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The skin is the largest organ in humans. It comprises about 16% of our body. Many diseases
originate from the skin, including acne vulgaris, skin cancer, fungal skin disease, etc. As a com-
mon skin cancer in China, melanoma alone grows at year rate of nearly 4%. Therefore, it is crucial
to develop an objective, reliable, accurate, non-invasive, and easy-to-use diagnostic method for
skin diseases to support clinical decision-making. Raman spectroscopy is a highly specific imaging
technique, which is sensitive, even to the single-cell level in skin diagnosis. Raman spectroscopy
provides a pattern of signals with narrow bandwidths, making it a common and essential tool for
researching individual characteristics of skin cells. Raman spectroscopy already has a number of
clinical applications, including in thyroid, cervical and colorectal cancer. This review will intro-
duce the advantages and recent developments in Raman spectroscopy, before focusing on the
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advances in skin diagnosis, including the advantages, methods, results, analysis, and notifica-
tions. Finally, we discuss the current limitations and future progress of Raman spectroscopy in

the context of skin diagnosis.
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1. Introduction

Skin is the largest organ in our body. It can be
divided into epidermis and dermis. The skin consists
of epithelial, mesenchymal, glandular, and neuro-
vascular components.'® Many diseases originate in
the skin, including squamous cell carcinoma (SCC).
Indeed, there are more than one million patients
diagnosed with common malignant skin diseases
annually.® As the most important skin disease, skin
cancer accounts for approximately 15,000 deaths
and more than three billion dollars in medical costs
in the US alone annually.” Therefore, early diag-
nosis of skin diseases is crucial. However, clinical
and histopathological evaluation of problematic
skin lesions remains challenging, even for experi-
enced dermatologists. The gold standard for the
diagnosis of skin lesions, such as vascular diseases, is
histopathological evaluation of skin biopsy speci-
mens. It is highly invasive. Moreover, for some
malignant skin diseases, such as melanoma, diag-
nosis requires histopathological examination of a
skin biopsy specimen, and patients who are at
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increased risk often need to undergo multiple
biopsies. This is associated with morbidity and in-
creased cost.”” Therefore, it is necessary to explore
objective, reliable, accurate, noninvasive and easy-
to-use diagnostic methods to assist with clinical
decision-making.'?>'! Many traditional spectro-
scopic techniques can be used to capture biological
information about the structure and function of
specific cellular components, such as RNA and
proteins, which are rich in skin. As for conventional
spectroscopic techniques, the lack of specificity
remains a major problem, which limits the ability to
detect individual components of different layers of
the skin. Therefore, the ideal diagnosis technology
should be highly specific and sensitive, with real-
time detection.

Skin diseases can be classified into many cate-
gories, such as infectious diseases, skin tumors, in-
flammatory diseases and cosmetic problems. Skin
tumors are common skin diseases. There are various
types, such as basal cell carcinoma (BCC), SCC,
lipoma and melanoma (Fig. 1). Taking melanoma
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as an example, the staging system used for it was
first established in 2017 and is known as the tumor
size, node status, metastasis classification (TNM)
system. It can be clinically distinguished into dif-
ferent subtypes, including superficial spreading,
nodular, acral lentiginous, lentigo malignant and
desmoplastic melanoma. The expression of many
genes, including BRAF, NRAS, CDK4 and c¢-KIT,
is associated with melanoma. The combination of
genotype and phenotype is achieved through dif-
ferent classifications, which can help dermatologists
to better understand the characteristics and devel-
opment direction of melanoma. Relying on various
classification systems allows dermatologists to un-
derstand the homogeneity of clinical outcomes of
patients with different molecular characteristics.
This is a method to help diagnose different kinds of
diseases. Currently, several treatment options exist
for melanoma, including chemotherapy, targeted
drug therapy, radiotherapy, oncolytic therapy,
surgery, and local resection combined with cryo-
therapy and phototherapy. Among these treatment
options, surgery is still the most effective and
common treatment. The stage of melanoma should
be considered comprehensively when determining
the resection range. For early melanoma, the re-
section range can be appropriately reduced as the
risk of metastasis increases with increasing depth of
the primary tumor. However, in addition to the
classic pathological examination of excision tissues,
the selection of a surgical plan largely relies on
surgeons’ experience. In terms of imaging, different
diagnostic algorithms using dermoscopic findings
have been developed for melanoma. Pattern analy-
sis, which provides an overall impression of multiple
dermoscopic patterns without rigid rules, is based
primarily on a subjective, simultaneous evaluation
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of many criteria and is most widely used among
experienced users of dermoscopy to evaluate pig-
mented lesions. Routine imaging and hematologic
tests in asymptomatic patients are rarely able to
identify occult systemic disease. These methods all
have significant shortcomings, including high cost,
slow speed of detection and poor single-cell sensi-
tivity. Imaging with CT, MRI or PET is indicated
only in high-risk metastatic melanoma with the
previously confirmed diagnosis. Therefore, rapid
skin diagnostic techniques will serve to improve
guidance for doctors to select therapeutic options
with greater confidence, such as surgery or rare-
invasive therapy.

As mentioned before, many spectroscopy tech-
niques have been used for skin diagnosis in the field
the author majored in, including electrical imped-
ance spectroscopy (EIS), high-frequency ultraso-
nography (HFUS), multispectral imaging, and
Raman spectroscopy. However, these techniques
have certain limitations. For example, EIS has a
trade-off of higher sensitivity for lower specificity.
This is also common in many other diagnostic tools
and clinical evaluations by dermatologists.!’ His-
tology is the gold standard. Compared to histology,
HFUS, as the only imaging method for characteri-
zation and diagnosis of skin at present, cannot
identify cell types and has insufficient resolution to
provide definitive diagnosis'? (Table 1).

Raman spectroscopy is an emerging tool,'*!* to
provide a noninvasive and label-free analysis of bi-
ological cells. Due to its high biological specificity,
Raman spectroscopy can be used to acquire spectral
fingerprints that allow the characterization of skin
cell types and states. We can use a confocal Raman
spectrometer to collect these characterizations. The
spectral signature of the cell component can be

Table 1. Current methods for skin diagnosis.
Method Advantages Disadvantages References
EIS High sensitivity Low specificity 10
HFUS Noninvasive, easy-to-use, not too expensive Cannot be used to identify cell types, 12
insufficient resolution to provide definitive
diagnosis
CT Noninvasive, convenient, not too expensive Indicated only in high-risk metastatic diseases 10
with the previously confirmed diagnosis
Dermoscopy High sensitivity, noninvasive, fast High cost, low specificity 11
Histopathological Gold standard, reliable Highly invasive, cause of transfer 6-9
examination
Raman spectroscopy Label-free, noninvasive, high specificity, Experienced user 13, 14
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Principle of Raman spectroscopy. (a) Rotational, vibrational, and electronic states in a molecule. The process of energy

transfer in resonance Raman scattering. (b) Stokes, and (c) anti-Stokes. (d) Raman scattering and €2 represent the energy difference
between the fundamental and excited (v =1) and fundamental vibrational states of mid-infrared (from Ref. 142). (e¢) Raman
spectroscopy involves the extraction of information through the monitoring of vibrational energy transitions (from Ref. 144).

obtained through the Raman scattering effect,
which occurs when a photon is excited in a low vi-
brational state, i.e., a higher virtual state (Fig. 2).
As there is no electronic state shift, the system
cannot exist in the virtual state. The system returns
to a low vibration state. The energy difference be-
tween these two states is expressed by the wave-
length of the emitted Raman photons. The
scattered light and incident light wavelength
changes vary with the group. We can obtain the
same data as the molecular fingerprint.'® Fibro-
blasts, corneocytes, and keratinocytes differentiate
into the skin without prior knowledge of cells.
Therefore, in the context of skin diagnosis, such as
skin cancer, it is important to clarify how to main-
tain sensitive single-cell Raman spectroscopy to the
skin. Separation and identification of a single cell
often require defined protocols.'® It is common to
observe multiple cell types or cell subpopulations
that cause spatially complex multifunctional tis-
sues. Furthermore, the cells dynamically change
depending on local microenvironmental cues.!”

Taking melanoma as an example, a lack of NRAS
signaling or the mutation of BRAF kinase may
facilitate the onset of this disease,'® which may be
optimally targeted and treated when detected at an
early start stage before the occurrence of extensive
proliferation. The morphology of mammalian cells
can be easily determined by visible light micros-
copy.'??* However, when cells are subjected to ul-
traviolet light, the energy exposure may break the
chemical bond and cause apoptosis,”’??> collagen
crosslinking,”® and even cancer. Therefore, not all
spectroscopy tools are suitable for studying cellular
characteristics, and careful consideration of the
trade-offs and benefits is necessary. As mentioned
before, melanoma is one of the most important
malignant skin diseases, and most mutations in
melanoma are BRAF kinase mutations.?* In 2020,
heath and his colleagues employed Raman spec-
troscopy to study the intracellular drug metabo-
lome and identified the phenotypic specific drug
sensitivity by using a series of BRAF mutant mel-
anoma cell lines, including A375 cell lines, as a
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model system. These results prove that single cell
sensitivity can be used for skin detection with
Raman spectroscopy.?’

In this review, we highlight recent advances in
Raman spectroscopy and its application to skin di-
agnosis. We first introduce the advantages and
disadvantages of Raman spectroscopy, before fo-
cusing on a methodological approach for imple-
menting Raman spectroscopy in skin diseases
diagnosis, including methods, analysis of results and
notifications. Finally, we will summarize the current
limitations of this technology and progress in
Raman spectroscopy.

2. Raman Spectroscopy: Advantages
and Disadvantages

Skin is composed of many different cells as the
largest organ of the human body, including fibro-
blasts, corneocytes, and keratinocytes. Raman
spectroscopy is noninvasive, label-free, molecular-
specific, high resolution, and suitable for different
kinds of analysis. It is considered better than con-
ventional measurements for the detection of skin
diseases. As mentioned previously, the energy ex-
posure to ultraviolet light can cause damage to
living cells within apoptosis, collagen crosslinking,
and cancer. Raman spectroscopy commonly uses
532nm as an excitation wavelength, which is not
ultraviolet light and leads to resonance enhance-
ment following interaction with cytochromes in
cells.?® In contrast, laser irradiation in the 514.5 nm
range may still induce photodamage to living cells.?”
Alternatively, 785 nm excitation seems to be more
suitable for living cell research, showing lower
phototoxic effects.?® Secondly, although low num-
bers of cells are used in most Raman imaging
studies,’’ ! widefield and line mapping or global
imaging have been proposed to improve the speed
and lateral resolution.?? Except the nucleus, lipid
droplets can be decomposed by single cell Raman
images, whose metabolism and subsequent storage
patterns are critical in cell processes like athero-
genesis, in which lipids adhere to plaque in the ar-
terial wall. Another advantage of Raman
spectroscopy is the ability to distinguish molecules
from other natural lipids spectroscopically, such as
palmitic acid, oleic acid, arachidonic acid and cho-
lesterol, which may be contained in skin lotions.
Raman spectroscopy has been reported to provide
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an information-rich and unique fingerprint from
biomolecules in cells.*> Raman spectroscopy is also
an ideal choice to detect the cell environment at the
molecular level and is unaffected by factors such as
oxygen, temperature and water. Furthermore,
compared to fluorescence microscopy, Raman spec-
troscopy does not require the molecules to be labeled
and the spectrum emitted is entirely dependent
on the biochemical composition of the observed
voxels, which is performed without damaging the
cell environment or labeling other samples.**3

Raman spectroscopic investigation also has some
limitations, including the requirement to acquire
sufficient spectra per skin sample to accommodate
different cells’ variations. Currently, consented
approaches are lacking to sampling size evaluation
required to capture the targeted level of diversity
and complexity in environmental systems. In addi-
tion, the background fluorescence in the sample
matrices sometimes interferes with the inherently
weak Raman scattering, which will result in low
spectral quality or longer acquisition time.

3. Current Applications of Raman
Spectroscopy

Numerous studies have shown that Raman spec-
troscopy is a powerful tool in applications such as
identification of cells, discrimination of cells, bio-
medical imaging, bioprocessing, and analysis of
biopolymer.?3? In 2019, Zhang and his colleagues
used the multivariate curve analysis rate to analyze
three components in water, protein, and lipid with a
high wave number in skin confocal Raman data. By
analyzing the relative quality of these three sub-
stances, they demonstrated a statistical difference in
the Raman spectra of non-lesion and dermatitis le-
sion tissues.’” Raman spectroscopy is also widely
used in the analysis of nonbiological materials. In-
deed, for more than 40 years, Raman spectroscopy
has been at the forefront of blood research. It can be
used to observe relative changes in plasma trypto-
phan, tyrosine, phenylalanine, carotenoids, protein,
lipids and other biomolecules.*! Parlatan and his
colleagues combined Raman spectroscopy and sta-
tistical classification models to diagnose serum en-
dometriosis, which can reduce the necessity of
laparoscopy.*?

Importantly, Raman spectroscopy can be applied
to tumors. Currently, tumors or established tumor
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cell lines are organized into hierarchies of hetero-
geneous groups. The ability to sustain the growth of
entire cancer cell lines depends on a small subset of
cancer stem cells. Raman spectroscopy has been
used to characterize and distinguish metabolic
changes associated with malignant transformation
in thyroid,**** lymphoma®® and leukemia,*" cervi-
cal,’” and colorectal cancers.*® Moreover, simulta-
neous quantification of multiple functionally
relevant intracellular polymers, including glycogen
and polyphosphate, has provided new insight into
the metabolic state-based distribution of the poly-
mers in microbial cells, the specific population-level
dynamics of carbon and energy sources and the
corresponding use of diverse metabolic pathways in
an enhanced biological phosphorous removal
(EBPR) bioprocess.*’:°" Furthermore, the presence
of intracellular and extracellular biosulfur gran-
ules®! and the structural dynamics of sulfur species
in the biosystem® have been recently reported
using a type of Raman spectroscopy technique
called SCRS; This has contributed to a better un-
derstanding of the functional roles of biogenic ele-
ments in natural and engineered ecosystems.
Krishna and colleagues used Fourier transform in-
frared and Raman spectroscopy simultaneously to
identify multidrug-resistant phenotype mutations
in malignant breast disease cells, as well as three
drug resistant derivatives of this cell line.”® Recent
studies emphasized the potential of this technology
in breast cancer diagnostics.”® Surmacki and col-
leagues showed that Raman markers based on lipids
and antioxidants could be measured easily and re-
producibly. They exhibited high sensitivity and
specificity in human invasive lobular cancer and
breast invasive ductal cancer.”® They also used
principal component analysis (PCA) to analyze the
vibrational signatures obtained by Raman spec-
troscopy or micro-spectroscopy, the results of which
demonstrated the technique could accurately dis-
tinguish between normal and malignant breast tis-
sues. Some proteins involved in fatty acid
metabolism are altered in prostate tumor cells and
although pathological examination remains the gold
standard of diagnosis, this metabolic feature has
contributed to the development of new therapeutic
approaches for this disease. Indeed, Crow demon-
strated the ability to discriminate three grades of
prostatic adenocarcinoma in vitro with sensitivity
and specificity above 96%.°° Moreover, Taleb dis-
tinguished between normal and metastatic

malignant prostate cell lines by identifying specific
amino acids, DNA, and proteins.””

4. Raman Spectroscopy in Skin
Diagnosis

As mentioned in section one, skin diseases can be
classified into many categories, such as infectious
diseases, skin tumors, inflammatory diseases and
cosmetic problems. We can also divide skin diseases
into pigmented lesions, vascular diseases and so on
[Figs. 3(a)-4(d)]. Raman spectroscopy can help
detect and diagnose these kinds of skin diseases.”® %"
For example, eczema, a common skin condition that
causes dry, itchy and cracked skin, which is com-
mon in children can be diagnosed with the help of
Raman spectroscopy.®! In 2018, Zakhrov performed
i vivo studies of Raman scattering and auto-
fluorescence of skin tumors with 785 nm excitation
laser in the near-infrared region such as malignant
melanoma [Fig. 3(b)], BCC and many kinds of be-
nign tumors [Fig. 3(a)]. He pointed that only com-
bining analysis of Raman and autofluorescence
signals, 100% accuracy of skin tumors differentiation

()

Fig. 3. Examples of typical skin diseases can be detected by
Raman spectroscopy. (a) Congenital melanocytic nevi. (b) Skin
melanoma. (c) Port wine stain on face. (d) Encephalotrigeminal
angiomatosis.
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Fig. 4. Principle of Raman spectroscopy. (a) Schematic of the indigenously built Raman Tweezers instrument (from Ref. 145).
(b) Schematic of the micro-Raman tweezer setup (from Ref. 146). (c) Bright field micrograph of keratinocytes (A—C), fibroblasts
(B-C), and melanocytes (C). The Raman mean spectra (D) of keratinocytes (1), fibroblasts (2), and melanocytes (3) were collected.
Single Cell Raman Spectroscopy was collected using a 785 nm laser (from Ref. 147). (d) An example of preliminary band-shape

analysis, showing the average Raman spectra in the 800-3200 cn ™

! range of normal cells with black trace and tumor cells with red

trace (from Ref. 148). (e) PCA score plot of skin keratinocytes, fibroblasts, and melanocytes (from Ref. 147).

can be achieved.’? What is more, in the field of skin
diagnosis, diabetes can be quickly screened in a non-
invasive way by using Raman spectroscopy together
with artificial neural networks. Guevara and his
colleagues proved this conclusion. Their work
demonstrated an overall better performance of ar-
tificial neural network in combination with Raman
spectroscopy than the capillary blood glucose mea-
surement.’® According to Pro. Zakharov’s research,
conventional Raman spectroscopy can provide the
basis for cost-effective and accurate detection of

kidney failure associated in wvivo metabolic skin
changes.®*

4.1. FExcitation laser

The wavelength of the excitation laser, which is
focused onto the sample solution via a high nu-
merical aperture microscope objective, should be
considered carefully according to the characteristics
of the sample. The scattered Raman signals are
dispersed using a spectrograph and a detector is
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employed to acquire the Raman spectra of optically
trapped cells. Various wavelengths, including 532,
632,%° 647, 785, and 1064 nm can be used depending
on different applications. The selection of the opti-
mal excitation wavelength should be carefully
weighted. As mentioned in Sec. 2, excitation at a
wavelength of 532 nm is most suitable for single-cell
measurements. However, it may cause rapid cell
damage and has high autofluorescence properties.
Thus, it cannot be used for tissue characterization.
With the development of lasers, modern cameras,
high-quality optical filters, and detectors, Raman
spectra can be easily acquired directly from almost
any kind of biological sample now.%%-:67

All of these excitation wavelengths can be used in
the diagnosis of skin diseases. Because of the limited
penetration depth within the wavelengths discussed
above, the diagnosis of skin diseases as superficial
lesions may be the most suitable application of
Raman spectroscopy.

4.2.

Before Raman spectroscopy measurements, the
obtained cells should be carefully diluted and sus-
pended in specific solutions to avoid capturing
multiple cells from the laser spot. For example,
erythrocytes should be diluted and suspended in
plasma or hydroxyethyl starch solutions. Moreover,
all experiments should be completed within 1h of
sample collection. Taking an example from an
original research article, the laser wavelength was
785nm, and was tightly focused onto the sample
solution via a high numerical aperture. An oil im-
mersion microscope objective and a spectrograph
equipped with 1200 grooves per millimeter holo-
graphic grating were used to disperse the scattered
Raman signals. Finally, a liquid nitrogen-cooled
CCD detector was employed to acquire the Raman
spectra, of optically trapped cells.®®

Progress in Raman spectroscopy technologies
certainly has yielded large spectroscopic datasets
that require advanced data analysis approaches
rapidly.®”" The identification of intracellular bio-
molecules has been performed in reference to the
standard of the material of interest or to Raman
spectral libraries by employing univariate analysis
based on peak position, height criteria or multi-
variate tools, such as the multiplicative curve
resolution, by unmixing the contributing compo-
nents.”""? In addition, the use of tiered clustering

Methods and data analysis

analysis to differentiate cell groups using combined
dimension reduction, clustering and classification
before cell identification may be helpful to improve
the accuracy of complex and diverse environmental
samples.”

There are many machine learning methods, such
as projection on latent structures (PLS), principal
component analysis (PCA), the support vector
machines (SVM),” the nearest neighbor classifiers
(KNN) and so on.” PLS can help analyze the ex-
perimental dataset. For multicollinear spectral
data, PLS is one of the most common approaches to
solve these problems because the projection analysis
methods can provide a statistically reliable result.%*
Moreover, PCA, a widely used statistical analysis
tool in Raman spectroscopy to obtain spectral data
differences, is also used for data visualization and
compression.’"

In the diagnosis of skin disease, PCA can be
employed to reduce the dimensionality of the fea-
tures and select the optimal set. CT-RamSES can
be used to process Raman spectra as well as for
PCA multivariate analysis and data visualization,
while the MATLAB calculation platform can be
used during further processing. Many other specific
analyses also exist, including preliminary band-
shape analysis, multivariate analysis, and univari-
ate analysis, which is classical least-squares curve
fitting [Figs. 4(c) and 4(d)].""™

4.3. Components of skin detected by
Raman spectroscopy

In the field of dermatology, Raman spectroscopy is
widely used for laser treatment, as well as to detect
the relative contents of the major components in
skin to monitor health conditions, identify skin
diseases, and evaluate therapeutic effects.®” Raman
spectroscopy is an efficient and easy way to inves-
tigate the infiltration process of active components,
as well as to assess the formulation components of
locally applied substances penetrating into human
skin.®!

Raman spectral bands can reveal important
chemical information about the macromolecules in
biological cells. Each spectral band can be assigned
to a specific molecular vibration in the cell. Nu-
merous cell types are found in skin, including fibro-
blasts, melanin, corneocytes, and keratinocytes.

In 2019, Feng and his colleagues sued Raman
micro-imaging to identify cellular components of
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Relative contribution from various cellular components of different skin diseases.

Skin diseases

Components and relative contribution tendency

Normal 18%Collagen, 12%Elastin, 41%Triolein, 9%Nucleus, 1%Keratin, 9%Ceramide, 5%Melanin, 5%Water

BCC 15%Collagen|, 23%Elastint, 28%Triolein], 20%Nucleus?, 1%Keratin, 4%Ceramide, 3%Melanin, 6% Water
AK 15%Collagen |, 16%Elastin, 32%Triolein|, 14%Nucleus?, 3%Keratin, 10%Ceramide, 7%Melanin, 3% Water
SCC 9%Collagen|, 12%Elastin, 32%Triolein|, 6%Nucleus, 11%Keratin{, 12%Ceramide, 6%Melanin, 12%Water
PL 30%Collagent, 5%Elastin|, 23%Triolein|, 6%Nucleus, 2%Keratin, 14%Ceramide, 19%MelaninT, 1%Water
MM 18%Collagen, 14%Elastin, 11%Triolein|, 6%Nucleus, 2%Keratin, 17%Ceramide, 29%Melanin{, 3% Water

different skin lesions, including normal skin, BCC,
SCC, actinic keratosis (AK), lichen planus (PL) and
malignant melanoma (MM). Different kinds of skin
lesions contain various cellular components with
different ratios (Table 2). They found that their
Raman images had similar characteristic peaks with
the known spectra measured from pure chemicals.
For example, the spectra of cytoplasm and syn-
thetic actin are highly similar, while major differ-
ences can be seen at 1003 cm~! phenylalanine peak,
1081 and 1092 cm ! lipid band.®*?

Melanin is one of the major bio-aggregates, and
consists subunits of different pigment species
formed by the oxidation and cyclization of the
amino acid tyrosine.®” Melanin plays a significant
regulatory role in skin.®* The Fitzpatrick Scale is a
commonly used semiquantitative scale, consisting of
six optical types describing skin color, which depend
on the melanin level, inflammatory response to
ultraviolet light, basal complexion, and risk of
cancer.®® The detection of melanin is important for
the diagnosis of skin diseases, especially pigmented
lesions. It can be proven by the Raman mean
spectra collected from suspended melanocytes,
fibroblasts, and keratinocytes, where Raman bands
show the difference in spectral positions and inten-
sities between different cell types (Table 3).50:%7

Table 3. Different Raman bands at spectral intensities and
positions among different cells in skin.

Factors Wave Number (cm™!)

Glycogen 489

Protein 542, 756, 1254, 1345, 1453, 1495, 1618, 1657
Cysteine 542

DNA/RNA 719, 912, 1254

Lipid 719, 876, 1130, 1254, 1453
Collagen 876, 1044

Phenylalanine 1002, 1618

Carbohydrates 1345

Tryptophan 1618

Many studies have reported using Raman spec-
troscopy to detect skin components. In 2018, Santos
et al. analyzed the Raman spectra of various high
waves and short peak positions of newly resected
suspected melanoma to objectively diagnose all
types.®® In 2019, Darvin and his colleagues proposed
a calculation method for the determination of the
water profiles in oil-treated skin, which is based on
the calculation of the ratio between the Raman
band intensities of water at 2250-3550cm~! and
keratin amide at 1650 cm~1.%% In 2022, Zakharov
and his colleagues investigated the Raman spectra
of human skin recorded using a portable conven-
tional Raman spectroscopy setup. They analyzed
Raman spectra of normal skin, BCC, MM and
nevus with MCR-ALS, finding that multivariate
curve resolution alternating least squares analysis
can provide novel information on skin tissues’ bio-
medical profiles.”’ Moreover, in 2020, Kourbaj and
his colleagues detected samples from different indi-
viduals by Raman spectroscopy, and found that the
percentage of water in the dermal layer could be
used to evaluate the degree of photoaging.”! This is
useful in the field of dermatology as means to assess
methods of rejuvenation. Puppels and colleagues
also demonstrated the utility of confocal Raman
spectroscopy to determine the water levels of the
skin in vivo."”?

4.4. Surface-enhanced Raman
spectroscopy (SERS)

SERS is a possible solution to improve the low
sensitivity of Raman spectroscopy, because it can-
not be used to analyze samples with low concen-
tration samples. SERS was first discovered from the
enhanced Raman spectra of pyridine molecules on a
roughened silver surface in 1974.%% SERS is based on
the phenomenon that, under good conditions,
molecules are adsorbed onto a precious metal sur-
face to generate a million or more enhancement
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signals.”*?"  Furthermore, the surface plasmon
resonance of a particular metal nanoparticle can
enhance the relatively weak Raman signals in nor-
mal Raman to improve sensitivity and accuracy. As
an advantage, SERS allows for the analysis of
samples at minimum analytical concentrations,”®
with considerably greater sensitivity than conven-
tional Raman.”” The enhancement of the Raman
effect is highly dependent on structures of SERS
substrates where metal colloids and their aggregates
are most commonly used, although gold and silver
nanoparticles are also used.”®'°" In 2007, Kahra-
man and colleagues showed that it was possible to
employ SERS to analyze several bacterial cells.!?!
Moreover, Kubryk and colleagues introduced a re-
producible SERS analysis of bacteria and demon-
strated that SERS can help to detect stable isotope
uptake, 02,103

Recent studies on SERS for bioanalysis have
focused on the characterization of biomolecules such
as protein, DNA, pathogens, and even cancer cell
detection.'**"197 Therefore, SERS is expected to be
a valuable and promising tool for the diagnosis of
inflammatory diseases such as acne, as well as skin
cancer.!'"®

4.5. Tip-enhanced Raman
spectroscopy (TERS)

TERS is a nano-spectroscopic method. It always
combines Raman spectroscopy with scanning probe
microscopy techniques, such as atomic force mi-
croscopy. TERS enhances the localized Raman
signals from a tiny sample volume in the vicinity of
the tip apex using a sharp metallic active tip.'” The
spatial resolution of conventional optical techniques
is governed by the diffraction limit. Compared to
them, TERS captures signals with a pronounced
increase in resolution, thus facilitating bioanalysis
at the nanoscale.!'"!!'! Various biological samples
can be analyzed by TERS, including microbial
cells,"'%113 viruses,''* and biomolecules, such as
nucleic acids, lipids, and proteins.''?!'6 Recent
advances in TERS investigations of DNA or RNA
with single nucleobase resolution indicate that it is
an attractive application for direct nucleic acid se-
quencing without the mneed for fluorescent
labeling and amplification.''” Abnormal subcellular
structures are present in many skin diseases in-
cluding melasma, a common hypermelanosis skin
disease and also known as a dermatologic

skin disease. Melasma usually occurs on the areas of
the skin that are exposed to sun. Besides traditional
methods, a novel microscopy technique is needed to
observe the ultrastructural changes of melanosomes
in melanocytes after laser treatment and distinguish
it from other pigmented diseases of skin. TERS may
meet these acquisitions as a nano-spectroscopic
method.

While, if we want to ensure the reliability and
reproducibility of TERS measurements, we must
consider optical properties, tip design, the operating
environment and conditions, and the far-field scat-
tering background. In the field of clinical skin de-
tection, this might translate to uncertainty and
high cost for patients.

4.6. Resonance Raman
spectroscopy (RRS)

Enhanced Raman signal is achieved by excitation
at frequencies close to the region of the electron
absorption band of a certain molecule. This tech-
nique is called RRS, which can result in a six digit
increase in the signal-to-noise ratio. RRS selectively
enhances cell-specific Raman active molecules. A
typical RR-active biological compound contains
various pigments and metal proteins. RRS has
many applications including in the study of ery-
throcytes, which are rich in blood vessels, including
veins and arteries. Many skin diseases, including
port wine stain and hemangioma, are related to
abnormal vessels. RRS is helpful to diagnose these
skin diseases. The dermal tissue''® of skin is rich
and selective excitation can be obtained by
adjusting the excitation wavelength. The UV exci-
tation ranges from 200 to 260 nm, mainly eliciting
signals from aromatic amino and nucleic acids. This
excitation spectrum has another advantage. The
advantage of high excitation wavelengths elimi-

nated the background signal by native cell
fluorescence.''?
4.7. Coherent Raman scattering

Coherent anti-Stokes Raman scattering (CARS)
and SRS are two widely used CRS techniques. CRS
drastically amplifies the Raman signal by using
multiple lasers to coherently excite the molecular
vibration associated with the selected chemical
bond.'?"1?3  Compared to spontaneous Raman
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scattering, these nonlinear optical processes allow
for video-rate imaging of living cells.'?* Raman la-
beling techniques can be used to selectively record
specific biomolecules and metabolic activities, which
provide functional information for metabolism
studies.'?° 1?7 However, other than a full spectrum,
most coherent Raman scattering techniques work
at a single frequency matching sole vibrational
transition. Therefore, the obtained information
may not be sufficient to distinguish spectrally
overlapped chemical components in heterogeneous
samples.'?®

Regarding skin detection, fluorescent probes are
inappropriate for investigating properties such as
transport or absorption of skin or hair due to the
small size of molecules of interest.

Stimulated Raman scattering (SRS) microcopy is
another powerful modality. It is a modality for im-
aging sensitive chemical bonds, resolution, and
speed.'?” SRS is a nonlinear optical process that has
two synchronized pulsed lasers called the pump
beam and Stokes beam. The selective molecular
vibrations are coherently excited. When the fre-
quency difference between the pump and the Stokes
laser matches the vibration (w,) of the chemical
bond of interest, the vibrational activation rates can
be greatly amplified through quantum stimulation
of photons in the Stokes beam, rather than inher-
ently weak spontaneous Raman scattering. Thus,
studying skin tumor heterogeneity will allow for a
better understanding of the cause and progression
of these tumors for more effective diagnosis and
treatment. SRS imaging has been applied to the
early features of skin tumors. Visualization of tumor
boundaries is especially useful for excision sur-
gery,'” which may increase the five-year survival
rate of patients.

CARS is a nonlinear optical imaging modality
that is used at the label-free and chemically deter-
mined frontiers of skin diagnosis. With CARS, the
tuned frequency of the laser pump and Stokes
scattering is matched to the Raman frequency of
the molecule and leads to amplification of the anti-
Stokes signals. This method was previously used to
study the transport and motility of lipid droplets
in living cells,'*! and proved its value as a nonin-
vasive tool for the study of dynamic processes in
single cells. CARS also provides 3D imaging capa-
bilities, which were reported by Xie and his
colleagues.'*?

Recent advances in Raman spectroscopy for skin diagnosis

4.8. Confocal Raman spectroscopy
(CRS) and laser tweezer Raman
spectroscopy

CRS is one of the most advanced Raman spectro-
scopic techniques. In 2022, Kocsis and his colleagues
used CRS to study in wvivo skin diffusion. They
pointed that it was recently developed for skin
composition test and epidermal penetration of dif-
ferent molecules at a specific time point. In their
experiment, CRS was used to analyze skin spectra,
natural moisturizing factor (NMF), keratin, cer-
amide, cholesterol, urea and water content.'?’
According to another paper from Kocsis and his
colleagues, they used CRS to study the chemical
composition of excised rat and human skins. They
also used it to monitor treatment-induced changes
in skin parameters. Mainly components including
ceramides, fatty acids, lactate and cholesterol are
analyzed. First wavelength of 785 nm was used to
analyze the skin fingerprint region (FP) and second
laser of 671nm was used for analyzing the high
wave number (HWN) region. In their experiment,
confocal Raman spectroscopy was performed with a
GEN-2 SCA skin composition Analyser, which is
River-D system.!?*

Many biological samples, including leukocytes
and erythrocytes, require suspension in an aque-
ous solution to maintain their functionality. This
condition limits the ability of conventional Raman
spectroscopy to conduct single-cell measurements
because living cells in a liquid may be displaced
away from the laser excitation region due to
Brownian motion.'*® This problem can be re-
solved by incorporating optical trapping in com-
bination with a Raman spectrometer (Raman
tweezers), in which Raman measurements are
performed on a single cell that is optically
immobilized in suspension away from the sub-
strate [Figs. 2(a) and 2(b)].'*® The net trapping
force resulting from the laser beam on a dielectric
particle (e.g., a blood cell) is the cumulative effect
of the scattering force, which acts in the light
propagation direction, and the gradient force,
which acts along the spatial light gradient.'®”
Single-cell spectroscopy using the Raman tweezer
is based on the principle of Raman spectroscopy.
The Raman tweezer is an indispensable spectro-
scopic tool, which provides valuable insights into
erythrocyte dynamics and cells under the influ-
ence of exogenous agents.
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Raman tweezers are indispensable for investi-
gating cellular behavior because of their label-free
analysis and capability to characterize live
cells.'*%139 This technique also allows for single-cell
analysis of microbes, which can be applied to in-
flammatory skin diseases. Moreover, using an opti-
cal trap, living cells suspended in a liquid
cultivation medium can be immobilized in a solu-
tion using the forces generated by a tightly focused
laser beam, which has led to the recent use of
Raman tweezers in cellular and molecular biology.
Optical tweezers (OT) have already been used to
evaluate hematologic diseases, such as erythrocyte
deformation in sickle-cell anemia and thalassemia.
Indeed, a study based on OT suggested that ery-
throcytes increase in patients with iron-deficient
anemia. OT may also be used in the field of der-
matology. Raman spectroscopy with OT has been
proven as a reliable way to examine biochemical
changes at the single-cell level of skin. For example,
Raman tweezers can be used as an effective spec-
troscopic tool to study individual living ery-
throcytes given their ability to provide a micro-
Raman spectrum. Meanwhile, the laser power used
for capture can itself act as an external stimulus
that can transmit pressure. Researchers have per-
formed blood grouping, where Raman tweezer
analysis combined with statistical models has been

Many other methods are available to help diag-
nose skin diseases. Wang and colleagues presented
an elegant way to sort single cells by Raman spec-
troscopy along with laser-induced forward transfer,
which was termed Raman-activated cell ejection.*!
In addition, Raman-FISH is a combination of fluo-
rescence and Raman technology,'*? while Raman-
activated cell sorting can be used to separate skin
cells according to their Raman spectra. Moreover,
some of these methods, such as surface-enhanced
resonance Raman scattering, can be combined
during skin disease diagnosis to combine the
strengths of both SERS and RRS.

Although Raman spectroscopy has been widely
used in various professional fields, significant lim-
itations remain. In particular, two major challenges
need to be addressed here. Firstly, the Raman signal
is weak. Secondly, the interpretation of Raman
spectral data is challenging. Indeed, a long acquisi-
tion time is always necessary to obtain a reliable
Raman spectrum from a single skin cell. Further-
more, a high signal-to-noise ratio has been reported,
with only one in 10 photons undergoing spontane-
ous Raman scattering.'** In addition, when fixed to
the matrix using physical or chemical methods
such as freezing and drying, the inherent function of
the cell will be disturbed. Other problems include
the relatively high input costs and the need for

shown to be able to discriminate the AB group from  complicated instrumentation and specialized
other blood groups with absolute accuracy.'*’ operators.
Table 4. Raman spectroscopy techniques used for skin diagnosis.
Application of Raman spectroscopy

Technique Advantages Limitations in skin diagnosis References

SERS High sensitivity, high spectral Unsatisfactory molecular Skin cancer cells detection (e.g. 92-99
resolution generality, relatively poor melanoma, basal cell carcinoma,

reproducibility squamous-cell carcinoma)

TERS High sensitivity, spatial Sample heating effect, far-field Virus discrimination of skin diseases  109-116
resolution high scattering background, low such as vulgaris verruca, chicken
(nanometer-scale) reproducibility pox

RRS Chromophore selectivity, Expensive, the intensity of RRS  Skin vascular anomalies diagnosis 117, 118
high sensitivity becomes weak or cannot be

recorded with increasing wave
number
CARS, SRS No signal overlap with one-  Fiber optic probes for coupling Skin tumor identification, surgical 119-127

photon excited
fluorescence, natural
confocality, Significant
signal enhancement

with endscopes and automatic
algorithms for data processing
and evaluation, lack of easy-to-
use and dedicated instruments

margin detection for different
kinds of skin lesions, ability to
investigate different properties of
cream, shampoos and other
cosmetic products, skin
rejuvenation effect
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5. Conclusions and Outlook

Raman spectroscopy is a non-invasive analysis of
skin tissues that may be utilized in clinical practice.
The growth in biological knowledge, the evolution
of the instrument, and the development of a com-
mon Raman database will enhance the mutual
collaboration and advancement in Raman spec-
troscopy technology, with increasing clinical appli-
cations expected in the future. Limitation such as
the relationship between levels of natural moistur-
izing factors or the protein structure with hydration
levels in single cells necessitates further study.

Although the application of Raman spectroscopy
has many limitations, it holds potential value for
detection, sorting and characterization in the field
of skin diagnosis.
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