline correction was performed to avoid scattering measuring samples without the
probe. PC was calculated by:

PC = A570/A530 1)

Laurdan was incorporated into T and T + VDG during their preparation by adding
the probe to the lipophilic phase in a 0.33 mol% concentration. Samples were diluted
with Tris-HCI buffer until forming a concentration of phospholipids of 80 pg/mL, and the
fluorescence was measured with a FluoroMate FS2 (SCINCO, Seoul, Republic of Korea) at
25 °C. Generalized polarization (GP) spectra of Laurdan excitation (GPex) and emission
(GPem) were calculated and graphed [14]. GPex spectra were calculated by:

GPex = (Is40 — Lso0)/ (Ia40 + L90) @

using excitation wavelengths from 320 to 400 nm. The I440 and l49o are the emission
intensities at 440 and 490 nm, which correspond to the emission maxima of the probe in the
gel and the liquid-crystalline phase, respectively. GPem spectra were calculated by:

GPem = (I390 — I340)/ (I390 + I340) ®G)

using emission wavelengths from 420 to 510 nm. The I3gp and I349 are the excitation
intensities at 390 and 340 nm, which correspond to the excitation maxima of the probe in
the gel and the liquid-crystalline phase, respectively.

On the other hand, the molar ratio between the phospholipids and VDG was deter-
mined in triplicate. Phospholipids were quantified by the colorimetric method adapted
from Stewart [15].
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Statistical analyses were conducted with GraphPad Prism 8.0.1 (GraphPad Software Inc.,
San Diego, CA, USA). Data were analyzed using Student’s t-test after the normal data dis-
tribution was confirmed with the Shapiro-Wilk test. The homoscedasticity was also corrobo-
rated using the F test to compare variances. Values with p < 0.05 were considered significant.

2.5. Obtention and Preparation of Skin Samples

Human skin explants from a healthy adult male donor were used in this study, ob-
tained from surgical discard from abdominal surgery. The explants were conducted fol-
lowing approved protocols by the Ethics Committee of the National University of Quilmes
(Resolution #CE-UNQ 001/19), in accordance with the World Medical Association’s Code
of Ethics. Samples were pinned from their ends onto a Styrofoam plate covered with
aluminum foil. Scissors and scalpels were used to separate the adipose tissue (hypodermis)
from the dermal tissue, leaving only a thin layer of skin containing the viable epidermis
plus dermis (VED). Samples were then cleaned with PBS buffer pH 7, cut into rectangles,
wrapped in aluminum foil, stored in airtight, polyethylene zip-lock bags to remove air, and
kept at —20 °C until use.

Adult pig ears were bought from a slaughterhouse. The skin was separated from
cartilage by carefully lifting it with forceps and using scissors. The obtained thin skin
layers were then cleaned with PBS buffer, wrapped, stored, and kept at —20 °C, as with the
human skin.

2.6. Skin Experiments

Human or pig skin samples with a diameter of 24 mm were excised and placed onto
Teflon devices, known as the Saarbrucken Penetration Model (SPM) [12]. These devices
consist of a flat-bottomed cylindrical cavity measuring 25 mm in diameter and 5 mm in
depth. Prior to placement, a filter paper disk soaked in 200 uL of PBS was positioned on the
cavity floor to create a highly humid environment, replicating the moisture gradient across
the stratum corneum (SC). Each skin disk was evenly distributed with 20 aliquots of 2.5 uL
(totaling 50 uL) of T + VDG suspension and incubated at 33 °C for 1 h. All experiments
were conducted in quadruplicate. Subsequently, the skin was affixed to a polystyrene plate
using pins, and tape stripping was performed using 20 consecutive adhesive tapes loaded
with a weight of 2 kg for 10 s, after which they were rapidly removed, taking along a layer
of the SC.

For the spectrometry assays, the tapes from each sample of human or pig skin were
grouped into tubes corresponding to the shallow (tapes 1-5), middle (6-10), and deep
(11-20) SC regions. Additionally, the remaining skin disk, consisting of viable epidermis
and dermis (referred to as VED), was mechanically disrupted, and placed in an extra tube.
Then, the samples were extracted for 1 h under stirring, using the same solvent used for the
calibration curve, followed by the determination of the presence of VDG in each sample as
in Section 2.2.

For the Raman assays, representative adhesive tapes (0.04 mm) of the different human
and pig skin portions (tapes number 1, 9, and 15 from the SC, as well as the intact portion
of VED with a thickness of 3.62 mm and 3.15 mm for human and pig, respectively), were
collected from each sample. The tapes were lifted using tweezers and stretched over
a microscope slide, securing them in a manner that the adhesive surface which was in
contact with the SC faced upwards. A Horiba Yovin Ivon confocal Raman microscope
(Horiba Ltd., Kyoto, Japan), equipped with a 785 nm laser emitting at a maximum power of
150 mW, was utilized to analyze the VDG signal. The system is equipped with an objective
of 20x, with a working distance of 1.2 mm, an effective focal length of 0.9 mm, and a
numerical aperture of 0.4. This objective has a focal volume of 0.2 mm?.The microscope
employed a Cross Czerny Turner spectrometer, with a grating of 600 lines/mm as its detector,
with an optical resolution of 1 cm~!. The detector in this monochromator was a CCD
cooled to —60 °C. The obtained data were subsequently processed using Labspec software



Appl. Sci. 2023,13, 7687

50f 10

10.4 (Dilor) to generate Raman spectra. The entire thickness of the sample could not be
completely estimated, due to limitations of the equipment.

Blanks of untreated skin were prepared and subjected to the same procedures, to
determine whether the skin or the adhesive tape generate Raman or UV-Visible signals that
could act as interferences for the spectra of interest. Empty transfersomes were also used as
another control.

3. Results and Discussion
3.1. Transfersomes Characterization
The loading of VDG did not alter the Z-average nor the zeta potential of the transfersomes

(Table 1). Both formulations presented a unimodal distribution of size and a polydispersity
index (PDI) < 0.100. The final molar ratio between VDG and lipids was 1:12.5.

Table 1. Physicochemical parameters of the empty and VDG-loaded transfersomes.

Sample Z-Average (nm) ? Zeta Potential (mV) ? Molar Ratio (VDG:SPC) MC540 CP (A570/A530) 2
T 111.0 £ 1.8 —-203+£12 - 0.94 £ 0.01
T+ VDG 1143 £ 1.1 —185+0.8 1:12.5 1.00 £ 0.01

a Mean =+ SD (n = 3).

Since VDG is a lipophilic drug, it inserts into the transfersome phospholipid bilayer.
A MC540 probe is useful to assess the phospholipid packing in bilayers by measuring
its partition as a monomer between polar and non-polar environments [16], the external
aqueous phase, and the transfersome’s membrane, respectively. The MC540 locates as a
monomer slightly above the domain of the glycerol of the backbone of neutral and charged
phospholipids [17]. For this reason, MC540 is sensitive to structural variations in the head
group region. The loading of VDG into the transfersomes did alter the PC of MC540
(** p < 0.002), increasing the PC value with respect to the empty transfersomes. A higher PC
value corresponds to increased incorporation of the probe into the membrane. Therefore,
VDG could favor the loss of packing of the head group of phospholipids.

On the other hand, Laurdan is useful to determine the phase state of the bilayer,
because the GP function (for excitation and emission) acts as a fingerprint to discriminate
among different membrane phase state scenarios [18]. The incorporation of the drug did not
alter the phase state of the bilayers as expected after the results with MC540 (Figure 1). The
curves corresponding to the GP spectra of excitation and emission are typical of a liquid-
crystalline phase. Since the transition temperature between the gel and liquid-crystalline
phase is around —20 °C for SPC, and the presence of VDG favored the loss of packing as
observed with MC540, transfersomes continued to be in the liquid-crystalline phase after
incorporation of the drug.

0.4
—_T T+VDG

Emission

0.2+

vl
0.0 /

Liquid-crystalline
-0.2- phase state

Excnatlon/y

o
C]

-0.44

T T T T
300 350 400 450 500 550

Wavelength (nm)

Figure 1. Laurdan excitation and emission GP spectra of empty transfersomes (T) and VDG-loaded
transfersomes (T + VDG) at 25 °C. The curves consist of the averages of three independent measurements.
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3.2. VDG Determination in Skin by UV-Visible Spectrophotometry

VDG was detected throughout all sections of the human and pig skin: shallow SC
(1-5), medium SC (6-10), deep SC (11-20), and VED (Figure 2). Remarkably, while in the
samples of human origin VDG were predominantly distributed in the first part of the SC,
with a minor penetration percentage into the VED, in the pig skin samples, the opposite
occurred, with a higher presence of the drug in the VED and lower retention in the SC.

60

Hm Human skin B33 Pig skin

o 9 o Q0
& & 2 L

o R o
6“?}\ é@& &

»
o
|

VDG mass recovered (%)
T

o
l

Figure 2. VDG recovered from the different sections of human and pig skin incubated with same
amounts of T + VDG for 1 h at 35 °C (n = 4). VDG was expressed as the percentage recovered from
skin relative to the initial concentration of the incubated drug. Data are shown as mean & SD.

While the literature generally validates the use of ex vivo porcine ear skin as a surro-
gate for human skin [19,20], our results, along with previous findings, draw attention to
certain differences. A previous study regarding the penetration of fluorescently-labeled
transfersomes in both human and pig skin [21] had shown some differences between these
skin models for the penetration of this type of carrier, which was reaffirmed here with the
profile of T + VDG. This is also consistent with observations made in previous studies [22],
where in vivo human skin was compared to ex vivo pigskin at room temperature. In that
case, higher permeability for pigskin to substances of different solubilities was noted. In
this case, with both ex vivo samples incubated at body temperature, that trend is maintained.
It is important to emphasize that the penetration of transfersomes depends on the existence
of a moisture gradient in the skin. This should be taken into account regarding excipients
that could be used in final formulations, as the literature shows how the Raman signal
is affected at different depths of the skin by substances that can remove water, causing
dehydration [23].

3.3. VDG Determination by Raman Spectroscopy

As can be seen in Figure 3, the Raman signals of the drug exhibited higher intensity in
the superficial layers of the human SC than in the pig SC, and it showed partial agreement
with the spectroscopic UV-visible assay. On the other hand, concerning the distribution of
VDG in the VED shown in Figure 4, the Raman signals for both the carrier and the drug
were detected more intensely in pig skin, whereas they were barely distinguishable from
the background noise in the human samples. It was also coincident with the higher VDG
signal in the UV-visible analysis for pig skin.

In Figures 3 and 4, the Raman spectra obtained from the different regions of human
and pig skin are shown for empty transfersomes (T) and transfersomes loaded with VDG
(T + VDG). In the cases detailed in the previous paragraph for Figure 4, a peak at 1434 cm ™!
corresponding to transfersomes, previously observed in the SC [24], was found. Addition-
ally, a peak at 770 cm~! was observed in the VDG-loaded transfersomes in Figures 3 and 4,
which coincides with a value previously reported through theoretical calculations [10].
Another peak reported for transfersomes at 1150 cm~! was also observed in pig VED, as
well as other peaks corresponding to VDG at 350 cm~! and 415 cm ™!, were pointed out in
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Figure 3. On the other hand, in Figure 5, a fourth derivative version of the Raman spectra
of human skin in the VED is shown for better observation of the VDG presence, because the
original signal presented very low intensity. Derivative analysis is commonly used to detect
small signals hidden in the original spectra. Mathematically, if the original spectrum has a
small peak (our case with the Raman Signal of VDG), the fourth derivative will put this in
evidence. The first derivative of the original signal will be a line passing through zero, the
second-order derivative will be an inverted peak with respect to the original signal. Finally,
the fourth-order derivative is the inverse signal of the second-order derivative. This is the
case of the Raman Spectra of VDG shown in Figure 5 [25]. In sum, these results could also
confirm that VDG reaches the VED through this transport system.

o — I T ¥ T T y T Y T r T
e Human Skin ‘
Deep SC
Control Sample -1
VDG (770 cm
VDG (350 cm™) ( )

VDG (415 cm™)

'

Pig Skin

Raman Intensity (a.u)
P AN T T T

300 400 500 600 700 800 900 1000 1100

Raman Shift (cm™)
Figure 3. Raman spectra of tapes from tape stripping. In the upper part, the results from human skin
samples are shown, while the lower part corresponds to pig skin samples. The controls were tapes
stripped from untreated skin samples. Arrows show the peaks found corresponding to the VDG
Raman signal.

] Human Skin

T (1434 cm™)

Pig Skin T (1434 cm™) ]

Raman Intensity (a.u)

T (1150 cm™)

2 A
W, ﬁj .

\
800 1000 1200 1400 1600 1800
Raman Shift (cm™)

600

Figure 4. Raman spectra of VED from the remaining skin after tape stripping. The upper part shows
the results from human skin samples, while the lower part corresponds to pig skin samples. In
both cases, empty transfersomes (T) and VDG-loaded transfersomes (T + VDG) are shown. Arrows
show the peaks found corresponding to the Raman signal of VDG, or from the lipid matrix of the
transfersomes (T).
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Figure 5. Enlarged version of the Raman spectra for T and T + VDG in VED of human skin in the

region ranging from 600 to 800 cm~! and their fourth derivatives (in short dash), showing a slight
shoulder at 770 cm ! attributable to the VDG signal.

3.4. Further Discussion

UV-visible spectroscopy, whether using a conventional instrument or as part of an
HPLC detector, has disadvantages for the measurement of VDG, due to its low absorbance
and fluorescence. For these reasons, when using a UV-visible detector, organic extractions
are necessary to obtain samples from the tapes, and grouping of these samples is required
to obtain VDG concentrations that can be measurable by the detectors. On the other hand,
when employing Raman, the acquisition of information is directly performed on the skin.
In the context of diagnostic applications, and as a complement to therapeutic applications,
the near-infrared wavelength used is harmless, with good skin penetration [26]. The
acquisition mode is not only fast, but Raman detectors can also be constructed in a portable
manner [27]. All these factors contribute to the significant biomedical potential of this
method in relation to skin diseases.

The acquired Raman spectra allowed for the identification of active vibrational modes
of the target species by comparing them with the spectra of solid VDG and transfersomes
in aqueous suspension, obtained using a DXR Raman microscope [24]. A wavelength of
785 nm, corresponding to the near-infrared range, was chosen, utilizing 100% of its emission
power (approximately 150 mW). This selection was made because many molecules exhibit
sufficiently high fluorescence signals that can interfere and overlap with the Raman signal,
especially in complex environments such as the skin, where melanin absorbs light in the
visible range. In contrast, at this wavelength, there is a significant reduction in fluorescence
intensity, allowing for efficient observation of Raman-active vibrational mode peaks [28].
On the other hand, the use of a grating with 600 grooves per mm implied a lower spectral
resolution but a wider spectral range for scanning analysis. The peaks corresponding to the
characteristic vibrational modes of transfersomes and VDG were previously described [24].
They were found at 1152 cm ! and 1437 cm ™! for transfersomes, and at 350 cm 1, 415 em ™!,
and 770 cm~! for VDG.

4. Conclusions

VDG, loaded into the membrane of liquid-crystalline transfersomes, can penetrate the
skin; the detection of VDG and transfersomes signals indicates that the combination of SPM
with Raman spectroscopy allowed for the detection of drug penetration in different layers
of the skin. These tests demonstrate a correlation between the two techniques employed
in this work, potentially enabling faster and direct detection by Raman, compared to
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chromatography methods. Nevertheless, while Raman under these conditions would only
allow for the detection of VDG presence, quantitative detection cannot be achieved by
this method. This finding could be particularly valuable as a contributing complement to
optimize dosages and assess the efficacy of potential future topical treatments.
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