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Portable biosensors mainly focus on detecting biomarkers in biofluids but
neglect the abundant skin biomarkers on the stratum corneum, which are

associated with the functionality and integrity of the skin barrier. Here, we
propose a sensing patch designed for direct sampling and in situ quantification
of epidermal serine, an important biomarker for skin healthcare. The patch
consists of a porous hydrogel for serine diffusion and ion conduction, and a
molecular imprinted polymer-based electrochemical serine sensor. By inte-
grating with a customized handheld serine tester, the serine sensing system
enables in situ measurement of epidermal serine levels. We demonstrate the
application of this serine sensing system in assessing the moisturizing effect of
a skincare product and tracking the recovery progress of skin barrier function
in a patient with atopic dermatitis. Our work opens up a potential application
scenario for portable biosensors in personalized skin healthcare.

With the rapid advancements in biosensing technology, portable or
wearable biosensors have emerged as a research frontier due to their
unique advantages, demonstrating immense potential in monitoring
human physiological processes and disease states'’. Portable bio-
sensors have aimed to detect biomarkers in biofluids, such as sweat?,
saliva®, tears’, and interstitial fluid®>. Among them, sweat contains
abundant biomarkers such as amino acids’, lactic acid®, electrolytes’,
proteins'®, and even steroid hormones", which can be continuously
and non-invasively collected and detected. These characteristics
make it one of the research hotspots of portable biosensors™. In
general, traditional sweat induction requires additional and active
sweat generation methods, including physical exertion, heat, and
iontophoresis™", which may cause user exhaustive even discomfort,
as well as potential side effects for patients®”. Recently, passive sweat
generation methods have emerged and are attractive for their con-
venience against active methods'®". Leveraging diffusion extraction,
a variety of hydrogel-based sensors have been developed to sample
and detect passive sweat biomarkers generated by natural perspira-
tion and reside on the skin surface'®". However, apart from sweat

biomarkers on the skin, the epidermis also contains a large number
of intrinsic biomarkers stem from skin metabolism?°, which play an
important role in the skin barrier while have not yet been reported on
portable biosensors.

Such epidermal biomarkers refer to solid-phase skin metabolic
products residing on the skin surface or within the stratum corneum,
which can reflect the integrity of the skin barrier and are thus widely
tested in dermatology as well as cosmetics”. Compared to bio-
markers in biofluids, epidermal biomarkers persistently presented on
the skin can be non-invasively and user-friendly determined without
the need for any biofluid generation methods*. These epidermal
biomarkers have opened up avenues for early diagnosis and treat-
ment of various skin diseases, particularly for those intimately linked
to skin barrier function, such as atopic dermatitis (AD)*. However,
the direct extraction and the in-situ detection of epidermal bio-
markers still confront numerous challenges. First, for the extraction,
traditional skin sampling methods often involve invasive or mini-
mally invasive procedures, including skin biopsy or tape stripping,
which are laborious, poorly tolerated by patients, and may lead to
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local trauma or infection®. Existing reported non-invasive sampling
techniques address some of the issues inherent in invasive skin
sampling, but they usually necessitate further sample processing
steps (e.g., extraction, purification, and pre-concentration) before
metabolite detection®*. This not only escalates testing cost and
time but also potentially affects the accuracy and reliability of
results. Second, for the detection, common measurement technol-
ogies, including liquid chromatography-mass spectrometry (LC-
MS)* and enzyme-linked immunosorbent assay (ELISA)*, are limited
by their disadvantages like cumbersome instrumentation, time-
consuming and labor-intensive professional operation. Therefore,
there remains an urgent need for a universal technique to achieve
direct sampling and in-situ measurement of epidermal metabolites.
In theory, the passive diffusion sampling method and the wearable
electrochemical detection technique can meet the above need but
have not yet been demonstrated for sensing epidermal biomarkers.

Within the realm of epidermal biomarkers, natural moisturizing
factors (NMF) have garnered considerable attention due to their
crucial physiological roles in the skin’s chemical barrier. NMF is a
mixture of small biological molecules produced in the stratum cor-
neum, such as pyrrolidone carboxylic acid, amino acids, urea, lac-
tates, etc”. Variations in NMF levels directly correlate with changes in
the functionality and integrity of the skin barrier’**', Therefore, NMF
has found applications in the assessment of skin barrier impairment
and disruption, as well as the identification and prediction of certain
skin diseases, such as AD*’. Notably, serine is the most abundant
amino acid in NMF (accounting for over one-fifth of total free amino
acids in NMF)*, which plays a pivotal role in skin hydration due to its
high concentration and remarkable water retention*. Furthermore,
serine possesses multiple barrier functions as follows: (1) extra-
cellular lipid biosynthesis for the maintenance of skin structure®; (2)
Immune response support for skin inflammation’; (3) keratinocyte
turnover for the exfoliation and renewal of the stratum corneum®.
Given the high proportion of serine in NMF and its pivotal role in skin
hydration and barrier function, the level of epidermal serine is con-
sidered a significant biochemical indicator to evaluate skin health***’,
Specifically, the determination of serine content in the stratum cor-
neum provides a valuable reference for dermatologists to assess the
severity of skin barrier-related diseases, including psoriasis*°, AD",
and xerosis*. Furthermore, serine also plays a key role in various
cellular and neural functions. Therefore, dysregulation of serine
metabolism is also associated with a variety of health conditions
beyond skin health, such as neurological disorders (schizophrenia,
amyotrophic lateral sclerosis, epilepsy), cancer, metabolic disorders,
and immune dysfunctions****, The critical health roles of serine
metabolism highlight the importance of monitoring serine levels,
particularly in non-invasive assessment of serine content on the
epidermis for skin healthcare.

In this article, we develop a wearable serine sensing patch designed
for direct sampling and in situ detection of epidermal serine (Fig. 1a).
This disposable and low-cost patch comprises two key components: (1) a
highly porous and permeable polyvinyl alcohol (PVA) hydrogel serving
as the serine diffusion and ion-conductive layer; (2) a serine sensor
based on the molecular imprinted polymer (MIP) for highly selective
capture and sensitively detection of serine sampled by the hydrogel.
When coupled with a customized serine electrochemical tester, this
integrated serine sensing system enables the real-time measurement
and readout of epidermal serine levels, and thus reliably evaluates the
integrity of the skin barrier. Users can be easily informed of their skin
health status by using our integrated serine sensing system, and its
simple and efficient operation is comparable to commercially available
glucose meters. By tracking changes in epidermal serine levels on the
skin, we successfully demonstrated the system application for the
enhanced moisturizing function of the skin after subjects applied a
specific commercial skin essence. Moreover, we also continuously

monitored the treatment and recovery process of skin barrier function
in an AD patient after using a prescription drug. These results indicate
that our epidermal serine sensing system is amenable for applications in
the effectiveness assessment of skincare products in cosmetics and the
management of chronic skin diseases in dermatology.

Results

Design and operation of the epidermal serine sensing system
As the key unit of the epidermal serine sensing system, the serine
sensor (Fig. 1a) is primarily comprised of two essential components: a
porous PVA hydrogel for serine diffusion and ion conduction, and a
MIP-based electrochemical electrode array for serine sensing. Fur-
thermore, the serine sensor was packaged as a wearable patch (Fig. 1a),
which consists of a sensing chamber made of a double side tape to
place the PVA hydrogel and define the sensing area, as well as top and
bottom encapsulation layers made of waterproof tapes to prevent the
moisture evaporation from the hydrogel. The laser cutting technique
was employed to fabricate the structural shape of serine sensors and
the packaging materials of patches, which are mass-producible and
low-cost (Supplementary Fig. 1).

Notably, unlike the existing structure for passive sweat sampling,
the serine sensing patch adopts a structure with three separate banded
three electrodes sandwiched between the hydrogel and the skin
(Fig. 1a-c). Compared with the structure of the hydrogel sandwiched
between a whole electrode substrate and the skin, the separate elec-
trodes are easier to bend and deform than the whole electrode plate,
so that the hydrogel, the electrodes, and the skin contact each other
more closely. Moreover, the contact area between the hydrogel and
the skin is relatively small due to the exitance of the separate elec-
trodes in the middle, which reduces the potential skin irritation to the
diseased skin from the salt solution in the hydrogel.

When the patch intimately adheres to the skin surface, a con-
centration gradient is established between the serine-free hydrogel
and the serine-rich skin through the gaps between the electrodes. This
serine concentration gradient drives the diffusion of serine from the
stratum corneum wetted by the hydrogel towards the patch. During
this process, the water-soluble serine molecules traverse the inter-
cellular space or cell membranes of the stratum corneum and subse-
quently diffuse into the hydrogel matrix and the electrode surface
(Fig. 1b). After that, the carbon electrodes with a serine-imprinted
polymer layer specifically recognize the serine molecules in the
hydrogel matrix. Finally, the electrode array transduces serine-MIP
bindings into an electrochemical signal through an ionic conduction
pathway after the serine concentration distribution reaches a quasi-
steady state (Fig. 1c). This selective binding between serine and the MIP
layer reduces the contact between the redox probe layer and the
electrolyte solution, thereby hindering the electron transfer
process® (Fig. 1c).

By developing a handheld and portable electrochemical tester,
the integrated serine sensing system achieved the non-invasive and in
situ detection of epidermal serine (Supplementary Fig. 2-4). To
demonstrate its practical application value in skin diseases, we
employed the serine sensing system to effectively distinguish between
the skin lesions and nearby normal areas for an AD patient, and con-
tinuously track the treatment and recovery process during three
consecutive weeks of topical medication (Fig. 1d). Our results uncover
the disorder of skin serine metabolism during the pathological process
of AD, and indicate that our system can offer a perspective for skin
chronic inflammatory disease diagnosis, monitoring, and therapeutic
assessment (Fig. 1d).

The operation steps of the serine sensing system are simple and
convenient for users or patients (Fig. 1e and Supplementary Movie 1).
The whole operation can be summarized by five steps: (1) Preparation:
switch on the tester and prepare the encapsulated patch; (2) Calibra-
tion: Insert the patch into the tester and calibrate through the blank
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Fig. 1| Design and operation of the epidermal serine sensing system.

a Schematic of the wearable serine sensing patch. b Dissolution and diffusion
process of epidermal serine after the patch attachment to the skin. The inset shows
the serine leaving keratinocytes by passive transport. ¢ Schematic diagram of serine
measurement by the serine sensor in the hydrogel matrix, the left illustration shows
the concentration distribution of serine in the stratum corneum and hydrogel.
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before and after three weeks of topical medication treatment. e Operation steps of
the serine sensing system for epidermal serine detection and construction of the

customized handheld serine tester consisting of an internal main control board, a
display screen, a patch port, a rechargeable lithium battery, and buttons.

f Comparison between the serine sensing system proposed in this article and tra-
ditional methods for skin biomarkers evaluation.

condition due to the variability between disposable patches; (3)
Attachment: Peel off the top encapsulation layer of the patch and
attach it on the skin to be tested; (4) Waiting: Waiting 5 minutes for the
serine diffusion to a quasi-steady state; (5) Readout: Remove the patch
from the skin, cover the top encapsulation layer, reinsert it into the
tester again for the serine measurement, and read the result on the
tester’s display (Supplementary Fig. 4). Compared to the conventional
measurement method for the skin biomarker, our serine sensing sys-
tem offers remarkable advantages in several key aspects (Fig. 1f). This
serine sensing system enables users to conduct self-monitoring at
home or in a non-clinical setting, which significantly enhances treat-
ment flexibility and patient engagement.

Characterization of MIP-based serine sensors

The electrochemical sensing electrode relies on the serine-imprinted
polymer method for the indirect detection of non-electroactive serine
molecules. Although many MIP-based sensors have been developed
for the detection of amino acids in portable biosensors*®*’, the MIP-
based serine sensor has not yet been demonstrated in epidermal serine
detection because of its disregarded skin health significance by
researchers*®. In our design, to achieve high-performance serine sen-
sing, a multi-layer sensitive and selective working electrode was pre-
pared based on a spin-coated carbon conductive substrate, an
electrodeposited Prussian blue nanoparticles (PBNPs) layer, and an
electropolymerized serine-imprinted pyrrole layer (Fig. 2a). The
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Fig. 2 | Characterization of MIP-Based Serine Sensors. a Synthesis and detection
mechanism of the MIP-based serine sensor. b Optimization of the incubation time
prior to serine sensing in 0.1 M KCI. 5 minutes of incubation was determined to be
the most efficient and accurate incubation time for the serine to interact with the
MIP electrode. ¢ Electrochemical response of the MIP sensor to different serine
concentrations in 0.1 M KCI and the corresponding calibration plot. The line
represents the fitted trendline. Data are presented as mean values + standard
deviation (SD) from three electrodes. d Responses of the MIP serine sensor to
different epidermal analytes (including phenylalanine, tyrosine, glycine, histidine,

Logy, ((ser) (uM)) Logq ((ser) (uM))

uric acid, lactic acid, glucose, and urea). The serine sensor shows insignificant
response to these analytes, while it shows a clear response after the addition of
serine. e EIS responses of a MIP-based electrode before and after binding with
serine. f Electrochemical responses of the serine sensing patch to different serine
concentrations in the porous PVA hydrogel containing 0.1 M KClI, and the corre-
sponding calibration plot. The line represents the fitted trendline. Data are pre-
sented as mean values + SD from three electrodes. g Responses of the serine
sensing patch to different serine concentrations at different temperatures (25 °C
and 37 °C) in porous PVA hydrogel containing 0.1M KCI.

carbon electrode provides a stable, low-cost, and mass-fabricated
conductive pathway and substrate for subsequent electrochemical
steps (Supplementary Fig. 5). Within a specific potential window, the
PBNPs layer undergoes reversible redox reactions and generates
measurable current signals which provide the electrochemical signal
basis for the serine detection of the working electrode. Meanwhile, the
MIP layer further endows the working electrode with the selective
ability for serine by simulating the function of bioaffinity antibodies.
To construct the MIP layer, pyrrole, 3-aminophenylboronic acid
(APBA), and serine were selected as the functional monomer, the
cross-linker, and the template, respectively. By removing the template
molecules through subsequent solvent extraction steps, the produced
cavities in the MIP layer not only match the spatial configuration of the
template molecules, but also retain multiple interaction sites for the
capture and recognition of serine molecules. When serine molecules
specifically bind to the MIP layer, the contact area between the PBNPs
layer and the electrolyte solution decreases. Consequently, during the
detection of the reduction peak of Prussian blue via the linear sweep

voltammetry (LSV) technique, the peak current density decreases
progressively with the increases of serine concentrations (Fig. 2a). The
serine level under the test condition can be obtained by the difference
of the peak current density from the blank background solution
(Supplementary Fig. 6). Detailed characterization, validation, and
optimization of the MIP-based serine sensor are provided in Supple-
mentary Notes 1 and 2 and Supplementary Fig. 7-9.

The interaction between serine and the MIP sensing electrode was
investigated in a 0.1 M KClI solution. To study the time to reach suffi-
cient and steady binding, the response signal intensity was recorded at
various incubation time points. The current response decreases and
eventually reaches a quasi-steady state at 5 minutes over time (Fig. 2b
and Supplementary Fig. 10). Figure 2c demonstrates the sensor’s wide
detection range for serine (48 uM to 30 mM), where a logarithmic
linear relationship exists between the decrease in peak current and
serine concentration, with a sensitivity of 2.22 pA per decade of con-
centration. Furthermore, the MIP-based serine sensor exhibits excel-
lent selectivity towards other non-target analytes (predominantly
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water-soluble small molecules) present in the epidermis (Fig. 2d and
Supplementary Fig. 11). Apart from the high sensitivity and selectivity
in performance, the MIP-based serine sensor also shows good
repeatability, stability and reproducibility (Supplementary Note 3,
Figs. 12-15), which are necessary for the disposable use of the sensor.

In order to emulate the practical application environment, the
MIP-based serine sensor was further characterized and evaluated in the
porous PVA hydrogel for serine diffusion and detection. The thickness
of the hydrogel is an important factor that directly affects the extrac-
tion efficiency and detection reliability for serine sensing. Therefore,
we conducted the finite element simulations for thickness optimiza-
tion (Supplementary Note 4 and Fig. 16). Numerical simulation results
indicated that as the thickness of the hydrogel increased, serine
molecules diffusing in the hydrogel matrix required a longer time to
reach a quasi-steady state. Meanwhile, considering the limited water
content and susceptibility to water loss in thin hydrogels (Supple-
mentary Fig. 17), we determined 0.3 mm as the optimal thickness of the
PVA hydrogel for detecting serine on the skin. After thickness opti-
mization, the dried hydrogels respectively imbibed 30 pL of 0.1 M KCI
solution to ensure the same moisture content, the diameter of the
hydrogels after swelling was 9 mm. These hydrogels were then placed
over the electrode surface and were conformal with the electrode due
to their flexibility and gravity. Electrochemical impedance spectro-
scopy (EIS) provided further insights into the electron transfer
mechanism at the hydrogel/electrode interface (Fig. 2e). The specific
binding of serine molecules to the MIP layer on the electrode surface
leads to an increase in the charge transfer resistance. This alteration
manifests as an enlargement of the semicircle diameter in the high-
frequency region of the Nyquist plot after serine binding (Fig. 2e).

In the ionic solution environment of the hydrogel matrix, the
reduction peak current response (Fig. 2f) and the incubation time
(Supplementary Fig. 18) of the MIP-based serine sensor on the inte-
grated patch are similar to those in 0.1M KCI solution. Specifically,
within the detection range of 48 uM to 30 mM, the response current
decreases with the increase of serine concentration in the hydrogel.
The resulting decrease in peak current response depended logarith-
mically on the serine concentration with a sensitivity of 2.85 A per
decade of concentration. Based on this patch structure, the diffusion-
current response behaviors in hydrogels with different thicknesses
were measured on the skin of a subject (Supplementary Fig. 19). The
experimental results of the time to reach the quasi-steady state at
different thicknesses are consistent with the previous simulation
results. Additionally, the serine sensing patch showed good current
response stability across the skin temperature range (Fig. 2g).

After the serine sensor was packaged as the wearable patch, the
stable sensing performance of the patch allows it to be stored in the air
for at least 4 days (Supplementary Fig. 20). During measurement, users
need to attach the wearable patch to their tested skin for at least
5 minutes to obtain a stable result, when the diffusion of serine in the
hydrogel reaches a steady state (Supplementary Fig. 21).

System evaluation on skin moisturizing function

Cosmetic science studies have demonstrated a close correlation
between the NMF content in the stratum corneum and skin moistur-
izing function®. Topical application of cosmetics containing NMFs can
improve stratum corneum hydration and maintain skin barrier
function®. To assess the skin moisturizing function and the efficacy of
cosmetic products, existing portable devices almost rely on the mea-
surement of physical indicators™ and lack the ability to access
molecular-level biochemical indicator information. Moreover, tradi-
tional techniques for skin biomarker sampling and detection cannot
meet the need for in situ rapid analysis in non-clinical settings. In this
regard, our portable serine sensing system with the wearable serine
sensing patch achieved in situ measurement of the skin biomarker,
serine. After the system measurement, the respective hydrogels from

the patches used by eight subjects were collected to measure the
average serine levels with a standard colorimetric assay kit. The linear
relationship between the serine levels measured by the serine sensing
system and the colorimetric results verified the measurement relia-
bility of our system (Fig. 3a).

We conducted the following study to demonstrate its application
for the efficacy evaluation of cosmetic products in improving the skin
moisturizing function. A commercially available skin care product
(L’Oréal Black Essence) containing moisturizing ingredients (including
serine) for skin care was applied to the subject’s skin surface where the
serine levels were measured by our system before and after application
(Fig. 3b). The skin of a subject’s forearm was divided into two distinct
areas—the blank skin and the moisturized skin. The moisturized skin
refers to the skin where the essence was applied, while the blank skin
refers to the unapplied skin. The measurements were repeated six
times at adjacent locations within the two skin areas of the subject’s
forearm to verify the repeatability of the serine sensing system (Sup-
plementary Fig. 22a). Before measuring serine levels, two crucial and
complementary physical indicators, namely transepidermal water loss
(TEWL) and stratum corneum hydration (SCH), were also recorded by
a commercial portable instrument (GPSkin Barrier®) to evaluate the
reliability of serine measurement. The coefficients of variation (CVs) in
the measurements of our serine sensing systems on the two skin areas
are 24.62% and 12.07%, respectively. These relatively large variations
may be attributed to the inherent differences between adjacent skin
locations in epidermal serine levels, rather than differences in our
devices with acceptable repeatability and reliability. Furthermore, the
average serine levels and SCHs on the moisturized skin area were both
higher than those on the blank skin area, while TEWLs were reduced
after skin moisturization (Fig. 3b and Supplementary Table 1). The
results of these measurements and comparisons supported our
hypothesis that the application of serine-rich essence can enhance the
skin hydration and barrier function.

Users can independently perform epidermal serine measurement
according to simple instructions and read the results on the tester
(Fig. 3¢ and Supplementary Movie 1). In addition, TEWLs were also
recorded in different subjects. After applying the essence to the sub-
jects” inner forearm for 2 h, the peak current density detected by our
system significantly decreased, corresponding to an increase in the
serine content on the epidermis (Supplementary Fig. 23). For all sub-
jects, serine levels were significantly higher on the skin with essence
than on the adjacent skin without essence (Fig. 3d). This significant
change before and after essence application (**P < 0.01) was also sta-
tistically verified by a two-tailed paired t-test (Fig. 3e). Moreover, we
uncovered that epidermal serine levels showed strong negative cor-
relations with TEWL (Fig. 3f). Therefore, it can be inferred that the
essence’s moisturizing ingredients, including serine, remain in the
stratum corneum after application and thus improve the skin hydra-
tion function, which was reflected in the increase of SCH and the
decrease of TEWL (Fig. 3b). Meanwhile, by comparing the optical
photos before and after applying essence, it can be found that the skin
after applying essence become shinier (Supplementary Fig. 24).

The epidermal serine sensing system was also used to study the
long-term moisturizing effect of the skin essence. The left inner
forearm of a subject was divided into several areas where the essence
was evenly extended proper amount and the patch was attached to
measure epidermal serine levels at different time points. This
method is to prevent artificially low serine levels caused by repeated
samplings and measurements in the same area. After the essence
application, the epidermal serine level rapidly elevated and reached
the peak within 2 h after application. Although the serine level began
to reduce due to the net consumption of serine in the stratum cor-
neum over time, it still remained at a relatively high level compared
to that of the skin before application (Supplementary Fig. 25). This
changing trend agrees with that of the average total free amino acids
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GPSkin Barrier® for repeatability verification. SCH and TEWL units are ‘%’ and ‘g/m?/
h’, respectively. Data are presented as mean values + SD. ¢ Photographs of a subject
wearing the serine sensing patch on the left inner forearm. Detection results display
on the handheld serine tester screen before and after essence application.

d Changes in epidermal serine levels in 7 subjects after applying the essence.

e Corresponding box-and-whisker plot of epidermal serine levels before and after
essence application (n=7). The difference is statistically significant (**P < 0.01,

Serine by colorimetric assay (nmol/cm?)

P=0.003). The box ends represent the 25th and 75th percentiles. The horizontal
line represents the median. The upper and lower whiskers represent the maxima
and minima, respectively. f Correlation of sensor-measured serine levels and TEWLs
obtained by the commercial instrument. r=-0.72. R?= 0.52. g Sensor-measured
serine levels across different body parts (n = 6 subjects). The differences in epi-
dermal serine levels are statistically significant between the forearm and forehead
(*P<0.01, P=0.002), and between the forearm and back of hand (*P < 0.05,
P=0.033), but not statistically significant (ns) between the back of hand and
forehead (P> 0.05, P=0.682). Data are presented as mean values + SD. h Sensor-
measured serine levels versus corresponding standard readouts in the tape-
stripping samples by the commercial serine colorimetric assay kit (n = 8 locations).
r=0.71. R=0.50. Inset: the schematic diagram of the tape-stripping method. All
statistical analyses were performed using two-tailed paired ¢-tests. Lines in a, f, and
h represent fitted trendlines.

(AAs) levels of the skin measured by a standard colorimetric assay in
the retained hydrogel.

In addition, we measured the epidermal serine levels on different
body parts of subjects to demonstrate the robustness of our serine
sensing system. The measured results revealed the variations in serine
content across different body parts as well as different individuals.
Specifically, the serine levels in the inner forearm were higher than
those on the forehead and back of the hand (Fig. 3g). The serine
content in all three body parts showed a strongly positive correlation
with the SCH values. However, these correlations varied across the
different body parts due to the differences in the slopes of their fitted
lines (Supplementary Fig. 26), which are consistent with the previously
reported work®. Finally, to evaluate the accuracy of our device more

precisely, we performed an additional standard validation using the
tape stripping method, which is a widely recognized method for skin
metabolomics studies. The experiment setup for this validation (Sup-
plementary Fig. 22b) is similar to the above repeatability measurement
experiment. Moreover, two tape-stripping samples from the forehead
and the back of the hand of an identical subject in Fig. 3g were also
collected for this validation. The serine levels in tape stripping samples
determined by the commercial colorimetric assay kit are regarded as
the serine levels in the stratum corneum of the subjects’ skin. Our
analysis revealed a linear relationship with a high correlation coeffi-
cient (r) of 0.71 (n=8) between the serine levels measured by our
serine sensing systems and the standard method (Fig. 3h, Supple-
mentary Fig. 27, and Supplementary Table 2). In summary, all above
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Fig. 4 | Serine sensing System for tracking treatment of a patient with AD.

a Filaggrin gene mutation in the pathogenesis of AD. b Photographs of the AD
patient using the system to measure the epidermal serine level after his lesion skin
area recovered. ¢ Optical images and corresponding magnified photographs of
lesion areas in the AD patient at different stages of treatment. Erythema and flakes

Timepoint of medication (week)

Serine levels (mM)

are highlighted in these images. d Sensor-measured response currents in the lesion
and normal areas. e Histogram of epidermal serine levels in the lesion and normal
areas at different medication timepoints. f Epidermal serine levels measured by the
system versus AAs obtained by a commercial colorimetric assay kit. The line
represents the linear-fitted trendline.

results not only deepened the understanding of the role of serine in
skin hydration function but also fully validated the effectiveness and
reliability of the developed sensing system in evaluating cosmetic
products for improving the stratum corneum moisturizing function.

System evaluation for tracking treatment of a patient with ato-
pic dermatitis

Atopic dermatitis (AD) is a chronic inflammatory skin disease, the main
triggering factor for its onset is the mutations in the filaggrin gene®.
These mutations result in filaggrin functional deficiency, impeding the
degradation process of filaggrin into NMFs with a large proportion of
serine in the stratum corneum®-. Consequently, skin hydration and
barrier function are diminished, which renders the skin more susceptible
to external aggressors (e.g., allergens, irritants) and leads to skin lesions,
exacerbating AD symptoms (Fig. 4a). Without the need for traditional
clinical detection tools, in situ monitoring of biochemical indicators for
skin diseases can offer a convenient method and a comprehensive
molecular-level insight beyond existing portable or wearable techniques
used to characterize of the skin physical properties™ .

Given the intimate connection between serine levels and the
pathophysiology of AD, we employed the serine sensing system to
quantitatively monitor epidermal serine levels in neck lesions and
healthy skin areas on a patient diagnosed with AD (Fig. 4b and Sup-
plementary Movie 2). Serine levels in the lesion skin during the
recovery process were also tracked after receiving a topical prescrip-
tion (0.1% tacrolimus ointment) treatment under medical supervision.
Moreover, since optical imaging can provide visualized morphological
information®, a camera, and a handheld optical microscope were used
to record the morphology and characteristics of the lesion skin during
medication (Fig. 4c). In this process, we delved into the relationship
between serine level fluctuations and the repair progress of the skin
barrier function.

Before medication, the peak current response measured by our
system in the lesion skin area was higher than that of the normal skin
area (Fig. 4d), which reveals the decrease in epidermal serine levels due
to the impaired skin barrier. With the intervention and treatment of
topical medication, we observed a gradual increase in epidermal serine
levels in the lesion area, corresponding to the improvement and repair
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of the skin barrier function after medication (Fig. 4e). Specifically, after
one week of medication, the epidermal serine level in the lesion area
increased but remained lower than that in the normal area, suggesting
that further topical medication was needed for treatment. In the third
week after medication, the epidermal serine level in the lesion area
significantly increased and even surpassed that in the normal area,
which indicates that the skin barrier function in the lesion area had
recovered to the normal state. Importantly, corresponding optical
images and TEWLs at different medication time points also visually
illustrate the recovery process and the therapeutic effect (Fig. 4c and
Supplementary Fig. 28). In the optical images, the lesion skin area
shows a dry and inflamed clinical appearance with evident erythema
and flakes. The TEWL values on the lesion skin are significantly higher
than those on the normal adjacent skin prior to medication, indicating
severe impairment of the skin barrier function and substantial water
loss. One week after topical medication, the erythema and flakes on the
skin gradually subsided, and the skin barrier function is in the process
of gradual recovery. Correspondingly, TEWL values remain relatively
high but have decreased compared to pre-treatment level. Three
weeks after topical medication, the appearance of the original lesion
skin area recovered to the same as the normal area. TEWL values of the
lesion skin area are also comparable to those of normal areas. This
indicates that the skin barrier function had been effectively repaired
and basically returned to normal. The normal area adjacent to the
lesion area shows no significant changes in TEWL values during the
whole process, but these TEWL values are still slightly higher than
those on the normal skin of healthy individuals. Those improvements
in skin barrier function align with the rising trend in epidermal serine
levels, which implies that serine serves as a potential biomarker to
assess the progress of recovery from AD.

Notably, the previous results of epidermal serine levels measured
by our system show a strong correlation with the average amino acid
levels obtained by acommercial colorimetric assay kit in the respective
sampled hydrogels (Fig. 4f). As expected, we can reliably analyze the
corresponding NMF levels based on the measured epidermal amino
acid levels because the main components of NMF are amino acids,
whose main component is serine.

Discussion

We have developed a serine sensing system integrated with a wearable
serine sensing patch and a customized handheld tester for the in-situ
sampling and measurement of epidermal serine levels. The disposable
and low-cost patch consists of a porous hydrogel for serine diffusion
and ion conduction, an electrochemical electrode array for indirect
detection of serine within the hydrogel matrix, and a series of encap-
sulation layers. The portable serine tester is designed to insert the
patch after serine sampling for real-time electrochemical measure-
ment and result readout. The integrated system offers the advantages
of ease of use and acceptance due to its simple and efficient operation
steps, which is comparable to commercial glucose meters. As such, we
anticipate that it has the potential to be widely used by dermatologists
and even the general public for practical applications related to skin
healthcare.

To evaluate its practical application value for skin healthcare, we
demonstrated the capability of our system for assessing the cosmetic
moisturizing efficacy and tracking the treatment and recovery process
of an AD patient by in situ and real-time monitoring of the changes in
epidermal serine levels. The utility of our system makes skin health
monitoring less cumbersome and more acceptable to users and
patients by eliminating the need for frequent hospital visits and
complex testing procedures. To the best of our knowledge, few related
systems have been reported for the detection of epidermal biomarkers
and their applications in skin healthcare. More importantly, the system
architecture and methodology proposed in this article are universal
and scalable for the in situ and real-time detection of other water-

soluble small molecules in the epidermis, which are associated with a
vast range of important skin disorders and conditions in dermatology
and cosmetics.

Methods

Materials

All chemical reagents were purchased from InnoChem (China) unless
otherwise stated.

Preparation of the serine sensor

Initially, the carbon ink (Jujo Printing Supplies & Technology, Japan)
was spin-coated onto a clean polyethylene terephthalate (PET) with a
thickness of 0.08 mm (Huanan Xiangcheng Technology, China) as the
substrate layer. The spin-coating process was conducted twice at
3000 rpm for 15 s with an acceleration rate of 200 rpm/s. After drying,
the prepared carbon electrode was cut into the pre-designed shape
using a laser cutting machine (Suzhou Inngu Laser, China). The carbon
electrode was then activated by cyclic voltammetry (CV) scanning in
0.5 M H,S04 (Fengchuan, China) for 60 segments, ranging from -1.2 to
1V at a scan rate of 500 mV/s. The activated carbon electrode was
further modified with electrochemically synthesized PBNPs as the
active layer by CV scanning in a mixed solution containing 3 mM FeCl;,
3 mM K;Fe(CN)g, 0.1 M HCI (Fengchuan, China), and 0.1 M KCI for 20
cycles (from —0.2 to 0.6 V at a scan rate of 50 mV/s). This process was
repeated three times to ensure stable and optimal redox signals. As
such, the sensor would exhibit a stable 115 pA LSV current peak in 0.1 M
KCI. After that, the electrode was rinsed with distilled water and
immersed in a solution comprising 0.1M HCI and 0.1 M KClI for repe-
ated CV scans (from —0.2 to 0.6V at a scan rate of 50 mV/s) until a
stable response was achieved for the PBNPs layer.

The preparation process of the MIP layer was carried outina 0.1 M
PBS solution containing 5mM serine, 12.5mM APBA, and 37.5 mM
pyrrole. The MIP layer was electrochemically synthesized on the
electrode via CV deposition (0-1V, 5 cycles, 50 mV/s). The electrode
was then soaked in an acetic acid/methanol mixture (7:3 v/v) for 12 h to
extract the serine molecules. Following this, the prepared MIP-based
electrode was immersed in 0.1 M KCI and conducted CV scans (from
-0.2V to 0.6 V at a scan rate of 50 mV/s) until a stable response was
achieved. For the preparation of the NIP-based electrode, the same
procedure was followed, with the exception that no template was
added to the polymerization solution.

To fabricate the Ag/AgCl reference electrode, a silver layer was
deposited on the substrate electrode surface using a multi-current
steps technology in an electrolyte solution composed of 0.25 M silver
nitrate, 0.75M sodium thiosulfate, and 0.5M sodium bisulfite. The
electrochemical deposition parameters are as follows: -0.01 mA for
150's, -0.02 mA for 505, —0.05mA for 50s, —0.08 mA for 50's, and
-0.1mA for 350 s. Subsequently, 0.1 M FeCl; solution was dripped onto
the Ag surface for 20 s, and then immediately rinsed distilled water. A
cocktail for reference potential stabilization was then drop-coated
onto the Ag/AgCl electrode surface (3 pL), which was a mixture of
250 mg NaCl, 395.5mg 79.1 mg polyvinyl butyral (PVB), 10 mg Poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (F127, purchased from Sigma-Aldrich, USA), and 1 mg MWCNTs
(XFNANO Materials, China) dispersed uniformly in 5 mL methanol.

Preparation of the porous PVA hydrogel

Initially, PVA (Mw = 89,000, purchased from Sigma-Aldrich, USA) was
dissolved in water at a weight ratio of 1:10 and heated at 90 °Cfor 2 h to
obtain a homogeneous and transparent PVA solution. Separately, KOH
was dissolved in water at a weight ratio of 1:5. Under continuous stir-
ring, 14 g KOH solution was gradually added dropwise to 10 g PVA
solution, and then 2.6 g of sucrose was dissolved into this mixture to
form the precursor solution for the hydrogel. Next, 15g precursor
solution was poured into a petri dish (9 cm in diameter) and placed ina
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vacuum desiccator to remove excess water and facilitate cross-linking.
The hydrogel was then immersed in deionized water to eliminate the
sucrose template and excess KOH until it reached a neutral pH. Fol-
lowing this, the porous PVA hydrogel was cut into a desired shape and
stored in 0.1 M KCI solution for subsequent use.

Characterization of the serine sensor

All in vitro characterizations of prepared sensors were performed
through an electrochemical workstation (CHI760E) in the solution of
0.1M KCI or the PVA hydrogel containing 30 pL. For the MIP-based
serine sensor, LSV analysis was performed across varying concentra-
tions of serine. The LSV parameters were set as follows: sweep voltage
from —0.2 to 0.4V, scan rate of 50 mV/s, quiet time of 2's, and sensi-
tivity of 1 x 10~* A/V. Prior to each LSV scan, an incubation period of
5 minutes was conducted to ensure that the sensor reached the quasi-
steady state. The selectivity testing for the serine sensor was per-
formed in a series of common interferent species solutions (3 mM
serine, 0.06 mM Phe, 0.16 mM Tyr, 0.16 mM Glu, 1.2 mM Gly, 0.8 mM
His, 1.8 mM urea, 4.5mM lactic acid, 0.5 mM uric acid).

The surface morphology of the aforementioned electrodes in
different preparation steps was characterized by Field Emission
Scanning Electron Microscopy (FSEM, Hitachi SU8020, Japan),
including the carbon electrode, the MIP-based electrode before and
after template removal, as well as the NIP electrode before and after
template removal.

Fabrication and assembly of the serine sensing patch

The laser-cutting device was employed to process the sensing chamber
and two encapsulation layers of the sensor. All laser-engraved patterns
were pre-designed using AutoCAD 2020. Specifically, a waterproof
tape was cut into rounded rectangles of appropriate size as the
encapsulation layer for the upper and lower layers to effectively inhibit
water loss in the hydrogel. a chamber for placing the hydrogel was
penetrated with a through-hole (diameter = 0.95mm, thickness =
0.32 mm) in a double-side tape. All layers were vertically assembled,
from top to bottom, which was the top encapsulation layer, the sensing
chamber, the serine sensing electrode, and the bottom encapsulation
layer. The top encapsulation layer can be torn off and attach the patch
to the skin when used.

Circuit design of the handheld serine tester

The circuit module of the serine sensing tester comprises four primary
parts: First, the microcontroller unit (MCU) serves as the core control
unit of the tester system. Second, the power management system
ensures a stable power supply. Finally, the three-electrode circuit and
the screen control circuit are respectively responsible for specific
signal processing and display control functions. Through precise
connection and configuration, all components collaborate seamlessly
to achieve LSV potential waveform signal readout, processing, trans-
mission, and display.

As the core of the MCU control circuit, an STM32F301K8U6 chip is
capable of delivering high-performance digital signal processing and
meeting the demands of multiple peripheral interfaces. For LSV
scanning, a predefined excitation potential waveform was applied
across the working electrode and the reference electrode through a 12-
bit digital-to-analog converter (DAC) built in MCU. The resulting cur-
rent signals were then converted into voltage signals by a transimpe-
dance amplifier within the circuit. Then these converted voltage
signals were captured by an integrated 12-bit Analog-to-Digital Con-
verter (ADC) built in the MCU, constructing a relationship curve
between the excitation voltage and current signals. The MCU per-
formed baseline correction, filtering, and smoothing on the raw LSV
data. By utilizing the measured LSV curve in the blank solution (0.1 M
KClI) as a calibration standard, subsequent LSV curves of serine levels
were calibrated. Based on the calibrated data and a preset algorithm,

the MCU converted the processed data into serine concentration
values.

The MCU transmitted the epidermal serine level result to a liquid
crystal display (LCD) screen through a high-speed serial peripheral
interface (SPI) protocol. The screen is a 1.83-inch IPS color LCD screen
with a power supply voltage of 3.3 V and a resolution of 240 x 280. It is
driven by a NV3030B chip to ensure clear display content and bright
colors.

The power management system is divided into a regulated power
supply circuit and a charging management circuit. The regulated
power supply module uses a rechargeable 3.7V lithium-ion polymer
battery with appropriate capacity and size as the main power supply.
The battery voltage was converted into stable 3.3 V digital and analog
power supplies through a low dropout linear regulator (662K) to
reduce potential interference from digital circuits on analog signals.
The core of the charging management circuit is a power management
chip (4056 A), which uses the power transistors inside the chip to
perform constant current and constant voltage charging on the
battery.

Program design of the handheld serine tester

The software component was designed in accordance with the func-
tional modules of the hardware circuitry, utilizing the Keil uVision 5
integrated development environment and the C programming lan-
guage for software editing, compilation, and real-time debugging. The
system’s relevant programs encompass a MAIN program, an A/D
conversion subroutine, a D/A conversion subroutine, a data processing
subroutine, and an LCD display driver subroutine. The programs
developed on the personal computer were written into the MCU by the
ST-Link. The MCU was connected to the ST-Link through pins includ-
ing power, ground, clock, and data lines (VCC, GND, SWCLK, SWDIO).
The ST-Link was configured as the debugger in the Keil uVision 5, and
the designed program was burned into the Flash memory of the MCU.

Shell design of the handheld serine tester

The shell of the tester was designed by Solidworks and made by
machining, which includes an upper cover plate and a bottom back
plate. Screw fixing points were reserved around the plates for fixing
each other. A charging port, a button port, a sliding switch interface,
and a patch socket were reserved on the shell. In addition, the hollow
area in the middle of the upper cover plate could place the LCD display
screen. The whole tester’s shell was elaborately designed to ensure a
suitable layout of internal components while maintains the overall
compactness and portability, which is convenient for users to carry
and use. This customized shell is fully parameterized, allowing for easy
scaling and adjustment of tolerances according to user needs to
achieve optimal fit.

Ethics

The human subject experiments strictly adhere to the ethical
guidelines set forth by institutional or national research committees,
as well as the Declaration of Helsinki of the World Medical Associa-
tion. This particular study has received ethical approval from the
Human Study Ethics Committee of Beijing Forestry University
(Approval No. BJFUPSY-2024-049). All participants aged between 22
and 27 were recruited through verbal recruitments. Each participant
was paid between 50 to 200 RMB (depending on the participation
time) as the compensation for the test. Prior to testing, all partici-
pants provided written informed consent. The recruited subjects
comprised seven healthy individuals and one patient with atopic
dermatitis (AD). Furthermore, the seven healthy subjects recruited
reported no history of allergies and presented with no skin lesion on
the inner side of the forearm. The patient with AD, whose affected
area on the neck does not exhibit severe erosion, exudation, or
secondary infection.
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Serine sensing system validation on human subjects

To validate the feasibility of our serine sensing system for detecting
skin serine levels and analyzing skin conditions, we selected the inner
side of subject’s forearm as the sampling site, the baseline character-
istics of participants are detailed in Supplementary Table 3. The entire
test was conducted in a relatively closed laboratory environment.
During the experiment, the temperature was precisely controlled
between 25+1°C, and the relative humidity was stably maintained
within the range of 50 +5%. Considering the experiment primarily
focuses on the short-term effect of a skincare product, we did not
impose extremely strict restrictions on the specific time points for
sampling within a day. Before participating in the test, subjects were
strictly prohibited from using moisturizing, exfoliating, acid-contain-
ing, or other products that may affect the metabolism of the skin’s
stratum corneum and the serine level in the test area within 12 h. In
order to obtain the original surface information and serine level of the
stratum corneum, no pre-treatment of the skin was required to prevent
any mechanical of chemical damage to the stratum corneum and
destruction of the skin surface metabolite components.

Before measurement, subjects were asked to sit quietly and rest
for 30 minutes under the set environmental conditions to allow the
skin to fully adapt to the environment and stabilize its baseline state.
Then, subjects used the portable serine sensing system to measure
serine levels in the various skin states in this work according to the
operating instructions provided by us. A disposable patch was pro-
vided for each measurement.

When studying the robustness of the serine sensing system, we
selected the forehead, the back of the hand, and the inner side of the
forearm as the sampling sites. For tracking the treatment progress of
the AD patient (three weeks), we chose the lesion area on the patient’s
neck and the normal skin area surrounding the lesion as the test sites,
the baseline characteristics of the patient are detailed in Supplemen-
tary Table 4. For the lesion area, obvious erythema and flakes were
observed. The normal skin area surrounding the lesion was selected
within a range of 2-3cm from the edge of the lesion. A series of
measurements were conducted during topical medication (at the 1st
week and 3rd week) on both the lesion skin and adjacent normal skin
areas. The specific timepoint for test was in the afternoon, and the
method is the same as mentioned above, including environmental
temperature and humidity control, skin treatment, and operational
procedures. During this process, the improvement in the appearance
of the lesion skin was recorded and photographed. All epidermal ser-
ine measurements using the serine sensing system were completed by
the subjects themselves according to the operating instructions.

Colorimetry for system verification

All hydrogels within the patches after the previous measurements were
collected and dried in 1.5mL centrifuge tubes, and then stored at
—-25°C. These hydrogels were further used to measure the average
serine levels and the average AAs levels in their matrixes using the
corresponding colorimetric assay kits. In order to extract serine/AAs
from the hydrogels, dry hydrogel samples were immersed in 200 uL
deionized water for 12 h to ensure that serine/AAs in hydrogel can be
fully dissolved in water. The above extracts were directly used for
subsequent colorimetric analysis. the L-Serine ELISA Kit (Immusmol,
France) and the AAs assay kit (Solarbio, China) were used by following
the steps on their instructions for the determinations of serine and AAs
levels in the hydrogels, respectively.

The sampling of epidermal serine in the stratum corneum was
conducted using a 3M tape (Scotch book tape) cut to a 9 mm dia-
meter. Initially, the tape was carefully placed on the skin surface
without applying any additional pressure. A 100 g weight was then
placed on the tape and maintained for 1 minute to ensure thorough
adhesion and sampling. After the tape was smoothly peeled from the
skin, the peeled tape was placed into a pre-labeled 1.5 mL centrifuge

tube immediately and then stored at —25 °C. The collected tapes were
further used to measure the serine levels using the colorimetric assay
kits. Before colorimetric measurement, the tape was immersed in
200 puL of deionized water and subjected to 30 min of ultrasonic
treatment to effectively extract the water-soluble serine molecules.
The extracts were directly used for subsequent colorimetric analysis
using the L-Serine ELISA Kit for the determination of serine and AAs
levels in the tapes.

Statistical analysis

Statistical analyses were conducted using SPSS version 25 (IBM, USA)
and Origin version 2024 (OriginLab, USA). We employed the least
squares method of linear regression to establish the linear relationship
between variables, which allowed us to calculate the Pearson correlation
coefficient (r). Additionally, we used a two-tailed paired t-test to deter-
mine the statistical difference in epidermal serine levels before and after
the application of essence. The result showed a statistically significant
difference with a P-value of 0.003 (*P < 0.05). Prior to conducting the ¢-
test, we assessed the normality of the data using the Shapiro-Wilk test to
ensure the validity of our t-test. The result indicated that the data met
the assumption of normality with a P-value of 0.338 (P> 0.05).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper (https://figshare.
com/s/f8bb1464fd0f746e0782). Source data are provided in
this paper.

Code availability
The codes used for simulation and data measurement are available
from the corresponding authors upon reasonable request.
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