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APPLIED SCIENCES AND ENGINEERING

Diving beetle-like miniaturized plungers with reversible,
rapid biofluid capturing for machine learning-based

care of skin disease

Sangyul Baik”, Jihyun Lee”, Eun Je Jeonz'”, Bo-yong Park?, Da Wan Kim', Jin Ho Song1'5,
Heon Joon Lee’, Seung Yeop Han??, Seung-Woo Cho*®7*, Changhyun Pang'-3*

Recent advances in bioinspired nano/microstructures have received attention as promising approaches with which
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to implement smart skin-interfacial devices for personalized health care. In situ skin diagnosis requires adaptable
skin adherence and rapid capture of clinical biofluids. Here, we report a simple, all-in-one device consisting of
microplungers and hydrogels that can rapidly capture biofluids and conformally attach to skin for stable, real-time
monitoring of health. Inspired by the male diving beetle, the microplungers achieve repeatable, enhanced, and
multidirectional adhesion to human skin in dry/wet environments, revealing the role of the cavities in these archi-
tectures. The hydrogels within the microplungers instantaneously absorb liquids from the epidermis for enhanced
adhesiveness and reversibly change color for visual indication of skin pH levels. To realize advanced biomedical
technologies for the diagnosis and treatment of skin, our suction-mediated device is integrated with a machine
learning framework for accurate and automated colorimetric analysis of pH levels.

INTRODUCTION
Beyond mimicking the multiscale surface morphologies of various
organisms, much effort has been devoted to integrating biologically
inspired nanoarchitectures into smart devices and systems, spurring
advances in intelligent ultraconformal bioelectronics (1-3), nano/
microstructured machines and robotics (4, 5), opto-electronic
sensors/displays (6, 7), and self-healable multimodal stretchable
E-skins (8, 9). Bioelectronic systems with bioinspired adhesive
architectures have drawn extensive attention related to the develop-
ment of effective human-machine interactions by attachment to the
inner/outer surfaces of the human body (10, 11). To realize advanced
bioelectronics for diagnostics and therapeutics, skin-interfacial plat-
forms require robust, adaptive adherence to skin, as well the ability
to capture various biofluids (e.g., sweat, saliva, tears, and blood) for
quantitative, spatiotemporal measurements of physiological infor-
mation (12-15). Using techniques such as microfluidic networks
(16, 17), iontophoresis (18), and electro-osmotic flow (19), in situ
on-body electronic systems collect sweat from the skin to provide
detailed profiling of biological signals.

Thus far, notable advances in skin-interfacial systems have been
presented with sweat-collective microfluidic circuits to enable analysis
by passive or active detection components (e.g., lactate, creatinine,
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glucose, Na™, CI”, pH, uric acid, or tyrosine) assembled on soft,
skin-attachable patches (16, 20). In particular, the pH of the human
skin surface plays a crucial importance as a clinical criterion in terms
of biochemical and medical studies, controlling the barrier function
of skin to prevent microbial (or bacterial) colonization (e.g., by
Staphylococcus aureus and Malassezia) (21). For inappropriate
pH levels induced by exposure to dusts or sunlight, excessive
hormones, or wearing protective gear, certain pH-dependent en-
zymes (B-glucocerebrosidase and acidic sphingomyelinase) are
unable to function to form a protective membrane on human skin,
often leading to the occurrence of severe skin diseases in the human
body, such as inflammatory skin diseases (e.g., irritant contact
dermatitis, atopic dermatitis, or acne) (22), infections (e.g., fungal
infections or candidal intertrigo) (23), or skin carcinoma (24). For
accurate in situ diagnosis and personalized treatment of skin diseases,
facile and direct collection of biofluids is critically needed, along with
reusable and instantaneous quantification of pH levels (17). Such
features of pH-monitoring skin patch devices may provide a simple,
cost-effective, and reliable feedback of the user’s health without
sophisticated systems, excessive sweating via dynamic movements
(e.g., running, cycling, or swimming), or other external stimuli (e.g.,
electric fields or heating).

In addition, to achieve higher functionality of such smart skin
patch systems, new approaches for reversibility, human-friendly use,
and robust attachability are demanded. The irreversible long-term
adhesion of acrylic-based adhesives might result in discomfort on
engaged skin because of low air permeability (25, 26). For years, to
address these issues, researchers have investigated the mushroom-
shaped adhesive appendages of animals (e.g., beetles or geckos), which
have been influential for diverse adhesive technologies, including a
highly biocompatible skin-attachable component of diagnostic wear-
able devices (27-29). Despite capabilities in robust and reversible
adherence based on van der Waals interactions to specific surfaces,
such performances are limited to dry environments. Consequently,
nano/microsuckers inspired by aquatic creatures [e.g., octopus (30-34),
frog (35, 36), or clingfish (37)] have been recently developed for
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highly conformal attachment on dry or wet surfaces. However, the
artificial suckers have difficulty to obtain multidirectional adherence
to human skin because of its intaglio structures that cannot support
physical stimuli in different directions (e.g., shear and peeling).
Above all, the aforementioned architectures would be suitable for
integration with conformal mechano-electric sensors (27, 28, 36, 38)
rather than biofluid-capturing pH sensors because of their structural
features with the absence of specific space to continuously capture
fluid-based chemical biomarker. Male diving beetles (Hydaticus
pacificus) have evolved unique structures of spatula setae with suction
cup-like structures and circular, microscale cavities on their forelegs
for strong attachment and positioning against wet and irregular sur-
faces (39). The material and structural mechanics of their biological
systems to develop bioinspired adhesives are not yet fully understood.

In this study, we present an unprecedented design for a smart,
all-in-one adhesive with soft, bioinspired plungers that can readily cap-
ture fluids from the stratum corneum of the human skin surface
(i.e., skin moisture) to provide continuous analysis of skin health. Our
heterogeneous bioinspired nanoarchitecture synchronously addresses
three major challenges of conventional skin-interfacial devices: (i)
facile capture of skin moisture, (ii) integration of colorimetric
sensors and machine learning frameworks for rapid and accurate
pH analysis, and (iii) highly biocompatible and reversible attachment
to irregular human skin in dry/wet conditions. Inspired by the
suction plungers in the setae of male diving beetles, we established
highly robust, repeatable, and multidirectional adherence to human
skin in dry/wet conditions. In addition, we embedded biofluid-
capturing hydrogels within the cavities of the diving beetle-inspired
architectures (DIAs) to enhance suction-assisted adhesion capable
of encapsulating skin moisture for facile pH analysis. Integrating
machine learning techniques, we develop a software application that
can automatically quantify pH levels from the color indicated by
the pH-responsive hydrogels. Furthermore, we could demonstrate
in vivo models for reliable and effective treatment opportunities
by using our intelligent device for detecting early signs of skin
disorders such as acne.

RESULTS

Diving beetle-inspired reversible microplungers for smart
medical applications

Figure 1A shows the spatula setae with suction cup-like structures
and circular, microscale cavities located on the forelegs of male diving
beetles for advantageous attachment and positioning on the rough
surfaces of female elytra during precopulatory courtship (see Sup-
plementary Theory and fig. S1 for details) (39). As summarized in
the schematic illustrations of Fig. 1B, the wide mushroom-shaped
rigid cup provides conformal sealing, while the soft circular chamber
induces the suction effect. In addition, the odorant receptor in the
setae of male diving beetles may bind to specific chemical signals for
chemical networking under water (Fig. 1B) (40). Inspired by the func-
tionalities of male diving beetles’ suckers, as illustrated in Fig. 1C,
we present a design for biofluid-capturing adhesives based on
microplungers with biofluid-capturing hydrogels (see Materials and
Methods and fig. S2 for detailed fabrications). Photographic and scan-
ning electron microscope (SEM) images confirm the structural uni-
formity of the biofluid-capturing hydrogel-embedded DIAs with
diameters of 500 um and heights of 300 um of hexagonal array with
spacing ratio 1 [SR; the distance between structures (d) divided by the
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diameter (27)] (Fig. 1D). By forming a suction chamber within, the
diving beetle-inspired architecture proposes an interface that readily
captures and continuously analyses liquids with diagnostic biomarkers
(Fig. 1E). This also enhances adhesion strength and repeatability
in various directions under water (Fig. 1E). We demonstrate a sim-
ple application of skincare monitoring systems by synthesizing pH-
responsive hydrogels and embedding them into the microcavities of
DIAs for instantaneous, reusable, and local analysis of the epidermis
(Fig. 1E). Our system presents facile, real-time recognition of pH values
using a software application by harnessing a machine learning-based
pH quantification model with a cross-validation framework using
the input data of red-green-blue (RGB) color values (Fig. 1F). Using
our device, appropriate therapeutic decision-making before patho-
logical discovery of a disease may be possible according to the com-
puted skin pH value, and thus, effective drug delivery would be
possible in the treatment of acne vulgaris.

Adhesion of the DIAs

We measured the normal adhesive strengths of the polydimethyl-
siloxane (PDMS)-based patches with varying architectures in dry
and underwater conditions as shown in Fig. 2A: DIA, mushroom-
shaped cylindrical pillar (MCP), cylindrical pillar (CP), and flat
samples (see Materials and Methods and fig. S3 for detailed adhesion
tests). The DIA and MCP patches displayed higher adhesive strengths
than CP and flat patches in both dry (~2.81 and ~2.25 N/cm?,
respectively) and underwater (~2.75 and ~2.09 N/cm?, respectively)
conditions, owing to enhanced contact area by the wide tips to attach
conformably with the substrate. The DIA patch, particularly, showed
greater normal adhesion compared to the MCP patch in dry and un-
derwater conditions due to the suction stress induced by the elastic
behavior of numerous microstructures with microcavities. After op-
timization of the pillar geometries for adhesion strength, we modified
the softness of the DIA’s widened tips by applying very soft PDMS
[Young’s modulus (E) of s-PDMS, ~6 to 21 kPa; see fig. S4] to en-
hance the contact efficiency to the attached substrate for dry and
underwater conditions (Fig. 2B) (41). From its scale effect, as shown
in Fig. 2C, we optimized the size of the DIAs with 500 um diameter
to maximize suction stress by elastic deformation of the structures
under relatively low preload (among diameters of 100, 250, 500, and
3000 um under the same preload of 1.0 N/cm?).

We carried out finite element method (FEM) simulations to
understand the elastic deformation behavior of a single DIA under
varying normal forces (see the Supplementary Materials for details).
As shown in Fig. 2D (i), the volume of the chamber within the DIA
is easily compressed by applying normal force (2 N/cm?), because
the stress is concentrated on the thin wall of the DIA pillar. After
removing the applied preload, the pressure drop is induced within
the suction chamber. During the detachment process, the pressure
difference for the suction effect could be yielded by volume expan-
sion of the suction chamber [Fig. 2D (ii)]. Observing the stress dis-
tribution at the cross-sectional surface of the interface between the
tip of DIA and substrate, stress is concentrated more on the inner
edge than on the exterior edge [Fig. 2E (i)]. Thus, the DIA patch
easily undergoes volumetric change within the microcavity, while
the widened tip prevents air leakage to maintain the seal (fig. S5).
Meanwhile, the MCP cannot preserve sealing of its suction chamber
during detachment because the stress distribution is concentrated
on the exterior edge, as shown in Fig. 2E (ii). In Fig. 2F, the s-DIA
patch (DIA patch with s-PDMS tips) exhibited increasing adhesion
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Fig. 1. The diving beetle-like reversible microplungers with biofluid-capturing hydrogel. (A) Photographic image of the forelegs of H. pacificus. SEM images magnify
the spatula setae with suction cup-like structures and circular cavities. Photo credit: C. Pang, Sungkyunkwan University. (B) Schematic illustration of the spatula setae for
suction effect and selective binding onto chemical signals to deliver as chemosensory neurons. (C) Schematic illustration of the adhesive patch with diving beetle-inspired
suction chambers against rough and wet human skin. (D) Photographic and SEM images of the adhesive patch arrayed with diving beetle-inspired suction chambers.
Here, the microcavities are embedded with biofluid-capturing hydrogels for rapid liquid capture. Photo credit: S. Baik, Sungkyunkwan University. (E) Schematic mechanism
of suction chambers with embedded hydrogel for absorption of liquid and formation of vacuum chamber upon hydration for reversible attachment. (F) Practical applications
of the adhesive patch arrayed with diving beetle-inspired suction chambers for untethered skin pH analysis for facile skincare monitoring.

strength with respect to applied preload, while the s-MCP and s-flat
patch (MCP patch with s-PDMS tips and s-PDMS-coated flat patch,
respectively) barely showed any increases in adhesion strengths for
(i) dry and (ii) underwater conditions.

To explain the adhesive behavior of the DIAs depending on pre-
load, we establish a simple methodological model underlying the
suction effect between the microstructures and engaged surface by
estimating the volumetric change of the chamber using the FEM
simulation as follows (fig. S6)

65 = Py(kF, - 0.0045)-nR*- n (1)

where Py is the initial air pressure under ambient conditions
(~101.3 kPa), k is the estimated constant of volumetric change
(~0.0407 N".cm?), F, is the applied preload, R is the radius of the
tip of the DIA, and 7 is the number of DIAs per unit area (~400 cm™?)
(see fig. S6 and the Supplementary Materials for details). Notably,
the suction stress induced solely by the volume changes can adapt
equally in both dry and wet conditions, because the capillary rise
of water molecules cannot occur in the microchamber due to
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hydrophobicity of the DIAs (fig. S7). These experimental measure-
ments are in close agreement with our theoretical predictions (see
green dotted line in Fig. 2F) for Eq. 1.

s-DIAs embedded with biofluid-capturing gels for enhanced
wet adhesion and liquid capture

To maximize the capabilities of attachment under low preload for
our adhesive, we designed a hybrid structure embedded with bio-
compatible hydrogel [polyacrylamide (PAAm)] inside the chambers
of s-DIAs (Fig. 3A). Then, we compared the adhesive strengths of
the hydrogel-embedded s-DIAs (H-s-DIAs) to the s-DIAs without
hydrogel and the bare hydrogel patch depending on contact time
with deionized water (Fig. 3B). In both dry and underwater envi-
ronments, the adhesion strength of H-s-DIAs was saturated and
maintained after 90 min of contact time, while the adhesion of the
bare hydrogel patch markedly declined after 120 min of contact time.
The adhesion strength of s-DIAs was unchanged depending on con-
tact time. This phenomenon may simply be explained through the
model of interfacial fluid mechanics on the porous polymer-substrate
interface, as depicted in Fig. 3C (42, 43). The rigid PDMS structure
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Fig. 2. Adhesion of the DIAs via structural deformation in dry and wet conditions. (A) Profiles of normal adhesion for different adhesive samples against silicon wafers
in dry and underwater conditions. A preload of 2 N/cm? is applied for each measurement. (B) Measurements of normal adhesion in dry and underwater conditions with
varied material properties of the DIA tip. wt %, weight %. (C) Measurements of normal adhesion in dry and underwater conditions for s-DIAs of different diameters. (D) (i)
FEM simulation analysis of stress distribution during the application of a 2 N/cm? preload. (ii) Volume expansion of the inner chamber during detachment to yield the
suction effect. (E) Comparison of stress distribution via FEM simulation for the bottom surface of (i) DIA and (ii) MCP. (F) Predicted (green) and experimental results of
normal adhesive strength in dry and underwater conditions corresponding to preload for different adhesive samples.

with microcavity could maintain the optimized state of the swollen
hydrogel for maximized underwater adhesion, as shown in Fig. 3C (ii).
Hence, the hydrogel trapped within the PDMS-based pillar main-
tains its optimized adhesive state by asymmetrically absorbing water
compared to the bare hydrogel patch, as shown in Fig. 3C. We then
observed control of swelling behavior for the embedded hydrogels
mixed with fluorescein isothiocyanate via confocal fluorescence
microscopy and SEM (Fig. 3D). We monitored swelling of the de-
hydrated hydrogel [Fig. 3D (i)] upon contact with water molecules
until the volume of the suction chamber increased and observed that
the hydrogel retained its volume even after 2 hours [Fig. 3D (ii)].
Depending on the amount of absorbed water in the hydrogel pores,
it was observed that the pore size of the hydrogel could be adjusted
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from nano- to microscale (radii of hydrogel pores were observed
from ~200 nm to ~100 umy; fig. S8). We further measured the adhesion
strength for preoptimized swollen H-s-DIA by applying different
preloads (1 to 5 N/ cm?) in dry and underwater conditions to under-
stand the structural effect of the embedded hydrogels inside the
DIA chambers. As shown in Fig. 3E, the measurements noted that
the H-DIA samples showed early saturated adhesion (maximum
~6.0 N/cm? for dry conditions and maximum ~5.6 N/cm® for
underwater conditions) induced by maximized suction stress under
alow preload of ~2 N/cm? with high repeatability (<100; see Fig. 3F).
The pressure difference (AP) is easily maximized due to the shape of
DIA with embedded hydrogel that can push out the remaining air
within the chamber of DIA under a low preload of ~2 N/cm?, forming
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Fig. 3. Adhesive mechanism and performance of the DIAs embedded with biofluid-capturing hydrogels (H-s-DIAs) in dry and wet conditions. (A) Schematic illus-
tration of the s-DIA embedded with hydrogel for instantaneous capture of liquids. (B) Measurements of normal adhesion for H-s-DIA in dry (red) and underwater (blue)
conditions, s-DIA in dry (violet) and underwater (sky blue) conditions, and bare hydrogel in dry (orange) and underwater (green) conditions with respect to contact time.
(€) Schematic illustration of the interfacial fluid transport on the hydrogel-substrate interface for the (i) bare hydrogel before and after liquid absorption and the (ii) H-s-DIA
before and after hydrogel swelling within its inner chamber for the optimized state. (D) Confocal fluorescence microscopy images of the embedded hydrogel (i) before
and (i) after the hydrogel is swelled for 2 hours. (E) Adhesive performances of the H-s-DIA adhesives in different states with varying preloads applied in (i) dry and (ii)
underwater conditions. Here, the different states of the H-s-DIAs consist of H-s-DIA before contact (orange), H-s-DIA after contact for 2 hours (red), H-s-DIA (blue), and flat
samples (gray). (F) Cyclic measurements of normal adhesion for H-s-DIA after 2 hours of contact time in dry and underwater conditions. (G) FEM simulation analysis of the
stress distribution and structural deformation of an H-s-DIA during the application of a 2 N/cm? preload. After the application of a weak preload, the volume of the suction
chamber is effortlessly minimized by swelled hydrogel, inducing a vacuum-like state within the chamber.

a vacuum-like chamber (see simulation results of Fig. 3G; APy =
Py, * VR = 0). In addition, relative to the dehydrated hydrogel, the
pre-swollen hydrogel is able to empty out air molecules inside the
DIA chambers effortlessly (fig. S9).

To demonstrate a potential application of biofluid-capturing,
human-attachable devices, we then validated attachment capabilities
by measuring the adhesion of the as-prepared H-s-DIA patch against
pigskin in various directions (see Materials and Methods and fig. S10
for detailed adhesion tests). With the aid of biofluid-capturing hy-
drogels, the H-s-DIA adhesive exhibited superior adhesive stresses in
multiple directions compared to s-DIA samples without hydrogel (Fig. 4A).
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Using our well-optimized bioinspired patch device, we demonstrated
that the H-s-DIA adhesive is capable of instantaneous biofluid cap-
ture on the epidermal layer of skin (Fig. 4B). This is mainly attributed to
the aid of suction stress inside the hydrogel chamber and the liquid
collection behavior at the interface between PDMS and hydrogel, ex-
plained by the directional wetting driven by the suction effect and surface
energy gradient (44) (see Supplementary Theory and fig. S11 for details).
To demonstrate the behaviors of hydrogel and water molecules during the
in situ water collection process, confocal fluorescence microscopic
images show capture of biofluid-like liquid into a chamber of H-s-DIA
adhesive against a pigskin replica of rough morphology (Fig. 4B).
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Fig. 4. Applications of the H-s-DIA patch on human skin for pH diagnosis and machine learning-based quantification. (A) Profiles of normal, shear, and peeling
adhesion of H-s-DIA against dry and sweaty pigskin. (B) Confocal fluorescence microscopy of liquid capture into the embedded hydrogel chamber of H-s-DIA [red, mixture
of fluorescent dye (rhodamine 6G), water, and silicon oil]. (C) Schematic illustration of the adhesive patch with skin-attachable, biofluid-capturing suction chambers. The
inset shows a representative photographic image of H-s-DIAs of 3-mm tip diameters attached to wet human skin. Photo credit: S. Baik, Sungkyunkwan University.
(D) Photographic image of the diving beetle-inspired adhesive embedded with colorimetric hydrogel for reversible skincare monitoring. Time-dependent profiles of red,
green, and blue color percentages and cyclic measurements of red, green, and blue color percentages for different pH values of 3 and 9 on skin. (E) Software program for
quantifying pH values via supervised machine learning. The software automatically provides pH value by converting RGB values of the captured hydrogel image into
x and y values. Photo credit: S. Baik, Sungkyunkwan University. (F) Scatter plot of colors (i.e., x and y values) and pH values. An example image is shown with its color and
pH values. (G) Correlation between actual and predicted pH values.

Bioinspired, biofluid-capturing patch device for intelligent sensor for continuous, reversible pH detection using optically func-
pH monitoring tionalized hydrogel exhibits fast response time (~5 s; see movie S2
As a proof of this concept shown in Fig. 4C, we simply embedded  for details) and reusability (>30) depending on pH changes. To es-
pH-responsive phenol red/PAAm-based hydrogel (45) into the tablish an in situ, real-time pH value recognition by our adhesive
chambers of s-DIAs (PR/PAAm-s-DIA; 3 mm diameter with a  device, we developed an in-house software application with a machine
width-to-depth ratio of 1) for colorimetric pH monitoring of bioflu-  learning technique that can automatically quantify pH levels from
ids (see movie S1 for remarkable performances of the adhesive and see  the color indicated by the PR/PAAm-based hydrogel within the ar-
the Supplementary Materials and figs. S12 and S13 for detailed syn-  ray of DIA chambers (see Fig. 4E and movie S3 for detailed mea-
thesis and analysis of pH-responsive hydrogel). We observed peel-off ~surement). Here, we used linear regression with a leave-one-out
behavior of our patches with various suction cup sizes on the skin of ~ cross-validation framework (see Materials and Methods; fig. S15).
mice to demonstrate robust, conformal attachment on the curved  Specifically, we converted RGB values into x and y values in a two-
skin surfaces (fig. S14). We ultimately decided upon the suction cup ~ dimensional chromaticity diagram (46) and fed them into the linear
sizes with an outer diameter of 3 mm to design a patch that can easily ~ regression to predict pH values. The x and y values showed a linearly
distinguish the color change of the hydrogel even with the naked eye  increasing trend according to the pH values (Fig. 4F), where these color
for practicality (see fig. S14D). As shown in Fig. 4D, our adhesive  values significantly predicted pH [Pearson’s correlation between
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actual and predicted pH values r = 0.93; P < 0.01; mean absolute error
(MAE) = 0.27; Fig. 4G]. These results indicate the effectiveness of our
machine learning-based pH quantification system for accurate di-
agnosis of skin pH.

Applications of the bioinspired patch device for in situ
diagnostics of acne-affected skin

For potential applications, we verified that the pH quantification
model based on our intelligent H-s-DIA device can be valid for
in vivo analysis (Fig. 5A). As calculated by the machine learning
quantification with our skin-attachable colorimetric device, the pH
values were consistent with the in vivo pH values measured by a
commercial potentiometric pH meter (see Materials and Methods
for details), showing low discrepancy (MAE = 0.14; Fig. 5B). The
predicted in situ skin pH of our device could be a primary indicator of
the clinical manifestation of acne. As skin pH is monitored with our
simple skin-attachable device, we could have earlier diagnostic in-
formation of acne compared with conventional visual observation
(pathology score monitoring); this allows reliable and preemptive
drug administration through its efficient feedback without drug (e.g.,
antibiotics and steroids) overuse and resistance.

On the basis of preliminary analysis with our device, we establish
the pathological criteria of pH value (the pH value is above 7) for
therapeutic decision making of acne, which enables the designation
of a proper time frame for medication administration (0 to 2 days
after acne induction; see Materials and Methods and fig. S16 for details).
With the aid of our intelligent patch device for pH feedback, more
effective acne treatment could be achieved in advance compared
with the conventional method based on pathology score moni-
toring (see Fig. 5, C to F). Here, skin pathology associated with
acne was scored as following a previous literature (47) (the timing
of medication administration, at which pathological score is above
4,1s 3 to 5 days later in conventional treatment; see Materials and
Methods and fig. S16 for details).

To demonstrate the superior efficiency of the therapeutic feed-
back of our straightforward pH monitoring device, we investigated
four different cases: normal skin (black dots), acne lesions without
treatments (gray dots), acne lesions treated with conditional drug
administration upon pathology score feedback (blue dots), and pH
value feedback (red dots) after acne induction in mice (Fig. 5C).
The pH monitoring feedback group (red dots) received drug treat-
ment earlier (average 3 days and maximum 4 days) than the pathology
score feedback group (blue dots) (see blue arrows in Fig. 5C; drug
treatment timing of each individual mouse). In accordance with the
pH analysis, there was a significant difference in skin pathological
status between the pathology score feedback group and the pH
monitoring feedback group from the third day after acne induction
(Fig. 5, E and F). In addition, the pH and skin pathological status of
the pH monitoring feedback group were close to those of the
normal skin group from the fifth day after the experiment began
(Fig. 5, E and F). These results show a good correlation with the
histological analysis (Fig. 5F; see figs. S17 and S18 for details).
Hematoxylin and eosin (H&E) staining indicated skin regeneration
and reduction of epidermal/follicular wall thickening in the pH
monitoring feedback group (Fig. 5F). The epidermal thickness of
the pH monitoring feedback group is 17.9 + 4.2 um, which is 27% of
that of the pathology score feedback group (65.6 + 12.5 um).
Here, this was the lowest value in all experimental groups, suggesting
that skin pH can be an important indicator for acne treatment
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(Fig. 5F and figs. S17 and S18). Toluidine blue (TB) and Gram staining
support the reduced infiltration of mast cells into the lesion site and
inhibition of Gram-positive Cutibacterium acnes (C. acnes) growth (see
purple layer in Fig. 5F; Gram-stained images) in the pH monitoring
feedback group. Immunohistochemical staining of a hyper-keratinization
response marker (keratin 14) and C. acnes-induced inflammatory
response marker [matrix metalloproteinase-9 (MMP-9)] suggests
that early drug treatment enables effective tissue healing by reduc-
ing the expression of MMP-9, which plays a predominant role in
inflammatory matrix remodeling and hyperproliferation of acne skin
(48). We note that our device with biofluid-capturing hydrogel has
a similar therapeutic effect to 3M Tegaderm (a gold standard treat-
ment; fig. S17), which provides the protection of the target lesion
and the capability to maintain a moist environment.

DISCUSSION

We have developed an adhesive based on bioinspired microplungers
for biocompatible, reversible, and resistant adhesion in various
directions and instantaneous capture of skin moisture. Owing to
cavities and embedded biofluid-capturing hydrogels in microplungers,
our patch devices can maximize adhesion performances and the
ability to capture biofluids on the skin. Through further work, our
bioinspired adhesive may be integrated into biosensor modules with
machine learning frameworks for efficient, noninvasive analysis and
profiling of biosignals such as skin pH value. Our intelligent health
care system could provide support for therapeutic decision making
via pH quantification of in vivo models.

Skin pH is influenced by various endogenous factors, such as
ethnicity and gender, so it is important to understand skin pH by
considering these factors together and make appropriate clinical
decisions. For example, individuals with darker skin usually have
lower skin pH than those with lighter skin, because the amount
of epidermal lipid is relatively higher in darker skin (49). In another
example, men generally sweat more than women, so their skin
surface is relatively acidic. Sweat has a pH of 5 to 6, but the evap-
oration of moisture makes the skin more acidic (50). Therefore, we
believe that future investigation of skin pH across diverse eth-
nicities and genders would supplement our research and be able to
provide users with more personalized therapy.

MATERIALS AND METHODS

Fabrication of diving beetle-inspired adhesives

We prepared perforated pillars with cavity-like suction chambers
by using previously developed methods such as photolithography,
partial-filling techniques, and replica molding (see the Supplementary
Materials for details) (51). To fabricate mushroom-shaped pillars
with microcavities (DIAs), the liquid precursor of the PDMS was
spin-coated onto a glass substrate at 1200 rpm for 60 s. The perfo-
rated pillar patch was then selectively transferred onto the glass
substrate with a thin PDMS layer. No exterior pressure was applied
during the inking step for 10 s. The inked adhesive patch was placed
onto a clean glass substrate with perforated pillars facing downward
and cured for 2 hours at 70°C. Next, to fabricate DIAs with soft tips
(s-DIAs), liquid precursor of the soft PDMS (s-PDMS), composed
of 40 ul of ethoxylated polyethylenimine per 10 g of PDMS, was
transferred onto the DIA tips using the same process previously
performed. Here, the s-PDMS-inked adhesive patch was placed onto
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a clean glass substrate with DIAs facing upward and cured for 2 hours
at 90°C (fig. S2A).

Preparation of PAAm hydrogel
We prepared a PAAm hydrogel by mixing the precursors. Here,
the precursors consist of acrylamide (AAm), N,N’-methylene(bis)
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acrylamide (BAAm), N,N,N',N'-tetramethylethylenediamine (TEMED),
ammonium persulfate (APS), and water. To prepare a pre-gel solu-
tion, 1.03 g of AAm and 337 ul of BAAm (0.02 g/10 ml) as a cross-
linker were mixed. We added 8.2 pl of TEMED as an accelerator and
102 pul of 0.2 M APS as an initiator. Afterward, the pre-gel solution
was mixed in a beaker, and the solution was cured at 80°C for 1 hour.
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To measure the porosity of PAAm-based hydrogel structures, the
pore size was measured after freeze-drying the PAAm-based hydrogel
swelled according to the water contact time (fig. S2B).

Fabrication of hydrogel-embedded H-s-DIA patches

To inject the pre-gel solution into the microcavities of the s-DIAs,
the as-prepared patch was first treated with O, plasma for 1 min.
The patch was then placed on a Teflon-coated substrate, and the
pre-gel solution was poured on top to permeate the microhole
chambers. Here, to selectively fill the pre-gel solution, we removed
the residual solution between the micropillars using blotting paper.
Last, the sample was cured at 80°C for 1 hour (fig. S2A). Experiments
with human subjects using the H-s-DIA patch were performed after
approval from the Institutional Review Board (IRB) was initially re-
ceived for both subject and parental assent (IRB approval no. SKKU
2018-05-012), following school board policies.

Adhesion test
Details of all the adhesion measurements are provided in the Sup-
plementary Materials.

Machine learning-based pH quantification

Leveraging supervised machine learning with cross-validation, we
built an automated pH quantification model that can provide a pH
value of the input image. The pH values of the input images varied
from 5.85 to 7.68. We first converted the RGB values of all pixels in
the input image into the XYZ values using the following equation

0.4125 0.3576 0.1804] [R
Y| = ]0.2127 0.7152 0.0722( |G
VA 0.0193 0.1192 0.95031 LB

and then calculated xyY values as follows

_ X
YT Xyv+2Z
_ Y
Y EXTiY+Z
Y=Y

Through this conversion, we could obtain x and y values, which
represent chromaticity and luminance of the color in a two-dimensional
chromaticity diagram (46). We performed pH prediction based on
leave-one-out cross-validation by separating the training and test
dataset. Specifically, among seven independent datasets, six cases
were assigned as the training data and the left-out case as the test
data. A linear regression model was constructed using the x and
y values as independent variables within the training data, and it was
applied to the test data to predict its pH value. It was repeated seven
times with different segments of training data. Prediction accuracy
was assessed by calculating Pearson’s correlation between the actual
and predicted pH values as well as their MAE. The significance of
the correlation was assessed via 1000 permutation tests by randomly
shuffling pH values. Through this approach, a null distribution was
constructed. If the real correlation coefficient did not belong to the
95% of the null distribution, it was deemed significant (P < 0.05).
We developed an in-house software for pH detection by integrating
the above procedures. Researchers who are interested can contact
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the corresponding author. The brief pipeline is as follows: (i) take a
picture using a camera and (ii) pick the area that we want to know
the pH value. Then, the software automatically provides the pH of
the selected area (movie S3).

Validity of the pH quantification model

The validity of our machine learning-based pH quantification model
was assessed using an independent dataset of animal models. We
applied the trained model to the skin patch data to predict their pH
and assessed MAE between measured and predicted pH values.

Animal studies

The animal experiments using the C. acnes-induced acne model
were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Yonsei University (approval number:
IACUC-A-202002-1011-03) and the Institutional Biosafety Committee
(IBC) of the Yonsei University (approval number: IBC-A-202001-227-01).
To prepare the acne model, a C. acnes strain (KCTC 3314) was
acquired from the Korean Collection for Type Cultures (KCTC;
Daejeon, Korea). The acne mouse model was prepared as described
in previous literature (52). Briefly, mice (SKH1-hr, 7-week-old male;
OrientBio, Seongnam, Korea) were anesthetized with ketamine
(100 mg/kg; Yuhan, Seoul, Korea) and xylazine (20 mg/kg; Bayer
Korea, Ansan, Korea) and then injected intradermally with 1 x 10
colony-forming units of C. acnes in 25 pl of phosphate-buffered
saline. After acne induction, the mice were randomly divided into
experimental groups. For drug treatment, 20 ul of 5% (w/v) benzoyl
peroxide (Sigma-Aldrich, St. Louis, MO, USA) was topically
administered to the lesion site (53).

Optimization of therapeutic decision-making criteria

The results of preliminary animal experiments showed that the
patch-only group and no other group exceeded pH 7 and pathology
score of 4 (fig. S16C) after acne induction. In that group, a time-
point gap can be noticed in that the marked increase in the pH value
occurred earlier than that of the pathology score (fig. S16, B and C).
Thus, we hypothesized that if we monitor pH value changes, we will
be able to detect skin troubles in advance and treat them more effi-
ciently than conventional acne management methods based on
pathology score monitoring (visual observation). The minimal value
of pH and pathological skin status (pathology score) for administering
drug, which are 7 and 4, respectively, was decided upon lesion
characteristics from a previous experiment (fig. S16).

Mouse skin pH measurement

The pH of mouse skin was measured in two ways. As a conventional
method, pH was measured according to the manufacturer’s manual of
“Howskin” (Innoinsight Incorporated, Seoul, Korea), a skin analyzing
device. When using our adhesive device, the device was first attached
to the skin surface or acne lesion and removed at predetermined
time points, and the pH value was computed using the changed
RGB information of the biofluid-capturing hydrogel. The used patch
was reused in the same mice until the end of the experiment period.

Skin pathology score assessment in mice

Skin pathology associated with acne was scored as in previous liter-
ature (47). Briefly, the score was determined according to the degree
of the following four items: erythematous change (no = 0, mild =1,
and marked = 2), papule (flat = 0, small = 1, and large = 2), eschar
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(no =0, mild = 1, and marked = 2), and xeroderma (no = 0, mild = 1,
and marked = 2).

Histological analyses

The skin specimens were harvested at the end of the experiment,
fixed with 10% formalin (Sigma-Aldrich, St. Louis, MO, USA), and
embedded in paraffin for sectioning (4 um thickness). The prepared
samples were stained with hematoxylin (Sigma-Aldrich) and eosin Y
(Samchun Chemical, Seoul, Korea) (H&E staining), TB staining
(Sigma-Aldrich), and crystal violet (Sigma-Aldrich) and Gram’s io-
dine (Sigma-Aldrich) (Gram staining). The H&E-stained samples
were used to measure epidermal thickness, and TB-stained samples
were used to quantify the number of mast cells as previously reported
(54, 55). For immunohistochemical staining, the prepared sections
were permeabilized with 0.2% (v/v) Triton X-100 (Wako, Osaka,
Japan) and incubated with 4% (v/v) bovine serum albumin (Wako).
Then, the samples were incubated with the following antibodies:
mouse anti-keratin 14 (Abcam, Cambridge, CBE, UK), goat anti-
MMP-9 (R&D Systems, Minneapolis, MN, USA), Alexa Fluor 488
goat anti-mouse immunoglobulin G (IgG; Thermo Fisher Scien-
tific, Waltham, MA, USA), and Alexa Fluor 594 rabbit anti-goat IgG
(Thermo Fisher Scientific). The samples were counterstained with
4',6-diamidino-2-phenylindole (DAPI) (TCI America, Portland, OR,
USA) and observed with a laser scanning confocal microscope
(LSM 880; Zeiss, Jena, Germany) or a slide scanner (VS120-S5-W;
Olympus, Tokyo, Japan).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabf5695/DC1

View/request a protocol for this paper from Bio-protocol.
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