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ABSTRACT

Introduction: Advances in the scientific
understanding of the skin and characteristic
genomic dermal signatures continue to develop
rapidly. Nonetheless, skin diagnosis remains
predicated on a subjective visual examination,
frequently followed by biopsy and histology.
These procedures often are not sufficiently
sensitive, and in the case of many inflammatory
diseases, biopsies are not justified, creating a
situation where high-quality samples can be
difficult to obtain. The wealth of molecular
information available and the pace at which
new data are acquired suggest that methods for
minimally invasive biomarker collection could
dramatically alter our understanding of skin
disease and positively impact treatment
paradigms.
Methods: A chemical method was optimized to
covalently modify custom dermal patches with
single-stranded DNA that could bind to

messenger RNA. These patches were applied to
ex vivo skin samples and penetration evaluated
by histological methods. Patches were then
applied to both the skin of normal human
subjects (lower arm) as well as lesional skin of
psoriasis patients, and the transcriptome cap-
tured (N = 7; 33 unique samples). Standard
RNA-Seq processing was performed to assess the
gene detection rate and assessments made of
the reproducibility of the extraction procedure
as well as the overlap with matched punch
biopsy samples from the same patient.
Results: We have developed a dermal bio-
marker patch (DBP) designed to be minimally
invasive and extract the dermal transcriptome.
Using this platform, we have demonstrated
successful molecular analysis from healthy
human skin and psoriatic lesions, replicating
the molecular information captured with punch
biopsy.
Conclusion: This DBP enables an unprece-
dented ability to monitor the molecular ‘‘fin-
gerprint’’ of the skin over time or with various
interventions, and generate previously inacces-
sible rich datasets. Furthermore, use of the DBP
could be favored by patients relative to biopsy
by limiting pain resulting from biopsy proce-
dures. Given the large dynamic range observed
in psoriatic skin, analysis of complex pheno-
types is now possible, and the power of
machine-learning methods can be brought to
bear on dermatologic disease.
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Key Summary Points

Biomarkers have become a preferred
method for disease detection and patient
monitoring. Furthermore, the
development of robust biomarker sets has
brought the promise of precision
medicine to the treatment of a number of
diseases.

Multiple biomarker sets related to skin
diseases have been identified, but access to
skin biomarkers has largely been limited
to invasive skin biopsies.

We hypothesized that chemically
modified microprojections could provide
a minimally invasive method to
efficiently capture mRNA from the skin.

Using this platform, we have successfully
and reproducibly extracted the
transcriptome both from the skin of
healthy individuals as well as skin lesions
of psoriasis patients.

The dermal biomarker patch platform
described herein could enable access to
previously inaccessible datasets and
enable novel study into the skin
transcriptome.

Application of this platform could lead to
high-precision diagnostics as well as the
realization of precision medicine in
dermatology.

INTRODUCTION

Analysis of biomarkers has become a preferred
method for early detection of disease, patient
stratification, and monitoring efficacy of treat-
ment [1]. Biomarkers can be used in clinical
practice to identify risk for or diagnose a disease,

stratify patients, assess disease severity or pro-
gression, predict prognosis, or guide treatment.
In drug development, biomarkers may be used
to help determine how a drug works in the
body, to determine a biologically effective dose
of a drug, to help assess whether a drug is safe or
effective, and to help identify patients most
likely to respond to a treatment, to predict who
is at risk for relapse, or are least likely to suffer
an adverse event when treated with a drug.
Biomarkers can sometimes be used as part of the
approval process for a drug or treatment, to
inform regulatory decision-making. However,
rapid and highly sensitive detection of changes
in a biomarker is often technically impossible,
or may require a cumbersome procedure
involving multiple processing steps, necessitat-
ing large sample volumes and a prolonged
diagnosis/prognosis timeline. The sample from
a patient is often of a limited volume and not
amenable to extensive processing or to proce-
dures requiring multiple steps that extend the
processing time.

Current methods for detecting molecular
biomarkers or biological analytes of interest for
diagnostic applications rely primarily on
extraction of body fluid (e.g., blood, interstitial
tissue fluid) from a patient. It is from this sam-
ple of fluid that specific biomarkers are assayed.
More recent inventions describe the use of
devices to facilitate the extraction of interstitial
tissue fluid, including hollow microneedles [2],
sonophoresis [3], and iontophoresis [4] tech-
nologies. However, these techniques do not
directly sample clinically relevant biomarkers
from the site of application, but rather, require
further processing of body fluids. Other diag-
nostic methodologies that are not based on
molecular assays (e.g., biopsies) cannot directly
assess biomarker levels and can be subject to
false-positive and false-negative results because
of their inherently visual and subjective nature.
However, for noncirculating biomarkers, this
has often been the only diagnostic option to
date.

Presently, the most common method for
accessing molecules from the skin relies upon
clinical biopsy of the site, followed by either
histological examination of skin sections or
homogenization of the biopsy sample with
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subsequent biomarker purification and down-
stream analysis; for example, for RNA-Seq-based
studies, samples are homogenized and the
mRNA purified, followed by library preparation
and next-generation sequencing (NGS) proto-
cols. Biopsy is an inherently invasive, scarring
method that cannot be used to temporally fol-
low a piece of skin throughout a study; once the
sample is removed, the progression of the skin
sample can no longer be monitored, thus pro-
viding only a single snapshot in molecular time.
Furthermore, in studies where biopsy is not part
of the clinical standard of care, it can be extre-
mely difficult to have research subjects agree to
have biopsies taken from their skin. It is also
important to note that, from a diagnostic per-
spective, in many diseases, interpathologist
concordance from biopsy samples is poor.
Indeed, a 1996 study by Farmer et al. showed
that 38% of cases had two or more discordant
opinions when observed by eight different
pathologists [5]. Additionally, in the case of skin
cancer, Brochez et al. found that, on average,
pathologists missed 13% of melanomas [6].
Finally, a 2008 work by Lodha et al. studying
diagnostically challenging melanocytic neo-
plasms in the clinical setting showed a high
level of disagreement among consultants in
25% of cases [7]. In essence, the primary tech-
nology used to examine the skin has changed
little over the past 50 years.

Microneedles have recently become widely
studied as a technology for transdermal delivery
of drugs and/or biotherapeutics that would
otherwise have poor penetration across the skin
and, in particular, through the stratum cor-
neum, the 15–20 lm tough outer layer of the
epidermis. In general, microneedles are protru-
sions of 50–2000 lm in length, in varying
shapes, that can be inserted into the skin and
penetrate the epidermis and upper dermis
without contacting the nerve endings and
blood vessels that permeate the underlying
dermis. Thus, in the context of drug delivery,
microneedles have been touted as a pain-free
method to deliver pharmaceuticals including
small molecules and larger proteins.

Microneedles can be made of a wide variety
of materials including silicon, stainless steel,
glass, ceramic, and various polymers both

synthetic and natural [8]. Most commonly,
microneedle arrays are fabricated either from
polymer or metal substrates. To make the for-
mer, techniques from the fabrication of micro-
processors are applied. This technology has
been widely applied in biological settings and
other lab-on-a-chip devices and have been
extensively reviewed [9, 10].

Given the relatively insensitive and cum-
bersome methodology currently utilized for
skin research and skin disease diagnosis, it is
clear that there is an urgent need for new
technologies that allow for the sensitive mea-
surement of skin-relevant biomarkers. In recent
years, microneedle-based platforms have seen
increasing use in transdermal diagnostics, par-
ticularly in the context of protein, metabolite,
or drug detection from interstitial fluid [11–13].
However, these approaches have primarily
relied upon colorimetry, immunoassays, and
electrochemistry as a design. We have devel-
oped a dermal biomarker patch (DBP) that
enables pain-free, minimally invasive, and tar-
geted extraction of the transcriptome from the
skin, without requiring a skin biopsy (Fig. 1).
Herein, we describe the utility of these patches
in extracting dermal transcriptomic informa-
tion from human subjects.

METHODS

Patch Fabrication and Surface
Modification

Custom-designed dermal patches (Accumold,
Inc, Des Moines, IA) were chemically modified
by first performing plasma treatment on the
naked cyclo olefin polymer (COP, Zeonor
1020R) using a Surfx AtomFlo 500 instrument
(Surfx Technologies, Redondo Beach, CA). The
parameters used for plasma treatment were 120
W, 20 L/min argon, 0.20 L/min oxygen, and 60
�C CCM. Plasma treatment was conducted at
1 mm/s pass speed. After plasma treatment,
chemical modification of patches was accom-
plished as follows: Fresh stock of 2 mM COMU
(Sigma) intermediate was prepared in
dimethylsulfoxide (DMSO), and N,N-diiso-
propylethylamine (Sigma) was then added to
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the reaction for 20 min. Activated COMU solu-
tion (50 lL) was added to the microneedle array
and allowed to incubate at room temperature
for 30 min. The dermal patch was then washed
with acetone and dried under a stream of
nitrogen. Oligo-dT (IDT 50-/5ILINK12/
iSp18TTTTTTTTTTTTTTTTTTTTTTTT-30) was
then diluted to 10 lM using 1X PBS. To the
activated microneedle array, 75 lL oligo dT was
added and allowed to incubate at room tem-
perature overnight in a humidified chamber.
The probe-modified dermal patch was washed
with water and dried under a stream of nitro-
gen. Completed dermal patches were then
sealed until use.

Fluorescence Monitoring of Modified
Dermal Biomarker Patches

Modified dermal patches were examined by
fluorescence microscopy to ensure consistent
modification. For this, patches were modified
adjacent to the microneedle array as follows. To
the side of the array, 1 lL freshly made 2 mM
COMU solution was added and then incubated
for 30 min at room temperature. The patch was
then washed with acetone and dried under a
stream of nitrogen. Once dry, 1 lL oligo-dT (IDT
50-/5ILINK12/
iSp18TTTTTTTTTTTTTTTTTTTTTTTT-30) was
added to the same spot to couple the ssDNA
probe to the patch surface. The patch was then

incubated overnight at room temperature in a
humidified chamber without shaking, then
washed with water and dried under a stream of
nitrogen. These modified spots were then trea-
ted with 20 lL 0.5 lM CY3-A24 oligonucleotide
(Integrated DNA Technologies) and allowed to
incubate at room temperature for 15 min. After
this time, patches were washed with phosphate-
buffered saline (PBS), dried under a stream of
nitrogen, and imaged for fluorescence. The ratio
of the fluorescence of the hybridized region
versus the nonhybridized region was measured
using ImageJ. Control experiments were per-
formed where patches that did not have oligo-
dT coupled, as well as those without olig-dT and
without CY3-A24, were also imaged.

Human Subject Recruitment
and Enrollment

All ex vivo skin samples were discarded skin
obtained during the course of routine surgical
procedures. All samples were deidentified, and
no patient information was recorded. For
in vivo experiments, four healthy subjects and
three patients with active psoriasis were enrol-
led. For this study, approval was received for all
ex vivo samples from the Institutional Review
Board of the University of Rochester Medical
Center, under a protocol with Sherrif Ibrahim as
principal investigator. All in vivo sample
acquisition was conducted under a protocol

Fig. 1 Mindera dermal biomarker patch. A Patches are
approximately 2 cm in diameter with an array of 100
square pyramidal microneedles in the center of the patch
arranged in a 5 9 5 mm2 square. Each pyramidal micro-
needle is 750 lm in length and 200 lm 9 200 lm at the
base. B Representation of modified microneedles with

ssDNA probes bound to the surface; C application of
dermal biomarker patch to the skin using spring-loaded
applicator; D dermal biomarker patch applied to skin for
sample collection
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approved by the Integreview Institutional
Review Board with Tobin J. Dickerson as prin-
cipal investigator. All studies were performed in
accordance with the Helsinki Declaration of
1964 and its later amendments. All subjects
provided informed consent to participate in the
study, and no identifying information was
collected.

The study was not powered for statistical
significance. For each normal subject, 2–4 DBPs
were applied to the lower arm, while 1 DBP was
applied to the lesional skin of each psoriasis
patient. Additionally, 2-mm punch biopsies
were taken from the lesional skin of psoriasis
patients. After collection, samples were imme-
diately preserved in RNALater (Thermo) and
stored at 4 �C until use. For some extracted
mRNA samples, multiple mRNA preamplifica-
tions were performed to assess technical
reproducibility.

En Face Histology of Dermal Biomarker
Patch Application

To assess the depth of penetration of dermal
biomarker patches, ex vivo skin samples were
sliced en face and resulting puncture sites
quantified. Skin samples were cut to size, and
the subcutaneous fat removed from the sam-
ples. The top of the skin was washed with
ethanol and dried, after which time the DBP
applicator was placed on the skin and the patch
applied. The patch was left in place for 5 min,
after which time the DBP was removed and the
skin sample pressed between two pieces of
corkboard to ensure that the skin remained flat
during fixation. This was then submerged in
10% neutral buffered formalin for 24 h at room
temperature. The fixed skin was then embedded
in paraffin using standard methods (Histo-Tec,
Hayward, CA) and 20 of 20-lm-thick slices were
prepared for microscopic analysis. All slides
were imaged, and the resulting images were
imported into ImageJ and analyzed for micro-
needle penetration.

Dermal Biomarker Patch Application

To apply DBPs to the skin, a customized spring-
loaded applicator was used. This applicator
served to standardize the application pressure
across subjects and across users (pressure
applied * 120 N). The loaded applicator was
placed against the skin, and the trigger pressed,
applying the patch to the skin. The patch was
then held in place against the skin for 5 min by
a ring of medical tape. After this time, the patch
was removed from the subject, immediately
placed into storage buffer (LiCl, Triton X-100,
Tris–EDTA), and stored at 4 �C until processing.

Dermal Biomarker Patch Processing

Dermal transcriptomes were processed within
72 h of collection from subjects. Samples were
prepared by washing the applied DBP with
chilled 1X PBS and then drying the patch under
a stream of nitrogen. The dried DBP was then
place on a heat block preset to 95 �C for 1 min,
at which time, 50 lL PCR-grade water previ-
ously heated to 95 �C was then applied to the
microneedle array for 1 min to elute the bound
mRNA from the DBP. This eluted mRNA was
then converted to cDNA using Takara SMART-
Seq Single Cell kit according to the manufac-
turer’s instructions. Amplified cDNA samples
were then stored at 4 �C until qPCR or NGS
analysis.

Sequencing Procedures

Amplified cDNA was sequenced by a commer-
cial vendor (Psomagen, Inc., Rockville, MD)
according to standard procedures. Library
preparation was accomplished using Illumina
Nextera DNA Flex kits according to the manu-
facturer’s instructions. Prepared indexed librar-
ies were then loaded onto a NovaSeq6000 S4
with read length of 150PE for sequencing of
40M reads per sample. During sequencing, the
quality score (Q30) was maintained over 75%.
Upon completion of runs, FASTQ file quality
was checked with FASTQC and trimmed with
the Trim_galore program. The trimmed FASTQ
were aligned and mapped to human reference
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genome GRCh38 using the hisat2 program. The
number of reads was counted for each Ensemble
gene ID using the FeatureCounts program and
Homo sapiens GRCH38.84.gtf. RNA expression
analysis was further processed using the Bio-
conductor package edgeR. Genes were filtered
using filterByExpr before logCPM (counts per
million reads) were calculated. Plots were made
using the ggplot2 and heatmap.2 functions in
R. Percent of genes detected was determined
using the ratio of genes detected (with[0
count) over the total number of Ensemble
genes.

RESULTS

Polymer Modification Including QC Spot

Polymer patches were chemically modified
using atmospheric-pressure oxygen plasma to
functionalize the surface for coupling with
oligonucleotides [14]. This process was opti-
mized to modify the surface without leading to
visually apparent degradation of the pyramidal
microneedles. Once functionalized, oligonu-
cleotides were coupled to the surface using
uronium salt chemistry to yield ssDNA-func-
tionalized dermal biomarker patches that were
then capable of binding to target mRNA.
Assessment of the modification was performed
by using the same chemistry on an adjacent
portion of the back plate of the DBP. This spot
was then treated with CY3-modified comple-
mentary ssDNA (CY3-A24), resulting in
hybridization that could be measured by fluo-
rescence microscopy (Fig. 2). A signal difference
between modified and unmodified regions of
the patch of at least threefold was achieved in
all patches used in this study. Importantly,
control experiments where no ssDNA chemical
modification of the patch were performed, with
no fluorescence being observed.

En Face Histological Examination
of Ex Vivo DBP Penetration

To examine the penetration of patches into
human skin, deidentified excess skin explants

were treated with modified DBPs. After appli-
cation to the skin for 5 min, DBPs were
removed, the skin fixed with formalin, and the
skin embedded in paraffin for analysis. The
resulting slides showed clear penetration of the
microneedles into the skin to depths
of * 350–400 lm. Additionally, from the size
of the holes in each slice, an image of the
microneedle was created that matches the pitch
of the original device, validating that efficient
penetration was achieved; examination of slices
down to 300 lm showed no evidence of stratum
corneum around the penetration site, as
opposed to manual device application which
showed * 15% of sites with stratum corneum
present at depths of 300 lm.

In Vivo Transcriptome Extraction
from Healthy Subjects

A total of 33 samples from seven subjects were
sequenced for the assessment of technical and
clinical feasibility (Fig. 3). RNA preamplification
of all samples generated sufficient DNA quan-
tity and quality for the preparation of
sequencing libraries. The resulting DNA quan-
tity ranged from 7.1 to 57.2 lg/lL, with an
average concentration of 28 lg/lL. After
sequencing, the percent of total genes detected
was found to range from 25.1% to 68.3% of
total genes (average 42.3%) across the 33 sam-
ples (Fig. 4A). Two of three psoriasis patients
had the higher gene detection rates, which
were * 54.7% and 68.8% respectively. The
gene detection rates significantly correlated
with DNA concentrations (R = 0.92, p\0.001),
suggesting that the amount of mRNA extracted
from the skin onto the DBP was a major factor
affecting the detection sensitivity. Importantly,
unmodified DBPs that were not modified by
ssDNA did not yield sufficient quantities of
mRNA for sequencing library development.

To assess the biological reproducibility of the
DBP platform, correlation coefficients (R) were
calculated for each normal subject using
logCPM values from the samples collected from
different DBPs. R values ranged from 0.44 to
0.97, with an average of 0.69 across all samples
(Fig. 4B).
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Comparisons were also made between sam-
ples collected with the DBP and those collected
via punch biopsy. In this case, samples collected
with DBP were sequenced as before and then
compared with tissue samples collected and
processed using standard procedures with
punch biopsy. Importantly, the correlation
between punch biopsies and DBP collection was
very good (Fig. 5), with excellent overlap in the
number of genes detected by the two methods.

DISCUSSION

Chemical modification of polymer surfaces for
the extraction of biomarkers from in vivo skin
has been successfully demonstrated using the
described dermal biomarker patches. The cova-
lently attached probes are able to bind specifi-
cally to mRNA and extract in sufficient quantity
and quality for downstream next-generation
sequencing. While direct measurement using
fluorescence-based technologies are not

Fig. 2 Fluorescence imaging of dermal biomarker patches.
DBP were chemically modified adjacent to the micro-
needles with T24 oligonucleotides and then CY3-A24
hybridized for imaging. Strong fluorescence between the
modified and unmodified regions can be seen and was

quantified using ImageJ. A Fluorescence imaging of the
DBP; B fluorescence imaging of spot on the DBP
backplate used for quantitative assessment of chemical
modification

Fig. 3 Dermal biomarker patch application, processing,
and analysis. Briefly, patches are applied to skin using an
applicator and allowed to remain on the skin for 5 min.

After this time, the DBP is removed and the bound
biomarkers eluted from the surface prior to next-genera-
tion sequencing and analysis

Dermatol Ther (Heidelb) (2022) 12:1313–1323 1319



possible at the mRNA quantities obtained, we
have used amplified cDNA to assess the yield of
genetic material captured from each patch. It is
important to note that, unlike typical total RNA
measurements, mRNA quality assessments by

gel-electrophoresis-based methods cannot be
performed as an RNA integrity number (RIN) is
dependent upon detection of 28S and 18S rRNA
peaks; since the DBP collects only mRNA, no
RIN number can be calculated as there are no
28S or 18S rRNA peaks. Nonetheless, extraction
of analyzable mRNA is only achieved with
ssDNA-modified DBPs, demonstrating that the
chemical modification is required.

With this information in hand, we next
examined the ability of the DBP to extract
molecular information from healthy skin and a
representative disease phenotype, psoriatic
lesions. Gratifyingly, meaningful quantities of
mRNA were extracted from both skin types and
the quantity of mRNA obtained was more than
sufficient for the generation of next-generation
sequencing libraries and subsequent sequenc-
ing. Furthermore, there was excellent overlap
between the transcriptomes detected using DBP
and punch biopsy.

The two skin phenotypes examined in this
study were compared to determine whether the
DBP could detect transcriptomic differences
between the two groups. As expected, many
genes were not differentially expressed between
the two groups, but there were a number of
genes that showed good levels of up- or

Fig. 4 Analytical and clinical feasibility of Mindera dermal
biomarker patch. A Percent of genes detected in DBP
extractions from 33 samples; B biological reproducibility of

gene intensity. Boxplot of correlation coefficients (R) of
logCPM values from pairwise comparisons of different
biological samples collected from each normal subject

Fig. 5 Overlap of genes detected in biopsy versus dermal
biomarker patch collection. Of the total number of
detected genes, 67% were detected in both DBP and
biopsy, 18% were detected in DBP alone, and 15% were
detected in biopsy alone
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downregulation and were consistent with liter-
ature (Fig. 6A). Interestingly, genes such as
S100A9, KDRT16, IL36G, and IL37 have not only
been linked to differential expression in psoriatic
lesions but also shown to correlate with patient
response to biologic therapy [15–18]. To further
validate the feasibility of DBPs in separating
normal skin from psoriatic lesions, a list of 42
genes differential expressed in psoriasis were
collected from literature, including 36 upregu-
lated and 6 downregulated genes. As shown in
Fig. 6B, these 42 genes were also consistently
detected as upregulated or downregulated in
DBP samples, confirming the feasibility of this
platform for the extraction of mRNA and tran-
scriptome profiling of diseased skin.

Limitations

We note that this study was not designed to be
statistically powered from a clinical perspective,
but instead to show the ability of the dermal
biomarker patch platform to extract the tran-
scriptome from human skin. Future studies will
be required to demonstrate statistically signifi-
cant differences in clinical samples. Addition-
ally, the differentially expressed transcriptome
in psoriasis is a large number of genes. In this
study, we did not aim to select a relevant subset

of these genes for a specific purpose, but instead
to show that the technology can reproducibly
extract relevant biomarkers from the skin.
Studies aimed at leveraging the data that can be
acquired using these patches in psoriasis
patients are left for future research.

CONCLUSIONS

Despite tremendous advances in our molecular
understanding of the skin, visual observation
and/or histology remains the standard for
diagnosis and assessment. In many cases, such
as inflammatory skin conditions, a routine
method for collecting biomarker information
from the skin is urgently needed to assist in
disease diagnosis as well as to inform treatment
paradigms. Relative to the dominant techniques
used today (i.e., skin biopsy and pathology), the
DBP solution brings a number of benefits
including minimal invasiveness, high-precision
molecular testing for improved sensitivity and
specificity, and the generation of huge cost
savings for healthcare systems as it can be
cheaper than traditional pathology and lead to
earlier and more accurate detection of disease.
These data demonstrate the analytical and
clinical feasibility of the DBP for skin transcrip-
tome quantitation, enabling unprecedented

Fig. 6 Differential expression of genes between normal
skin and psoriatic lesions sampled with the DBP.
A Expression levels of nine genes (three housekeeping
genes, three up-regulated genes, and three downregulated
genes in psoriasis) from seven subjects (four normal

subjects and three psoriasis patients). B Heatmap of
expression level (logCPM value) of 42 genes from seven
subjects. All 42 genes showed consistent directional (up or
down) regulation in the current dataset. NS, normal
subjects; PS, psoriasis patients
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study of the skin transcriptome and ready mon-
itoring of the molecular ‘‘fingerprint’’ of the skin.
In total, this platform has the potential to bring
about widespread sampling and study of the
skin, leading to high-precision diagnostics as
well as novel tools that could realize the poten-
tial of precision medicine in dermatology.
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