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Abstract

Background: Minimally invasive skin sampling is used in various fields. In this study,
we examined whether it was possible to obtain skin specimens using biocompatible
microneedles composed of sodium hyaluronate and performed transcriptome analysis.
Materials and methods: Thirty-three subjects with different skin conditions, such
as skin aging, skin hydration, skin pigmentation, oily skin and sensitive skin, were
recruited. Skin types were evaluated based on age, non-invasive measurement devices,
10% lactic acid stinging test and visual assessment; the skin specimens were sampled
from the face using microneedles. Total RNA was extracted, and microarray was per-
formed. Correlations between various biomarkers and skin condition parameters were
analysed.

Results: Several skin-type biomarkers are correlated with age, non-invasive device
measurements, LAST score and visual assessment of acne lesions. Representa-
tively, COL1A1 (Collagen type 1 alpha 1 chain), FN1 (Fibronectin 1) and PINK1
(PTEN-induced putative kinase protein 1) for skin aging, FLG (Filaggrin), KLF4
(Kruppel-like factor 4) and LOR (Loricrin) for skin hydration, GPNMB (Glycopro-
tein non-metastatic melanoma protein B), MLANA (Melan-A) and TYR (Tyrosi-
nase) for skin pigmentation, IGF1 (insulin-like growth factor-1), MPZL3 (Myelin pro-
tein zero like 3) and AQP3 (Aquaporin 3) for oily skin and PGF (placental growth fac-
tor), CYR61 (cysteine-rich angiogenic inducer 61), RBP4 (retinol-binding protein 4), TAC1
(Tachykinin precursor 1), CAMP (Cathelicidin antimicrobial peptide), MMP9 (Matrix metal-
lopeptidase 9), MMP3, MMP12 and CCR1 (C-C motif chemokine receptor 1) for sensitive
skin.

Conclusion: Microneedle skin sampling is a new and minimally invasive option for tran-
scriptome analysis of human skin and can be applied for diagnosis and treatment effi-

cacy evaluation, as well as skin type classification.
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1 | INTRODUCTION

Classifying skin types is important for people who desire to have or
maintain healthy skin. In 1975, Fitzpatrick developed the Fitzpatrick
scale, a phototype classification of human skin colour,! which describes
skin types using six scales according to the response of skin to ultravi-
olet light. In 2004, Baumann developed the Baumann skin type, defin-
ing 16 skin types using a series of questionnaires? for four categories:
wrinkled versus tight, oily versus dry, pigmented versus non-pigmented
and sensitive versus resistant. Choosing a response for each category
could result in 16 different skin types. However, these skin typing
methods are limited by their lack of objectivity, and thus non-invasive
devices are used for more objective classification. Based on biome-
chanical principles, these devices provide quantifiable results and are
mainly used to evaluate skin conditions,3> efficacy of natural ingredi-
ents, cosmetics and treatments.6”

For molecular analysis using DNA, RNA and proteins, skin speci-
mens should be collected. Biopsy is an established method for study-
ing the molecular biology of the skin in vivo, but it is invasive and has
limited applicability in research because it has a low degree of com-
pliance and requires a specialist to perform the procedure. To address
this issue, we utilized a microneedle as a minimally invasive tissue col-
lection method to replace skin biopsy. The concept of microbiopsy
using microneedles has been proposed previously and is performed
using various types of microneedles for molecular analysis of the
skin.8-10

In this study, we developed a method for obtaining a skin speci-
men containing RNAs using a sodium hyaluronate-based microneedle
patch. Microneedles were first designed to deliver drugs into the der-
mis to overcome the disadvantages of injection needles,!* but it was
revealed that skin samples can also be extracted. Using microneedles
that enter the dermal layer of the skin, RNA was extracted directly from
the skin and used for transcriptome analysis.

Skin types were categorized based on age (elderly vs. young), hydra-
tion (dry vs. moist), pigmentation (pigmented vs. non-pigmented), oili-
ness (oily vs. non-oily) and sensitivity (stinging- or rosacea- or acne-
type sensitive vs. control). Subjects with each condition were selected
to analyse their gene expression. We also conducted a correlation anal-
ysis between candidate gene expression and skin condition indicators
and identified significant biomarkers by skin type; skin aging (Collagen
type 1 alpha 1 [COL1A1], Fibronectin 1 [FN1], PTEN-induced putative
kinase protein 1 [PINK1], etc.), skin hydration (Filaggrin [FLG], Kruppel-
like factor 4 [KLF4], Loricrin [LOR], etc.), skin pigmentation (Glycoprotein
non-metastatic melanoma protein B[GPNMB], Melan-A [MLANA], Tyrosi-
nase [TYR], etc.), oily skin (insulin-like growth factor-1 [IGF1], Myelin
protein zero like 3 [MPZL3], Aquaporin 3 [AQP3], etc.) and sensitive
skin (Placental growth factor [PGF], Cystein-rich angiogenic inducer
61 [CYR61], Retinol-binding protein 4 [RBP4], Tachykinin precursor
1 [TAC1], Cathelicidin antimicrobial peptide [CAMP], Matrix metal-
lopeptidase [MMP9], MMP3, MMP12, C-C motif chemokine receptro 1
[CCR1], etc.).

2 | MATERIALS AND METHODS

2.1 | Subjects

This study was reviewed and approved by the Raphas Institu-
tional Review Board (RPHS-20312-001). Thirty-three volunteers
were selected based on the inclusion and exclusion criteria, and
written informed consent was obtained from each subject. After
facial cleaning, the subjects were acclimatized for 30 min in the
examination room, which was maintained at 22 + 2°C with a
relative humidity of 40%—60% before performing the following

procedures.

2.2 | Clinical assessment

Visual assessment was performed to identify the acne type sensitive
skin. Subjects with acne lesions such as papules, pustules, comedones
and cysts were categorised as having acne-type sensitive skin after

evaluation by a dermatologist.

2.3 | Non-invasive devices

In this study, nine different non-invasive devices were used to evaluate
the skin type. Mark-vu (PSI Plus, Gyeonggi-do, Korea), an LED (Light
emitting diode)-sourced facial skin analyser, was used to take pictures
of the face to show a specific feature of the skin. Skin wrinkles were
measured as the average roughness parameter (Ra) using PRIMOSCR
(Canfield Scientific, Parsippany, NJ, USA), a high-resolution 3D-imaging
tool. The average value after measurement on both sides of the crow’s
feet was used. Cutometer® MPA 580 (Courage and Khazaka Electronic
GmbH, Cologne, Germany) is a tool based on the suction method and
was used to measure skin elasticity. Among the valuable parameters,
we chose the parameter R2, which calculates gross skin elasticity based
on the resistance to mechanical force versus the ability to recover. The
measurement site was on both sides of the cheeks, and the average
value was used.

Corneometer® CM 825 (Courage and Khazaka Electronic GmbH)
was used to determine the hydration level of the skin surface at a depth
of 10—20 um in the stratum corneum. A Tewameter® TM 300 (Courage
and Khazaka Electronic GmbH) was used to evaluate transepider-
mal water loss (TEWL), which indicates the skin barrier function. A
high TEWL value indicates damage to the skin barrier function. The
Skin-pH-Meter® PH 905 (Courage and Khazaka Electronic GmbH)
was used to measure the pH of the skin surface. Measurements were
conducted on both sides of the cheeks, and the average value was
used.

A Mexameter® MX 18 (Courage and Khazaka Electronic GmbH)
was used to evaluate melanin and erythema. This instrument

emits three specific light wavelengths: 568, 660 and 880 nm.
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The receiver measures the light reflected by the skin. The results
are in the form of the melanin index or erythema index and
range from O to 999. The measurement site was on the upper
cheeks near the eye on both sides, and the average value was
used.

Spectrophotometer CM-700d (Konica Minolta, Tokyo, Japan) was
used to determine the colour of the objects by measuring the intensity
of light reflected by the objects. The results are shown as CIE L* a* and
b* The a* value, which represents the range from red to green, was used
to identify erythema. A higher a* value indicates that the colour of the
object is closer to red. The individual typology angle (ITA®) was calcu-
lated using the equation ITA® = (ATAN [L* - 50]/b*) x 180/3.14159.12
A higher ITA® value indicates a lighter skin colour. The measurement
site was on both sides of the upper cheeks, and the average value was
used.

A Sebumeter® SM 815 (Courage and Khazaka Electronic GmbH)
was used to evaluate the sebum level on the skin surface based on
photometry. In this procedure, an opaque tape is brought into con-
tact with the measuring site, and its transparency increases with
increased sebum. Next, the transparency of the tape is measured,
and the light transmission indicates the sebum content. The measure-
ment site was on both sides of the nostrils, and the average value was

used.

2.4 | Lactic acid stinging test

A lactic acid stinging test (LAST) was performed as previously
described with slight modifications.!® A cotton swab soaked with 10%
lactic acid solution was rubbed on the left side of the nasolabial fold,
whereas a cotton swab soaked with saline solution was rubbed on the
right side of the nasolabial fold. Subjects were asked to describe the
intensity of the sensation as stinging, itching or burning using a 4-point
scale (none =0, slight = 1, moderate = 2 and severe = 3) at 0, 2.5, 5 and
8 min after application of the cotton swabs. The score was calculated
using the following equation: score = (sum of lactic acid score - sum of
saline solution score)/12.

2.5 | Fabrication of microneedle patch

The biocompatible microneedle patches were fabricated by the
droplet-extension (DEN) method (previously known as droplet-born
air blowing) as described by Kim et al.2* A viscous solution of sodium
hyaluronate was prepared. Precisely controlled droplets were placed
on a hydrocolloid sheet using a solution dispenser, and the dispensed
viscous droplets on the lower sheet came into contact with the upper
sheet and became elongated. The viscous-elongated material was
solidified by exposure to air for sufficient time at room temperature.
Finally, a separation of the upper and the lower sheet was performed.
These steps were repeated to produce multiple microneedle patches
via DEN.

2.6 | Total RNA extraction and transcriptome
analysis

Both the microneedle patch and tape stripping methods were per-
formed to extract facial ribonucleic acid (RNA). For the tape stripping
methods, we referred to the method of Dyjack et al.1> D-Squame® tape
strips (CuDerm, Dallas, TX, USA) were applied to the cheek, and tape
strips 11—20 were used to isolate the RNA among a total of 20 con-
secutive collections. The samples on the surfaces of the microneedle
patch and tape strips were scraped using RLT buffer from the RNeasy
mini kit (QIAGEN, Hilden, Germany). The remaining steps of the pro-
cedure were performed according to the manufacturer’s instructions.
The total RNA concentration and A260/A280 ratio were measured
spectrophotometrically using a NanoDrop™ (Thermo Fisher Scientific,
Waltham, MA, USA).

For transcriptome analysis using microneedles, total RNA was
extracted as described above, amplified using the GeneChip™ WT
Pico Kit (Applied Biosystems, Foster City, CA, USA) and hybridized to
the GeneChip® Human Gene 2.0 ST Array (Affymetrix, Santa Clara,
CA, USA) according to the manufacturer’s instructions. The data were
summarized and normalized using the robust multi-average method
implemented in Affymetrix® Power Tools. We exported the results of
gene-level robust multi-average analysis and performed differentially
expressed gene analysis.

Statistical significance of the expression data was determined using
anindependent t-test and fold-change, in which the null hypothesis was
that no difference exists among the groups. The false discovery rate
was controlled by adjusting the p-value using the Benjamini-Hochberg
algorithm. For a differentially expressed gene set, hierarchical cluster
analysis was performed using complete linkage and Euclidean distance
as measures of similarity. All data analysis and visualization of differ-
entially expressed genes were conducted using Rstudio version 3.6.1
(Rstudio Inc., Boston, Massachusetts).

2.7 | Statistical analysis

Statistical analysis was conducted using GraphPad Prism (version 5.02;
San Diego, CA, USA). Correlations were determined by calculating
Pearson’s correlation coefficient. Statistical significance was set at
p < 0.05.

3 | RESULTS

3.1 | Successful extractions of skin RNA using
microneedles

Sodium hyaluronate-based microneedle patches were fabricated using
the DEN method for skin sampling. One microneedle patch measured
2.5 x 5.5 cm and consisted of 160 arrays of single microneedles (Fig-

ure 1A). A single microneedle length was approximately 650 um, which
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FIGURE 1 Sodium hyaluronate-based microneedles and comparison of the method for total RNA extraction. (A) Image of sodium
hyaluronate-based microneedle patch fabricated by droplet-extension (DEN) method. (B) Magnified image of microneedles with averaged length
of 650 um. (C) Total RNA concentration of RNA extracted by tape stripping method and microneedles

was sufficient to penetrate the upper dermis (Figure 1B). Both tape
stripping and microneedles could collect samples from the skin (Fig-
ure 1C).

To optimize the application time of the microneedle patch, it was
applied for 10, 20 and 40 min each (Figure 2A), and then total RNA was
extracted. The total RNA concentration was highest at 20 min, but the
average A260/A280 ratio was 2.66, suggesting the presence of impu-
rities. At 10 min, the average A260/A280 ratio was 1.91, in the range
of 1.8-2.0, which indicates good purity of RNA6-18: therefore, 10 min

was used as the application time for further experiments (Figure 2B).

3.2 | Biomarker analysis using skin RNA obtained
from minimally invasive microneedles

A total of 33 subjects (male: 19, female: 14, average age: 36.91 + 12.94
years) participated in this study (Figure S1A). All subjects voluntarily
signed the consent form and followed the procedures described in Fig-
ure S1B. Depending on the skin type category, the subjects were cat-
egorized into the test or control group. For objective classification by
skin type, the subjects were classified according to age, appropriate
non-invasive device measurement values, LAST score or visual assess-
ment of acne lesions.

RNA microarray was performed using the isolated skin total RNA,
and hierarchical clustering heat map images of differentially expressed
genes were used to reveal the patterns between the test and con-
trol groups. We selected the genes according to the following statis-
tical threshold: (1) fold change: |[FC| > 1.5 and (2) p-value: p < 0.05.

Further selection parameters were chosen based on previous litera-
ture to confirm the association between the selected genes and the
skin type. The candidate genes selected for heat map analysis were
the ones that demonstrated statistically significant differences and/or

genes that were closely related to the skin types in the literature.

3.2.1 | Elderly versus young

Selected subjects’ information is listed in Figure 3A for elderly versus
young analysis. The test and control groups were classified according
to age and skin roughness (PRIMOS, Ra), and skin elasticity (Cutometer,
R2) values were also considered. The hierarchical clustering heat map
of the test and control groups is presented in Figure 3B. Next, we drew
heat maps with selected skin elasticity/wrinkle-related genes (Fig-
ure 3C) and skin hydration/barrier-related genes (Figure 3D) because
skin elasticity, skin wrinkles, skin hydration and skin barrier function
are closely related to age.'? Additionally, heat map analysis of the spec-
imens from subjects in their 50s, 40s, 30s and 20s was also performed
(Figure S2A,B).

3.2.2 | Dry versus moist

Selected subjects’ informationis listed in Figure 4A for dry versus moist
analysis. The test and control groups were classified according to the
hydration content (Corneometer, A.U.), TEWL (Tewameter, g/h/m2) and
skin pH (Skin-pH-meter, pH) values. The hierarchical clustering heat
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FIGURE 2 Comparisons of RNA quantity and purity by application time. (A) Changes in microneedle length and (B) quantity and purity of total

RNA obtained according to application time

map of the test and control groups is presented in Figure 4B. Next,
we drew heat maps with selected skin hydration/barrier-related genes
(Figure 4C). Additionally, heat map analysis along with the values of
Corneometer, Tewameter and Skin-pH-meter, respectively, are pre-
sented in Figure S3A-C.

3.2.3 | Pigmented versus non-pigmented

Selected subjects’ information is listed in Figure 5A for pigmented ver-
sus non-pigmented analysis. The test and control groups were clas-
sified according to skin colour (Spectrophotometer, ITA®), and the
melanin index (Mexameter) was considered. The hierarchical clustering
heat map of the test and control groups is presented in Figure 5B. Next,
we drew a heat map with selected skin pigmentation-related genes
(Figure 5C). Additional heat map analysis was performed according to
skin colour typing using ITA® as follows: Light, ITA® > 41°; Intermedi-
ate, 28° < ITA° < 41°; Tanned, ITA® < 28° (Figure S4).

3.24 | Oily versus non-oily

Selected subjects’ information is listed in Figure 6A for oily versus non-
oily analysis. The test and control groups were classified according
to sebum levels (Sebumeter, yg/cm2). The hierarchical clustering heat
map of the test and control groups is presented in Figure 6B. Next,
we drew a heat map that included selected sebum synthesis/secretion-
related genes (Figure 6C).

3.2.5 | Stinging versus control

Selected subjects’ information s listed in Figure S5A for stinging versus
control analysis. The test and control groups were classified accord-
ing to the 10% LAST score. The hierarchical clustering heat map of
the test and control groups is presented in Figure S5B. We also drew
a heat map with selected stinging type sensitive skin-related genes
(Figure S5C).
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FIGURE 3 Analysis of skin aging with microarray. (A) Subjects’ information. (B) Hierarchical clustering heat map of test (elderly) and control
(young) groups. (C) Heat map with selected skin elasticity/wrinkle-related genes. (D) Heat map with selected skin hydration/barrier-related genes
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FIGURE 5 Analysis of skin pigmentation with microarray. (A) Subjects’ information. (B) Hierarchical clustering heat map of test (pigmented)
and control (non-pigmented) groups. (C) Heat map with selected skin pigmentation-related genes

3.2.6 | Rosacea versus control

Selected subjects’ information s listed in Figure S6A for rosacea versus
control analysis. The test and control groups were classified accord-
ing to the erythema index (Mexameter) and redness value (Spec-
trophotometer, a* value). The hierarchical clustering heat map of the
test and control groups is presented in Figure S6B. Next, we drew
a heat map with selected rosacea-type sensitive skin-related genes
(Figure S6C).

3.2.7 | Acne versus control

Photographs of the acne lesions and control site are presented in Fig-
ure S7A. Selected subjects’ information is listed in Figure S7B for acne
versus control analysis. The test and control groups were classified
based on visual assessment. The hierarchical clustering heat map of the
test and control groups is presented in Figure S7C. Next, we drew a
heat map with selected acne-type sensitive skin-related genes (Figure
S7D).
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FIGURE 6 Analysis of oily skin with microarray. (A) Subjects’ information. (B) Hierarchical clustering heat map of test (oily) and control
(non-oily) groups. (C) Heat map with selected sebum synthesis/secretion-related genes

3.3 | Correlations between RNA biomarkers and
non-invasive devices measurements

mRNA expression levels of the biomarkers were correlated with the
age, non-invasive measurement device values, LAST scores and visual
assessment results. Detailed correlation data including the p-value are
summarized in Table S1.

The biomarkers whose expression was negatively correlated to
age were FN1, GSTA3, PINK1, IVL, CERS6, SPINK5 and KLF4. The
biomarkers showing a negative correlation with skin roughness were
COL1A1, FN1, PINK1 (Figure 7A-C), COL3A1, GSTA3, PON1, IVL, HAS2
and HAS3. Using the Cutometer measurements, PINK1, IVL, TGM1,
SPINK5 and KLF4 were found to be positively correlated with skin

elasticity.

In skin hydration analysis, FLG, KLF4, LOR (Figure 7D-F), CDH1,
FLG2, ITGB4, SPINK5, TGM1, CLDN7 and CLDN4 were positively cor-
related with hydration content. KLF4, LOR, FLG, KRT10, LCE1A, CDH1,
FLG2, ITGB4, SPINK5, CLDN1, BGN, TGM1 and CLDN7 were negatively
correlated with the TEWL values. CDSN, KLF4, CDH1, CLDN1, AQP3
and CLDN7 were found to be negatively correlated with the skin pH
values.

For skin pigmentation, GPNMB (Figure 7G), CAT, CLDN1, CLU,
DSG1, GPX4, GSTM2 and GSTP1 were positively correlated, and
MLANA, TYR (Figure 7H,l), SOX10, TFAP2A and TYRP1 were neg-
atively correlated with the ITA° values. CAT, CLDN1, CLU, DSG1,
GPNMB, GPX4, GSTM2 and GSTP1 were negatively correlated with
the melanin index, and MLANA, PAX3 and SOX10 were positively

correlated.
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Ra) with (A) COL1A1 (Collagen type 1 alpha 1 chain), (B) FN1 (Fibronectin 1) and (C) PINK1 (PTEN-induced putative kinase protein 1). Correlations
of hydration content (Corneometer, A.U.) with (D) FLG (Filaggrin), (E) KLF4 (Kruppel-like factor 4) and (F) LOR (Loricrin). Correlations of skin colour
(Spectrophotometer, ITA°) with (G) GPNMB (Glycoprotein non-metastatic melanoma protein B), (H) MLANA (Melan-A) and () TYR (Tyrosinase).
Correlations of sebum levels (Sebumeter, ug/cm?2) with (J) IGF1 (Insulin-like growth factor-1), (K) MPZL3 (Myelin protein zero like 3) and (L) AQP3

(Aquaporin 3).

For oily skin, IGF1 (Figure 7)), MFAP2 and GPAM were positively
correlated, and MPZL3 and AQP3 were negatively correlated with the
sebum levels (Figure 7K,L).

For sensitive skin, the biomarkers showing a positive correlation
between LAST score and gene expression were PGF and CYRé61,
whereas RBP4 was negatively correlated (Figure S8A-C). Positive cor-
relations were observed between the erythema index and gene expres-
sion levels in TAC1, CAMP and MMP9 (Figure S8D-F). TAC1, MMP9

and ANGPT2 were positively correlated with the spectrophotometer
a* values. The biomarkers MMP3, MMP12, CCR1 (Figure S8G-1), THY1
and IL6 were positively correlated with visual assessment of acne
lesions.

Based on these results, we figured out the RNA biomarkers that
have a correlation with age, non-invasive device measurements, LAST
score or visual assessment, and they are useful for distinguishing the

skin type.
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4 | DISCUSSION

For molecular diagnosis and disease treatment monitoring, specimens
such as blood, tissues, or body fluids are obtained from the human body.
The existing biopsy method, particularly for the skin, is abrasive, painful
and stressful for patients. To overcome these problems, micro-unit
skin sampling methods were devised.2° Among these, we focused on
microneedles. In many studies, skin samples, such as interstitial fluids,
cells, blood and nucleic acids, have been successfully extracted using
different types of microneedles.821-24

We used sodium hyaluronate as a component of the microneedle
because it is biocompatible?®> and safe, as no sharpened part is left
behind after use. Repeated collection of skin specimens at the same
site, even at the facial skin, is possible, improving compliance. Using
microneedles fabricated with the DEN method, we obtained skin spec-
imens and performed skin transcriptomic profiling to confirm the dif-
ference according to the skin conditions. Next, referring to previous

studies,*2¢6

we tried to confirm the correlation analysis between tran-
scriptomic biomarker expression levels and other parameters.

Skin type classification through methods such as non-invasive
device measurements, LAST and visual evaluation reflects the pheno-
type. To determine suitable mRNA (messenger RNA) biomarker candi-
dates for the skin type, it is imperative to not only take statistical differ-
ences into account but also consider whether there is a genuine corre-
lation between the genotype and the phenotype. Therefore, genes that
were considered important for skin type and whose normalized mRNA
levels correlated with age, non-invasive device measurements, LAST
scores or visual evaluation of acne lesions were the ones considered
as the candidate biomarkers.

During skin aging, progressive loss and fragmentation of dermal
collagen fibrils occur, resulting in thin and structurally weakened
skin.2” COL1A1, which encodes type 1 collagen, is a well-known
biomarker of skin aging. COL1A1 expression is decreased in elderly
donor fibroblasts?® and in biopsies of males aged 30—45 years.2? FN1,
which encodes fibronectin, is also decreased by aging. Comparison of
skin biopsies from patients in their 30s and 60s showed decreased and
fragmented fibronectin in the latter group.*° In addition, fibroblasts
undergoing senescence express low levels of FN1.31 PTEN-induced
putative kinase protein 1 (PINK1) encodes a mitochondrial-targeted
serine/threonine kinase. PINK1 deficiency is associated with mito-
chondrial dysfunction and increased oxidative cellular stress and is
related to aging and aging-related diseases.?? Our results show that
PINK1 expression is correlated with age, skin roughness and skin elas-
ticity. Therefore, PINK1 may be related to skin aging.

Skin hydration is closely related to skin barrier function, and filag-
grin is the most well-known factor involved in skin barrier integrity.33
In this study, we confirmed that FLG expression was positively cor-
related with the hydration level of the stratum corneum and neg-
atively correlated with TEWL. KLF4 encodes Kruppel-like factor 4,
which is highly expressed in the differentiating layers of the epider-
mis and is an essential factor for establishing the barrier function.3*
According to our results, KLF4 mRNA expression was correlated with

Corneometer, Tewameter and Skin-pH-meter values. LOR is a major

protein of the epidermal cornified cell envelope, a structure formed
beneath the cell membrane during the terminal differentiation of ker-
atinocytes. The expression of LOR is decreased in patients with atopic
dermatitis®® and psoriasis. Lor (-/-) mice showed abnormal skin barrier
functions.3¢

Skin colour is closely related to the melanin content and
distribution.®” MLANA encodes melanoma antigen recognized by
T cells (MART-1), which is essential for structural maturation of
melanosomes, particularly in the early stages. MART-1 expression
patterns and subcellular distribution are typically correlated with
the melanin content.3® GPNMB is involved in the late stage of
melanosome maturation and contributes to melanocyte/keratinocyte
adhesion.3? In vitiligo lesional skin, GPNMB is absent, suggesting its
role in pigmentation.*® TYR is a tyrosinase-encoding gene; tyrosinase
plays a key role in melanin synthesis,*! and various inhibitors tar-
geting tyrosinase are used as skin whitening agents.*? In this study,
MLANA, GPNMB and TYR showed positive correlations with the ITA®
values.

Qily skin is occasionally considered as a problem because exces-
sive amounts of sebum can block pores and cause bacteria growth.*3
Insulin-like growth factor-1 (IGF-1) regulates sebaceous gland lipoge-
nesis in the skin.** The relationship between the serum levels of IGF-
1 and facial pores or sebum levels has been studied.*>*¢ MPZL3 is a
myelin protein zero-like 3 coding gene. The relationship between seb-
orrheic dermatitis and decreased adipose tissue has been studied in
MpzI3 (-/-) mice.*”#8 AQP3, which is involved in water transport, may
also be related to sebaceous differentiation.*” According to our results,
both MPZL3 and AQP3 expression levels were negatively correlated
with sebum levels obtained using the Sebumeter.

Sensitive skin refers to skin that reacts more sensitively than nor-
mal skin to stimulation such as external irritants, cosmetics contain-
ing specific ingredients or environmental changes; it consequently
exhibits irritation reactions (stinging, burning, itching, tightness) or
dermatitis.’®=>2 There are four types of sensitive skin: (1) acne type
(prone to developing acne lesions such as papules, pustules, comedones
and cysts), (2) rosacea type (featuring a tendency toward recurrent
flushing, facial redness and experiencing hot sensations), (3) stinging
type (predilection to stinging or burning sensations) and (4) allergic
type (more likely to exhibit erythema, pruritus and skin flaking on con-
tact with allergens and irritants);2 we evaluated three types of sensi-
tive skins: stinging, rosacea and acne type.

CYR61, also known as CCN1, is an extracellular secreted protein.
One study revealed an increase in CYR61 expression following treat-
ment with 10% lactic acid in 3D-skin,>3 indicating a correlation with
stinging-type sensitive skin. In the skin, placental growth factor (PGF)
is a key molecule in adult pathological angiogenesis. PGF expression is
up-regulated during wound healing.>*°°> RBP4 encodes retinol-binding
protein 4, a carrier protein of vitamin A. The level of RBP4 in blood is
increased in individuals with obesity.>® However, further studies of its
association with skin sensitivity are needed.

CAMP, also known as LL-37, is a well-studied gene that encodes
cathelicidin, which is related to rosacea.>’>®¢ MMPs are enhanced in

rosacea, and CAMP facilitates mast cell degranulation, which induces
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anincrease in MMP-9.5? TAC1 encodes neurokinin A (substance K). The
biological actions of TAC1 are mediated by G protein-coupled recep-
tors (TACR1, TACR2 and TACRS3); among them, TACR3 polymorphism
is related to rosacea.®®

MMPs are also related to acne. Kang et al. reported that activated
transcription factors nuclear factor-kappa B and activator protein-1in
acne lesions led to increased expression of MMPs. MMP3 and MMP12
expressions were positively correlated with the visual assessment of
acne-type sensitive skin. Studies have shown that expression of both
genes is increased in acne lesions compared to that in control skin.6162
In addition, using integrated bioinformatics methods, CCR1, one of the
chemokine receptors, was found to be associated with acne.®3 A nee-
dle length of 650 um can lead to an overestimation of inflammatory
gene expression for inflamed skin, such as acne skin. Therefore, a care-
ful approach to applying microneedles to specific skin types is required.
This could be confirmed by comparing the biomarker expression pat-
terns according to the length of microneedles in inflammatory and non-
inflammatory skin lesions.

We confirmed that the sodium hyaluronate-based microneedle can
be used as a skin sampling method for transcriptomic biomarker anal-
ysis. We also suggest various RNA biomarkers related to age, non-
invasive device measurements, LAST score and visual assessment of
acne lesions. Therefore, using a microneedle to collect skin samples
and analysing the gene expression can be applied as an alternative
method for classifying skin types. We only analysed skin type-related
biomarkers in subjects who had no symptoms of skin diseases. We
will further apply this method to diagnose and test treatment effi-
cacies of various skin diseases in addition to using it to explore skin
types.

5 | CONCLUSIONS

We analysed various biomarkers related to skin conditions at the
mMRNA expression level in skin samples obtained using minimally inva-
sive microneedles. The correlations between the biomarkers and age,
the measurements derived from non-invasive devices, LAST score or
visual assessment of acne lesions were confirmed.

In addition to methods such as biopsy, tape stripping and swab,
which were previously used to collect skin specimens, a new micro-
sampling method for transcriptome analysis of human skin is proposed.
This method can be applied to various molecular biological analyses in

the field of skin disease studies and personalized studies.
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