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Molecular tracing of extremely low amounts of biofluids is vital for precise

diagnostic analysis. Although optical nanosensors for real-time spatio-
temporal molecular tracing exist, integrating them into simple devices that

capture low-volume fluids on rough, dynamic surfaces remains challenging.
We present a bioinspired 3D microstructured patch monolithically integrated
with optical nanosensors (3D MIN) for real-time, multivariate molecular tra-

cing of ultralow-volume fluids. Inspired by tree frog toe pads, the 3D MIN
features soft, hexagonally aligned pillars and microchannels for conformal
adhesion and targeted fluid management. Embedding near-infrared fluor-
escent single-walled carbon nanotube nanosensors in a hydrogel enables
simultaneous fluid capture and detection. Softening the elastomer micro-
architecture and optimizing water management promote stable adhesion on
wet biosurfaces, allowing rapid collection of ultralow-volume fluids (0.1 uL/
min-cm?). We demonstrate real-time, remote sweat analysis with >75 nL
volumes collected in 45 s, without exercise or iontophoresis, showcasing high
biocompatibility and efficient spatiotemporal molecular tracing.

Tracing chemical and biological molecules such as ions, small mole-
cules, nucleic acids, lipids, and proteins is the key to noninvasive
assessment of health status, chemical balance, disease detection, and
the monitoring of essential chemical species'™. These analytes vary
widely in size, concentration, and volume, making microfluid man-
agement important for tracking these molecules from diverse sources
and dynamically complex biosurfaces. For example, protein synthesis
and secretion occur in irregular patterns, whereas cortisol levels fluc-
tuate with circadian rhythms, adding to analytical complexity>®. For
effective molecular tracing, sensitive and selective sensors capable of
extracting samples from dynamic sources in appropriate quantities
and flow rates are needed. Tracing low-volume analytes, particularly at

the nanoscale to the microliter scale, is valuable for precision medi-
cine, early diagnostics, and trace chemical production’®. Traditional
methods such as mass spectrometry and chromatography are accu-
rate, but the equipment involved is too large and complex for the real-
time analysis of low-volume samples, which quickly dissipate due to
evaporation’™. Nanosensors with molecular recognition capacity
serve as promising alternatives in which optical, electrical, or
mechanical properties are used to obtain real-time signals. In parti-
cular, optical nanosensors consisting of quantum dots (QDs), carbon
dots, and single-walled carbon nanotubes (SWCNTs) can provide
molecular information even at the single-molecular level through
fluorescence or absorption variations with increasing molecular
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adsorption™ ™, However, when these sensors are integrated into bulky
devices, their capacity to analyze samples with varying volumes and
fluid rates becomes limited. To address this, tailored nanoprobes must
be integrated into a systematically designed 3D interface for efficient
sample capture. New analytical components are needed to absorb and
measure small amounts of fluid effectively, to ensure stable adhesion
through conformal contact and compatibility with biological surfaces
to capture irregular secretions of low-volumes of fluid and to enhance
both the efficiency and portability of nanosensors.

To date, technologies that involve mounting sensors at the skin
interface have been developed to capture and analyze biofluids. To
achieve this goal, multilayered components that can capture biofluids
have been combined with sensors that distinguish and analyze elec-
tronic signals or colors to facilitate effective diagnosis'®. Despite
these striking advances, the development of devices that integrate a
collection and sensing layer that can rapidly collect and simulta-
neously detect small amounts of biofluids remains challenging. In
addition, the ease of use and economic efficiency of skin-attachable
biosensing platforms can be maximized by monolithically fabricating
them from a single biofluid capture-sensing layer and developing an
adhesive substrate capable of reversible adhesion on human skin
without causing irritation.

Here, we address this challenge by developing a 3D micro-
structured patch integrated with optical nanosensors (3D MIN) that
enables real-time, multivariate molecular tracing of extremely low-
volume fluids directly from a dynamic source (Fig. 1a). Inspired by the
micropatterns on frog toe pads, the hexagonal surfaces, surrounded
by microchannels, drain surface fluids into the channels, and the soft
layer on the hexagonal surfaces provides stable, conformal adhesion
without skin irritation, even on irregular and dynamic biosurfaces. For
the optical probe in 3D MIN, we synthesized near-infrared (nIR)
fluorescent SWCNT nanosensors with selective molecular recognition
capabilities and embedded the sensors in a hydrogel layer mono-
lithically integrated into the drainable channel areas. This integration
facilitated the rapid capture of ultralow volumes of fluids at slow flow
rates and ensured stable sample collection on rough, dynamic sur-
faces. By leveraging the selective and sensitive molecular recognition
capabilities of the nanosensor array in 3D MIN, we used our patch to
perform real-time and remote multivariate and spatiotemporal mole-
cular tracing of biofluids (e.g., health indicators in human sweat).

Results and discussion

Fabrication of 3D MIN inspired by nature

We were inspired by the hexagonal epithelial cells on the toe pads of
the tree frog Rhacophorus pardalis®®*. These pads, while supported
by rigid pillars, are covered with a soft material with an elastic modulus
of -25 kPa, which allows them to conform easily to wet and irregular
surfaces (Fig. 1b)*". By mimicking the functionalities of the tree frog toe
pad, we designed a 3D MIN to enhance surface contact on rough and
wet surfaces and efficiently drain liquid between interfaces into
internal microchannels (Fig. 1c-i). Since the soft adhesive structural
substrate and the unified capture-sensing layer were fabricated
monolithically, the drained liquids were easily captured by embedded
nanosensor-containing hydrogels (nanosensors/hydrogels). The
robust adhesion interface had hexagonally aligned 3D microchannels
with a soft PDMS (s-PDMS) coating on its surface (Fig. 1c-ii). The target
liquid at the interface was effectively drained and captured by strong
capillary force through the grooves of the hexagonal channels (Fig. 1c-
iii). The detailed methods for the fabrication of 3D MIN are provided in
Supplementary Fig. 1. The geometrical elements of the hexagonal
arrays were optimized to ensure robust adhesion by preventing crack
initiation and propagation”. DNA-functionalized SWCNT (DNA/
SWCNT) nanosensor dispersions were mixed with a polyacrylamide
(PAAm) hydrogel (Fig. 1d) and embedded into microchannels. Here,
PAAm was selected as a fluid capture matrix because of its water

absorption capacity and the presence of abundant amide groups that
form strong hydrogen bonds and electrostatically interact with
SWCNTSs*, ensuring the functional integrity and performance of the
nanosensors. We treated the 3D MIN with oxygen plasma for 3 min to
stably integrate the DNA/SWCNT-containing pregel, enabling the
nanosensor/hydrogel solution to disperse evenly and align uniformly
within the microchannel geometry. Subsequently, the solution was
poured onto a microchannel, excess material was removed, and the
surface was thermally cured (Fig. 1e). The resulting 3D MIN was thin,
flexible (area ~2x2cm?), and densely populated with hexagonally
aligned 3D pillars and a nanosensor/hydrogel embedded in micro-
channel structures (Fig. 1f). The nIR image shows strong fluorescence
from the patch, demonstrating stable integration of the nanosensor/
hydrogel with the interface (inset, Fig. 1f). Scanning electron micro-
scopy (SEM) images confirmed the structural uniformity of the patch
(Fig. 1g). Each pattern unit has a channel width (w) of 200 um, a channel
height (h) of 300 um, and a spacing (s) of 600 um (Fig. 1g). We can
design a 3D MIN multiarray for multivariate molecular tracing, for
example, by integrating four different DNA/SWCNT nanosensors into a
patch, each targeting various health indicators in human sweat
(Fig. 1h). 3D MIN multiarrays can be effectively attached to rough and
moist surfaces such as skin, enabling rapid biofluid collection. The
confocal fluorescence microscopy image shows real-time capture of a
target fluid into the microchannels through swelling of the nano-
sensor/hydrogel (inset, Fig. 1h).

Design and synthesis of the DNA/SWCNT nanosensor library
For 3D MIN applications, we targeted low-volume human sweat, which
has a low secretion rate and contains more than one hundred
analytes”. Moreover, developing a good adhesion interface to capture
slow sweat secretion on dynamic skin surfaces is crucial for advanced
healthcare. However, to date, in the field, only high-rate secretion of
sweat over ~ 1.5 uL/min-cm? induced by exercise or iontophoresis has
been detected, primarily targeting relatively easily detectable
components®. We aimed to trace 15 challenging sweat analytes, vita-
mins, amino acids, and metabolites (Fig. 2a). For the multivariate tra-
cing of these target analytes, we utilized the corona phase molecular
recognition (CoPhMoRe) of DNA/SWCNTs, which modulates nIR
fluorescence intensity (Fig. 2b)”’~>>. SWCNTs exhibit high mechanical
stability, and DNA functionalization forms stable corona interfaces
through phosphate interactions and -1t stacking®**, providing long-
term stability and resistance to photobleaching under diverse biosur-
face conditions”***. SWCNTs were suspended with n=20 DNA
sequences capable of forming corona phases at the SWCNT surface,
producing structurally diverse corona phases to allow for the sampling
of a range of free volumes and chemical interactions with sweat
components (Supplementary Fig. 2a). Ultraviolet-visible-nIR (UV-vis-
nIR) absorption spectroscopy revealed distinct absorption peaks in the
synthesized DNA/SWCNT dispersions, specifically for the E;; and E»,
transitions, demonstrating the successful isolation and suspension of
individual SWCNTSs (Supplementary Fig. 2b).

Next, dynamic light scattering (DLS) confirmed that the SWCNT
sensors were dispersed uniformly at a consistent size (Supplementary
Fig. 2¢). The real-time responses of the resulting nIR fluorescence
emissions from the nanosensor library were recorded, and the
resulting 20 x15 heatmap of molecular binding revealed distinct
fluorescence responses (I - Ip)/lo (Fig. 2c). Here, Iy and / represent the
integrated nIR intensities of the nanosensors at ¢ = 0 and after analyte
injection, respectively. Each nanosensor showed a specific turn-on or
turn-off response to its target analyte, with response intensity ranging
from - 74% to 3500%. Based on the screening results, we selected four
corona nanosensors for further characterization and as candidates for
the multiarray system: (AC);s/SWCNT for riboflavin (vitamin B2),
(AGCA);/SWCNT for pyridoxine (vitamin B6), (ACCA);/SWCNT for
folic acid (vitamin B9), and (ACA);o/SWCNT for cortisol, ensuring that
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Fig. 1| Bioinspired 3D microstructred patch integrated with optical nano-
sensors (3D MIN) for ultralow-volume fluid tracing. a Schematic illustration of
the adhesion and molecular sensing mechanism of 3D MIN (3D microstructured
patch integrated with optical nanosensors) on rough and wet human skin. (b)
Hexagonal 3D microstructures observed in the toe pads of frogs (Rhacophorus
pardalis). The hexagonal toe pads of frogs are covered with a soft layer with a
modulus of approximately 25 kPa. Image in (b) adapted from © iStock.com (Asset
1D:1049028724), used under a Royalty-Free License. ¢ Schematic illustrations of (i)
3D MIN on wet and rough surfaces, (ii) the highly soft polydimethylsiloxane
(PDMS)-coated hexagonal array, and (ijii) the drainage and biofluid-capturing

7
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Sensor 1
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effects facilitated by the hexagonal channel structure. d Schematic illustration of
the synthetic process of the nanosensor/hydrogel and interactions involved in the
network of the hydrogel. e Monolithic process for integrating the DNA/SWCNT
(Single-Walled Carbon Nanotube) nanosensor into 3D MIN. f Photograph of the 3D
MIN patch. Inset: Near-Infrared (nIR) image of 3D MIN. g Top-view scanning elec-
tron microscope (SEM) image of 3D MIN. Inset: Cross-sectional SEM image.

h Photograph of a 3D MIN multiarray conformally attached onto a wet and rough
human skin surface. Inset: A confocal image of a nanosensor/hydrogel within 3D
MIN that is swollen due to liquid absorption.

each nanosensor exhibited the strongest response to its target ana-
lyte without overlap”*2. To evaluate sensor specificity, we tested a
mixed analyte solution with three non-target analytes fixed at 1uM
while varying the target analyte concentration. Each nanosensor
exhibited a fluorescence response proportional to the target analyte,
with a response magnitude comparable to that observed for the single
analyte, confirming specificity even in the presence of multiple ana-
lytes (Supplementary Fig. 3). These selected nanosensors not only
demonstrated specificity but also targeted biologically significant
molecules: vitamin B2, is an antioxidant involved in the prevention of
many chronic diseases, vitamin B6 aids in neurotransmitter synthesis,
vitamin B9 is crucial for preventing anemia and promoting early

neurodevelopment, and cortisol is a key biomarker of stress
response®* ™%, By simultaneously measuring vitamins B2, B6, and B9
and cortisol levels, we can uncover correlations between stress
response and diseases related to specific vitamin deficiencies.
Although we characterized the four nanosensors, CoPhMoRe nano-
sensors can be functionalized with diverse recognition elements,
including polymers, proteins, and aptamers*~*. This versatility sup-
ports multiple sensor configurations in the 3D MIN, with each func-
tionalized SWCNT operating independently. Consequently,
additional sensors can be incorporated without altering the platform,
enabling an unlimited combination of nanosensors for broader
applications.
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Fig. 2 | DNA/SWCNT nanosensor library for 3D MIN integration. Illustration of
(a) target molecules in human sweat and (b) the molecular recognition mechanism
of the DNA/SWCNT nanosensor. ¢ High-throughput screening results of the DNA/
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SWCNT nanosensor array (n =20) for target molecules (n=15) in a low-volume of
human sweat. d, e Calibration curve of the four nanosensors fitted with Hill's model.
The error bars represent mean + standard deviation (n = 3 independent samples).

The nIR responses of our sensor were recorded across a wide
range of analytes at nanomolar to micromolar concentrations; this
concentration range was selected because it matches the standard
detection range for human sweat (Fig. 2d)*****°. Each selected nano-
sensor showed a dynamic increase or decrease in the nIR signal for
each target analyte proportional to the analyte concentration. We
plotted the calibration curve of the nanosensors and calculated the
limit of detection (LOD) (Fig. 2e). Each sensor showed values of 1.74,
323, 991, and 2270 nM for vitamins B2, B6, and B9 and cortisol,
respectively; these values were calculated by defining the nanosensor
response in the buffer as a noise (o) and using a signal corresponding
to three times this noise level.

Drainage and fluid capture properties of 3D MIN

To demonstrate the fluid capture properties of 3D MIN, we prepared
surfaces without a hydrogel (3D MIN w/o hydrogel) and with a
hydrogel (3D MIN w/hydrogel). We investigated capillarity-driven
liquid drainage via 3D MIN w/o hydrogel, which was influenced by the
separation height (h) between the fluid and the substrate (Fig. 3a).
When h>h; (Stage 1), the liquid predominantly underwent radial
squeeze-out?®?***7_ As h approached h; (Stage II), the flow shifted
toward the 3D channels, becoming the primary source of friction until
h < h,, where viscous resistance was encountered®*?****’, The drainage
criterion based on fluid dynamics is expressed as*®*%

1
o=(j°

1

X

a-p-t

HDOZ »

where h(¢) is the separation height, hy, is the initial height of the liquid
film (~534.5mm), a is the order unity (~4/3m), p is the squeezing
pressure, t is the time, u is the viscosity of the water (- 8.9 x 107 Paes),
and Dy is the lattice constant. Detailed numerical derivations for the
model are shown in Supplementary Note 1 and Supplementary Table
1. The time and h(t) model, plotted against experimental data, showed
data alignment with fluid behavior during radial squeeze-out (h > h;)
and channel drainage (h; > h > h,) (Fig. 3b). Fluorescence microscopy
confirmed the fluid behavior at each stage (red and blue dots
in Fig. 3b). The time to reach the drainage height (h;) depends on
the preload applied (Supplementary Fig. 4). Without an external
preload, the patch’s weight alone induced drainage. Applying a 2.0 N
preload accelerated the process, reducing the time to 0.5ms
from 252 ms.

The 3D MIN w/hydrogel efficiently captured target biofluids by
absorbing drained nanofluids, causing the hydrogel to swell and
expand (Fig. 3c). Dried hydrogels in 3D microchannels can facilitate
drainage by reducing the channel height and effectively capturing
nanofluids through the hydrogel meniscus formed inside the channels
(Supplementary Fig. 5). This liquid movement is driven by the surface
energy gradient between the hydrophilic hydrogel and hydrophobic
PDMS, where the drained nanofluid can be absorbed into the hydrogel
through the meniscus (Supplementary Fig. 6)'**%. Fourier transform
infrared (FTIR) analysis was used to investigate the chemical transi-
tions occurring within the nanosensor/hydrogel during gel formation
(Supplementary Fig. 7a). The embedded nanosensor/hydrogel forms
stable bonds via hydrogen interactions (for detailed explanations, see
Supplementary Note 2 and Supplementary Table 2). The stable
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Fig. 3 | Drainage and nanofluid capture capability of 3D MIN. a Illustration of
drainage in 3D MIN without hydrogel induced by the hexagonal channels and the
characteristic fluid movement zones (Stages | and II). b Fluid drainage profile of 3D
MIN without hydrogel with separation height and time. c Illustration of the liquid
capture characteristics of 3D MIN with hydrogel. d Swelling ratio of the nanosensor-
containing hydrogels (nanosensor/hydrogel) over time. Inset images of hydrogels
swollen by water. e Swelling behavior of the nanosensor/hydrogel in DI water.

f Confocal fluorescence microscopy images of Rhodamine B diluted in distilled

water (left), optical microscopy images (center), and SEM images (right) of the
hydrogel (i) before and (ii) after swelling. g Time series photographs of extremely
low-volume fluid (1 L) capture via (i) 3D MIN w/o hydrogel and (ii) w/hydrogel. The
yellow and blue droplets were both dyed with water-soluble ink. Inset (left): pho-
tograph of a 1.0 uL liquid droplet on a ruler and fingertip. h Time series confocal
microscopy images representing the fluid retention capability of (i) 3D MIN w/o
hydrogel and (ii) w/hydrogel. The error bars in (d, e) represent mean + standard
deviation (n = 3 independent samples).

hydrogel network with DNA/SWCNT is formed by PAAm chain cross-
linking through hydrogen bonding (Supplementary Fig. 7b)**°°. The
swelling ratio of the nanosensor/hydrogel, as measured by immersion
in distilled water, reached an equilibrium ratio of ~12.8 g/g (Fig. 3d).
The swollen nanosensor/hydrogel is shown in the inset of Fig. 3d. This
swelling mechanism of the hydrogel can be described based on the
Fickian diffusion model** (see Supplementary Note 3 for a detailed
derivation). From the Fickian diffusion model, we confirmed that n is
less than 0.5 (Fig. 3e). This finding indicated that Fickian diffusion was
dominant, with solvent molecules penetrating the internal spaces of
the hydrogel to absorb the liquid®>. We used confocal fluorescence
microscopy, optical microscopy, and SEM to monitor hydrogel swel-
ling within microchannels before (Fig. 3f-i) and after (Fig. 3f-ii) water
absorption. The embedded dried hydrogel within the 3D MIN absor-
bed the target liquid, leading to volume expansion. The cross-sectional
SEM images of the freeze-dried hydrogel revealed a microporous
structure, with the pore size increasing upon swelling. We observed

the instantaneous capture of 1.0puL of dyed water in 3D MIN w/
hydrogel on a glass surface (Fig. 3g). The 3D MIN w/o hydrogel did not
capture yellow-dyed water even after 40 s, whereas the 3D MIN w/
hydrogel captured blue-dyed water within 3 s. The real-time videos of
these processes are shown in Supplementary Movie 1 and 2. Moreover,
the 3D MIN w/hydrogel efficiently retained the absorbed fluid (Fig. 3h).
Using confocal microscopy, we observed that the liquid in 3D MIN w/o
hydrogel evaporated within 40 min (Fig. 3h-i) due to edge evaporation,
whereas the 3D MIN w/hydrogel showed minimal evaporation,
retaining the liquid significantly longer (Fig. 3h-ii).

Adhesion properties of 3D MIN

We measured the adhesion strengths of 3D MIN on surfaces with
roughness (R,) values of 80 um and 160 um, which were prepared
via soft polyurethane acrylate (s-PUA). The cross-sectional SEM
images of the prepared surfaces are shown in Supplementary Fig. 8.
Higher R, values indicate rougher surfaces. We compared the
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Fig. 4 | Adhesion performance of 3D MIN on wet and rough surfaces. Adhesion
performance of 3D MIN with a soft hexagonal pad (3D MIN-s), medium hexagonal
pad (3D MIN-m), hard hexagonal pad (3D MIN-h), and flat patches on (a) dry and (b)
wet surfaces with varying roughnesses values (R, =0, 80, and 160 um). ¢ Cross-
sectional optical microscopy images of MIN-s and flat patches in contact with
porcine skin. d Degree of adaptability profiles for MIN-s, MIN-m, and MIN-h (R, =0,
80, and 160 mm). e Shear and peeling resistance of MIN-s, MIN-m, MIN-h, and flat

Forearm rotation

patches on porcine skin under dry and sweaty conditions. Inset: SEM images of
target porcine skin. f Photograph of MIN-s attached to rough and wet human skin
with weights (0.2 kg) suspended in the shear direction. g Photograph of 3D MIN and
a bare nanosensor/hydrogel layer without any microstructure on wet skin with the
forearm rotating. The error bars in (a, b, d, e) represent mean + standard deviation
(n = 3 independent samples).

adhesion performance of four samples: 3D MIN with a soft hex-
agonal pad (MIN-s), a medium hexagonal pad (MIN-m), a hard
hexagonal pad (MIN-h), and a flat sample (Flat). Hexagonal pads
were transferred onto the surfaces of s-PDMS, 20:1 PDMS, and 10:1
PDMS with different elastic moduli (Supplementary Fig. 9). MIN-s
had the greatest adhesion strength on dry surfaces: 15.4 kPa on flat
surfaces, 13.4 kPa on surfaces with R, values of 80 um, and 11.2 kPa
on surfaces with R, values of 160 um (Fig. 4a). On wet surfaces, the
adhesion strengths were 11.3 kPa on flat surfaces, 9.6 kPa on sur-
faces with R, values of 80 um, and 6.7 kPa on surfaces with R, values

of 160 um, all in the shear direction (Fig. 4b). The s-PDMS layer
enhanced asperity conformity, improving adhesion on rough sub-
strates. MIN-s showed conformal contact with rough porcine skin,
unlike the flat sample, which had voids indicating poor con-
tact (Fig. 4c).

On this basis, we developed an adhesion model for MIN-s,
considering total capillary-based attachment (o.) resulting from
capillary bridge formation and contact interface adhesion in wet
environments. Under wet conditions, capillary forces dominate
over viscous forces”. For MIN-s under wet conditions, o, is
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expressed as™**:

\/§ COS Y, + cosd.
Oc=Ngreq 'T'(SRH'wz)'V‘ (%) Fthgreq 'Zﬁ'SRH'w‘V (2)

where N, is the number of patterns per unit area (- 180/cm?), SRy, is
the space ratio of the hexagonal microchannel, w is the width of the
microchannel, y is the surface tension of water, 6; and 6, are the
contact angles of DI water on the patch and the substrate, respectively,
and h is the separation height (see Supplementary Note 4 for a detailed
derivation). Separation occurs on rough surfaces due to interfacial
interactions between the adhesive patch and the surface. The separa-
tion height (6 ) increases with weaker interactions and decreases with
stronger interactions. This correlation can be interpreted on the basis
of the adhesive stress for each hexagonal pad relative to surface
roughness, which showed an approximately linear relationship based
on experimental data (see Supplementary Fig. 10 and Supplementary
Note 5)*>°°. Hence, the degree of adaptability of the soft hexagonal pad
on a rough surface (1- 6z ) can be expressed as:1 — 6z ~ 1/(aR,+1).
Here, R, is the average roughness, 6, is the compensation factor on a
rough substrate with R,, and « is the conformity parameter. MIN-s
showed greater adaptability (-73%) to wet rough surfaces
(R, =160 pm) than MIN-m (- 65%) and MIN-h (- 56%) (Fig. 4d). Conse-
quently, MIN-s had a lower adhesion reduction rate on rough surfaces
because the soft-coated layer showed improved adhesion and
conformity to surface irregularities. The van der Waals-based adhesion
mechanism under dry conditions is summarized in Supplementary
Note 6.

We subsequently conducted adhesion tests on porcine skin with
different orientations (Fig. 4e). MIN-s exhibited the highest adhesive
strength under both dry (~13.3 kPa) and sweaty (- 11.3 kPa) conditions,
followed by MIN-m, MIN-h, and on flat surfaces. Furthermore, MIN-s
displayed the highest resistance to peeling under dry (- 8.7 N/m) and
sweaty (~ 6.6 N/m) conditions because its surface softness enhanced
interface interactions, and more energy was required for separation®.
We affixed the MIN-s patch to a human hand and applied a 0.2 kg shear
force under wet conditions. The patch remained attached to the
human hand, highlighting its strong adhesion (Fig. 4f). Furthermore,
owing to the biocompatibility of 3D adhesive structures and nano-
sensors/hydrogels®®*°, minimal skin irritation was observed when 3D
MIN was applied for 6 h, with or without hydrogels, unlike conven-
tional chemical adhesives (Supplementary Fig. 11). On a sweaty fore-
arm, we tested a 3D MIN (both MIN-s w/o hydrogel and MIN-s w/
hydrogel) and a nanosensor/hydrogel without a 3D microstructure
(Fig. 4g). The bare nanosensor/hydrogel detached after dynamic up-
and-down movements due to water absorption and swelling, whereas
the 3D MIN maintained stable adhesion even after eight dynamic
rotations.

In vitro and on-body characterization of 3D MIN

For ultralow-volume fluid tracing, we used an in vitro sweating skin
model to evaluate the performance of 3D MIN. A syringe pump
connected with artificial skin released fluid at a controlled fluid rate
to the 3D MIN (Supplementary Fig. 12). The nIR fluorescence
response was monitored in real time via an nIR microscope. To
clearly visualize the microfluidics within the 3D MIN, we first
employed the vitamin C sensor, (ACG);0/SWCNT, which exhibited the
strongest turn-on signal in our library. Figure 5a shows the real-time
spatial responses from 3D MIN to varying concentrations of vitamin
C. The 3D MIN exhibited continuous turn-on responses: —22.1% at
0uM, 135% at 10 uM, 266% at 40 uM, 532% at 100 uM, and 932% at
200 uM vitamin C (Fig. 5a). The 3D MIN showed a slight response to
DI water, attributed to hydrogel swelling, which slightly alters the
SWCNT nanosensor distribution and decreases the average signal
per unit (Supplementary Fig. 13). We compared the calibration curves

of the 3D MIN and the liquid phase (Supplementary Fig. 14). While the
detectable concentration ranges were similar, the LOD in the 3D MIN
was approximately one order higher, which might be due to the
nanosensor’s embedding within the hydrogel matrix, limiting analyte
interactions and attenuating niIR signals compared to aqueous solu-
tions. For flow rate experiments, we used a 1 mM vitamin C solution
and measured the spatial sensor response of 3D MIN at flow rates of
0.5, 0.25, and 0.1uL/min.cm? to simulate daily sweat secretion
(0.37 uL/minecm?). The response times (7o) were calculated to be
28.3s at 0.5uL/minecm?, 40.0s at 0.25ul/min.cm?, and 45.6s at
0.1uL/minecm? (left, Fig. 5b). Based on this database if sweat rate
measurement could also be integrated during the actual application,
the device would serve as a more precise platform for quantifying
analytes. Fluid capturing occurred efficiently even at a flow rate of
0.1uL/minecm?, with a gradual increase in nIR emission (right,
Fig. 5b). The nIR emission video at a flow rate of 0.1 uL/min.cm? is
provided in Supplementary Movie 3. Notably, while existing wearable
sweat sensors require a minimum sampling time of 100 s to 20 min
and an average sampling volume of 1L, our 3D MIN can detect 75 nL
of fluid in 45s at a rate of 0.1uL/min-cm? (Fig. 5¢)'*"“°%, The
detailed numerical values of the references in Fig. 5c are shown in
Supplementary Table 3.

In addition, among the selected four nanosensors, the 3D MIN
targeting cortisol was further evaluated, showing turn-on responses of
2.9, 3.6, 67.8, and 117.5% for 1uM, 10 uM, 100 uM, and 1 mM cortisol,
respectively. Saturation time was determined to be 68 s at a flow rate of
0.1pL/min-cm? (Supplementary Figs. 15 and 16). These results
demonstrate the potential application of the 3D MIN nanosensor for
on-body stress monitoring. To demonstrate the multivariate tracing
abilities of our system, we fabricated a 3D MIN multiarray using the
four selected nanosensors (Fig. 2d) and measured spatiotemporal nIR
responses via a stand-off nIR camera (Fig. 5d and Supplementary
Fig. 17). The experiment was conducted using 1 mM solutions of vita-
mins B2, B6, B9, and cortisol. nIR images of the 3D MIN multiarray
show distinct molecular fingerprints to different biofluids (Fig. 5e),
with responses ranging from -40.4% to +32.6% (Supplementary
Fig. 18). While we demonstrated the capabilities of four arrays, a
multiarray configuration can be achieved with more 3D MIN units by
adjusting the backbone layer size and unit shape.

To demonstrate low-volume fluid capture on rough and dynamic
surfaces, we attached a 3D MIN multiarray, embedding one slot with a
vitamin C sensor and the other slots empty onto a human forehead and
measured the analytes (e.g., vitamin C) present in sweat in real-time.
The human forehead was selected for this test because it undergoes
substantial mechanical deformation and dynamic movements with
different facial expressions®. Before on-body measurements, we
confirmed that the 3D MIN integrated with the (ACG);o/SWCNT
nanosensor responded predominantly to vitamin C in artificial sweat
containing 15 different analytes at a concentration of 10 uM each,
excluding vitamin C. Although the composition of this artificial sweat
differs from actual human sweat, it includes analytes with molecular
weights and moieties similar to the target to address potential inter-
ference. This ensures the approach’s relevance for evaluating the
selectivity and sensitivity of the sensor in mixed solutions (Supple-
mentary Fig. 19). Three human subjects who attached the 3D MIN
multiarray ingested different doses of vitamin C (0g, 1.5g, and 3 g),
and sweat samples were collected without any exercise or iontophor-
esis, instead sweat was collected during sedentary and daily activities,
in which sweat secretion is typically minimal (Fig. 5f). First, to confirm
the presence of vitamin C in human sweat, high-performance liquid
chromatography (HPLC) analysis was performed. Sweat samples col-
lected at O min and 150 min post-ingestion showed a vitamin C peak
matching that of a pure vitamin C solution, with peak intensity
increasing proportionally over time, confirming the presence of vita-
min C in captured sweat samples (Supplementary Fig. 20). nIR images
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Fig. 5 | Spatiotemporal molecular tracing of low-volume fluid via 3D MIN.

a Spatial sensor responses of 3D MIN to ascorbic acid (vitamin C) under a wide
range of concentrations. The signal is calculated by the average nIR intensity var-
iation from a single unit of 3D MIN, and the data represent the mean value of n=3
replicates. b Real-time response of 3D MIN to vitamin C at various flow rates (0.1,
0.25, and 0.5 uL/min-cm?). ¢ Comparison of the sampling times and volumes
reported in previous research on sweat tracing. d Photograph (top-left), nIR image
(bottom-left), and schematics of the 3D MIN multiarray. e Molecular fingerprint
capabilities of the 3D MIN multiarray for vitamins B2, B6, and B9 and cortisol.

f Photograph of a study participant with the 3D MIN multiarray attached while
performing routine daily activities. g Stand-off nIR camera setup for remote ima-
ging of 3D MIN (left). A 3D MIN array attached to a study participant with only one
slot embedded with vitamin C sensor was used to highlight the spatial mapping
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capability of the 3D MIN attached to the subject in situ (right). h Real-time nIR
images of the 3D MIN on foreheads (i) before and 150 min after vitamin C (3 g)
intake and (ii) the control group (ii). i 3D spatial nIR response map from 3D MIN
multiarray responses for (i) the vitamin C (3 g) intake group and (ii) the control
group. j nIR sensor responses (left y-axis) and the estimated concentration of
vitamin C (right y-axis) from three independent subjects (n = 3) measured using 3D
MIN at 0, 50, 100, and 150 min following the intake of 0, 1.5, or 3 g of vitamin C. The
error bars in (a, j) represent mean + standard deviation (n = 3 independent sam-
ples). In panel (j), the healthcare and medical icon was created by Phoebeicons -
Flaticon (https://www.flaticon.com/free-icons/healthcare-and-medical), and the
seat icon was created by Freepik - Flaticon (https://www.flaticon.com/free-
icons/seat).
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were measured at O min, 50 min, 100 min, and 150 min after Vitamin C
ingestion, and signals were monitored via a stand-off nIR camera
(Fig. 5g). Considering the hydrogel’s swelling ratio (-12.8 g/g), it can
sufficiently accommodate the small amount of sweat secreted during
sedentary and routine activities without compromising sensor
performance’®”. Furthermore, we employed the 3D MIN as a single-
use patch and monitored the nIR signals at each time point to avoid
prolonged excessive fluid absorption, thereby preserving the sensor’s
rapid response. nIR images of the 3D MIN multiarray attached to the
subject who ingested 3 g of vitamin C (Fig. 5h-i and Supplementary
Movie 4) clearly revealed spatially distinct nIR responses at O min and
150 min compared to control dose (0 g) (Fig. Sh-ii). Compared to the
control group (Fig. 5i-ii), different localized regions in the vitamin C
group exhibited distinct nIR response pixels within a diameter of 1cm,
providing high spatiotemporal resolution (Fig. 5i-i). Sensor responses
increased over time with the highest response observed when the
group ingested 3 g of vitamin C, followed by 1.5g, while negligible
response was observed during the control experiment with no vitamin
C intake (Fig. 5j). By using first-order binding model (Supplementary
Note 7), we estimated the concentration of vitamin C in captured sweat
based on the measured nIR responses, which ranged from 5uM to
60 uM and aligned with previously reported vitamin C concentration
ranges typically found in sweat®®. With sweat-blood correlation
coefficients’, the 3D MIN sensor enables the estimation of blood
vitamin C levels through sweat vitamin C measurements, providing a
non-invasive alternative. Thus, this technique allows for the real-time
visualization of the sweat secretion, even at extremely low-volumes
and rates of secretion. This represents a significant advantage over
conventional electrical or electrochemical sweat sensing methods.
Overall, the ability of 3D MIN to detect low-volume fluids at low
secretion rates on dynamic and rough on-body surfaces was validated.

In this study, we monolithically integrated optical nanosensors
with a 3D microstructured interface for real-time, spatiotemporal
molecular tracing of extremely low-volume fluids. Inspired by tree frog
toe pads, we designed this form factor with hexagonally aligned 3D
pillars coated with s-PDMS and microchannels, which enabled the
simultaneous and efficient capture and sensing of biofluids within
0.25ms without preloading and with strong adhesion even on wet
biosurfaces. With conformal contact with rough surfaces, 3D MIN
achieved high adaptability of up to 73% and stable adhesion with shear
strengths of 15.4 kPa and 11.3kPa on dry and wet rough substrates,
respectively. For tracing applications, we synthesized a 20 x 15 array of
DNA/SWCNT nanosensors with molecular recognition capabilities and
selected four specific nanosensors to trace key biomarkers in low-
volumes of human sweat (vitamins B2, B6, B9, and cortisol). 3D MIN
enabled the rapid detection of 75 nL of sweat within 45 s at a flow rate
of 0.1uL/min-cm2. We demonstrated the potential of the multiarray
configuration to simultaneously detect these indicators, providing
distinct molecular fingerprints. We demonstrated the effective on-
body use of 3D MIN on the forehead to capture and analyze human
sweat in real-time without the need for exercise or iontophoresis. All
nIR emissions from the optical nanosensors were measured via a stand-
off camera, enabling in situ, real-time, and high spatiotemporal reso-
lution sensing within 1 cm without additional accessories. This sensor
form factor provides opportunities to maximize the sensing char-
acteristics of SWCNT nanosensors and a wide range of other optical
probes.

Methods

Fabrication of 3D MIN

To fabricate the frog-inspired hexagonal pattern master, a silicon mold
with negative hexagonal patterns (width =200 um, height =300 um,
spacing = 600 um) was prepared via photolithography and reactive ion
etching. The mold was treated with a fluorinated self-assembled
monolayer  solution of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-

trichlorosilane (FOTCS; Gelest Corporation, USA) diluted to 0.03M
with anhydrous heptane (Samchun Chemical, South Korea) under
argon. Positive hexagonal patterns were obtained by replica molding
each mold with 20:1 PDMS (Sylgard 184, Dow Corning, USA) for 2 hr at
60 °C. A soft hexagonal pad on 3D MIN (3D MIN-s) was formed by spin-
coating s-PDMS (PDMS + polyethyleneimine, 40 uL/10 g PDMS) on a
silicone substrate at 800 rpm for 1 min. A hexagonal patch was selec-
tively transferred by inking the s-PDMS layer on a silicon wafer for 5s
without pressure, then cured at 90 °C for 1h on glass. Similarly, 20:1
and 10:1 PDMS were applied to 3D MIN with medium and hard hex-
agonal pads (3D MIN-m, 3D MIN-h), respectively (Supplementary
Fig. 1a). PAAm hydrogel was prepared by mixing acrylamide (AAm),
potassium persulfate (KPS), and water. To prepare it, 5g AAm, 0.05g
KPS, and 10 mL DI water were vortexed for 5min. The DNA/SWCNT
nanosensor solution was then mixed with pregel PAAm hydrogel (1:1
volume) vortexed again for homogeneity (Fig. 1d). 3D MIN was treated
with oxygen plasma for 3 min to achieve stable integration with the
pregel (Supplementary Fig. 1b). The patch was placed on a Teflon-
coated substrate, and 250 mL/cm? of DNA/SWCNT-hydrogel mixture
was poured on top to fill microchannels. The excess composite solu-
tion was wiped off, leaving the solution to fill hexagonal channels,
forming a concave meniscus via surface tension. The sample was cured
at 80 °C for 20 min.

nIR imaging of 3D MIN

Quantitative in vitro testing of the microfluidic performance of the
patch was performed by a simple, artificial sweat pore system in the
nIR microscopy setup (Supplementary Fig. 12). To mimic a human
sweat gland, a 0.5 mm inner diameter silicone pipe was connected to a
syringe pump (NE-1000, New Era Pump Systems) and a PDMS cast. The
syringe pump controlled the flow rate of the fluid from 0.1 uL/min to
1.5 uL/min. Porcine skin was punctured to create a hole such that the
pipe was located inside the porcine skin, and as a result, water was
discharged from the syringe to the porcine skin via the pipe. Then, 3D
MIN was attached to the porcine skin. The multiarray experiment was
conducted using an nIR camera (NINOX OWL 640 T Digital VIS-SWIR
Camera) equipped with a 900 nm longpass filter to detect nIR spectral
light response. The multiarray was designed to hold four spatially
encoded 3D MIN arrays. All four nanosensors were fabricated via the
3D MIN fabrication method, including each of the sensors. The
resulting 3D MIN arrays were then punched into circular sensor shapes
with diameters of 4.5 mm via a punch device. These circular sensors
were attached to round backbones with diameters of 1cm, with a thin
PDMS coating on the backside, and cured together. The multiarray was
placed on a non-reflective black backstage, and nIR images were col-
lected by installing the nIR camera at a distance of 20 cm in the vertical
direction. From the side, the multiarray was excited via a collimator
and diffuser lens combined with a 721 nm laser, and no external light
was present in the darkroom (Supplementary Fig. 16). The multiarray
was placed on a non-reflective black background, and only the exci-
tation laser light was present in the darkroom to stimulate the SWCNT
sensor. The excited SWCNTs emitted nIR PL, which was collected
through the longpass filter integrated into the nIR camera. The image
acquisition and processing of both the nIR microscopy and camera
were performed using XCAP software (version 3.8) and Image ] (ver-
sion 1.54 f).

On-body sweat tracing

3D MIN patch experiments involving human subjects were performed
after approval was initially received from the Institutional Review
Board (IRB) for both subject and parental assent (IRB approval no.
SKKU 2023-12-057), following school board policies. The sweat tracing
experiments were conducted indoors on a day with an average tem-
perature of 25°C and 60% relative humidity. The subjects in the
experimental group were not induced to sweat by any means, and
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sweat detection was performed using naturally occurring sweat in the
resting state. All nIR responses were measured via an nIR microscope
and an nIR camera in a darkroom. The nIR microscope setup was
identical to that shown in Supplementary Fig. 12 without the syringe
pump system, and the nIR camera setup is shown in Fig. 5g. HPLC
analysis (Agilent 1260/6130) was performed on a control sample (3 mL,
500 uM vitamin C solution) and sweat samples (n=5) collected from
two subjects during exercise using microtubes. 200 pL of sweat sam-
ples were collected from both subjects before and 150 min after con-
suming 3 g of vitamin C. All participants provided written informed
consent for the publication of their images.

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

Data availability

All the main data supporting the results of this study are available
within the paper, Supplementary Information and Source data. Sup-
plementary Information and Source data for all figures are provided in
this paper. All raw and analyzed datasets generated during the study
are available from the corresponding author upon request. Source
data are provided in this paper.
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