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ARTICLE INFO ABSTRACT

Keywords: Hydrogen peroxide (Hz0:) in skin tissue serves as a critical biomarker for oxidative stress and physiological
Hydrogen peroxide status, yet its precise in situ monitoring remains challenging due to the lack of non-invasive, real-time sensing
Nanozyme platforms. Herein, we presented a smartphone-assisted biosensing system based on a nanozyme-integrated
I];/Iilocsr:;j:dle hydrogel microneedle patch for on-site and quantitative detection of cutaneous H202. The sensing platform

incorporated a palladium-embedded metal-organic framework (Pd-PCN) with enhanced peroxidase-like activity,
which was co-immobilized with a chromogenic substrate in a polymeric composite hydrogel microneedle array.
This composite matrix maintained structural integrity and biocompatibility during short-term skin application
while providing an aqueous microenvironment favorable for nanozyme-catalyzed reactions. Upon insertion into
the skin, H20: from interstitial fluid would diffuse into the microneedle and trigger a colorimetric reaction. The
resulting color intensity could be quantitatively captured via smartphone-based RGB analysis. The system
demonstrated a wide linear detection range (5-100 uM), a low detection limit (1.53 uM), high reproducibility
(RSD < 5 %), and negligible interference from common biological substances. Confocal imaging and mechanical
testing further confirm the structural stability and skin-penetration capability of the microneedle under opera-
tional conditions. This work established a reliable, minimally invasive, and user-friendly platform for continuous
monitoring of oxidative biomarkers in skin, paving the way for personalized dermatological care and point-of-
care diagnostics.

Biocompatible

1. Introduction dynamics is critical for elucidating disease mechanisms and guiding

therapy.

In the skin, hydrogen peroxide (Hz02) serves as both a crucial mobile
signaling molecule and a driver of oxidative stress through direct
oxidation and radical generation [1]. Elevated levels of H20: are a
common characteristic for cutaneous disorders like vitiligo and skin
epithelioma, confirming its status as a key pathological biomarker [2].
Therefore, accurate and on-site quantification of cutaneous H:0:

Conventional Hz0: detection techniques (e.g., chromatography,
fluorogenic assay, and electroanalysis) rely on invasive sampling and ex
vivo analysis, making them complex, time-consuming, and unsuitable for
continuous monitoring. Furthermore, their invasiveness raises concerns
regarding patient discomfort and infection risk [3]. Therefore, devel-
oping a sensing platform capable of non-invasive and in-situ monitoring
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of H202 remains a critical unmet challenge.

To this end, a fast and reliable signal transduction mechanism is
paramount. Nanozymes, nanomaterials mimicking the catalytic func-
tions of natural enzymes, have emerged as a robust approach [4]. In
particular, peroxidase (POD)-mimicking nanozymes can catalyze the
oxidation of chromogenic substrates in the presence of H-02, generating
a distinct colorimetric signal quantifiable via smartphone camera [5].
This capability makes them powerful molecular transducers, converting
localized H20: levels into an optical readout for point-of-care applica-
tion [6]. Among various nanozymes, palladium (Pd) nanoparticles are
renowned for their exceptionally high POD-like activity [7]. However,
their tendency to aggregate compromises catalytic stability and hinders
practical application [8]. A promising strategy to overcome this limi-
tation is to stabilize Pd nanoparticles within a robust porous scaffold.
This study employed porous coordination network-224 (PCN-224), a
porphyrin-based zirconium metal-organic framework (MOF), which our
prior work established as a safe and effective cutaneous carrier [9,10].
Owing to their well-defined pores, a fundamental property of MOFs
[11], PCN-224 are expected not only to confine and stabilize Pd nano-
particles against aggregation but also to enhance their catalytic perfor-
mance synergistically, yielding the highly active and stable composite
nanozyme, Pd-PCN.

For skin application, such nanozyme sensors requires a minimally
invasive platform to bypass the cutaneous barrier. In this context,
microneedle (MN) arrays have emerged as a highly promising approach
[12]. While nanozyme-based MNs are well-established for therapy [13],
their application in sensing represents an emerging field. Current
colorimetric MN sensors mostly rely on oxidase-like nanozymes to
analyze reducing agents or on hybrid systems with natural enzymes to
analyze specific molecules such as glucose [14,15]. However, employing
POD-mimicking nanozymes in MN sensors typically introduces compo-
sitional complexity brought by the multi-component reaction system,
resulting in a decoupled architecture where the MN serves only for
sampling or delivery [16,17]. This separation thus hinders the devel-
opment of a fully integrated and in-situ platform. Here, we demonstrate
an integrated system (Pd-PCN/TMB@MN) that co-immobilizes a
POD-mimic Pd-PCN and TMB within a single MN matrix for direct HoO»
detection. Unlike reported cutaneous H202 MN sensors based on elec-
trochemistry (exemplified by a system integrating hollow MNs with a
Prussian blue/carbon nanotube composite electrode) [18], our work
focuses on a colorimetric sensing strategy. A key challenge thus lie in the
development of an all-in-one MN matrix that guarantees both stable
signal acquisition and excellent biocompatibility throughout the mea-
surement period.

Herein, we engineered a session-lasting (i.e., maintaining integrity
throughout the period from application to removal) hydrogel MN patch.
The Pd-PCN nanozymes and chromogenic substrate TMB were sequen-
tially incorporated into its matrix, ensuring structural integrity and
biocompatibility during use. The MNs create transient microchannels in
the skin. Upon hydration, the swollen matrix provided an optimal
aqueous microenvironment, where the diffused H20: triggered a
nanozyme-catalyzed colorimetric reaction with TMB, yielding a local-
ized blue signal. This signal was captured in real time via a smartphone
camera and quantitatively analyzed via RGB analysis, offering a reliable
platform for on-site H20> monitoring.

2. Materials and methods
2.1. Materials

Zirconyl chloride octahydrate (ZrOClp.8H20, 99 %), benzoic acid
(BA, 99.5 %), palladium (II) chloride (PdCly, Pd > 59.0 %, ethylene
glycol (98 %), meso-tetra (4-carboxyphenyl) porphine (TCPP, dry con-
tent 75 %) were all purchased from Aladdin Reagents Co. Ltd (Shanghai,
China). 3,3,5,5-Tetramethylbenzidine (TMB, 98 %) and poly(vinyl
alcohol) (PVA, 99 %) were obtained from Rhawn Chemical Reagent Co.,
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Ltd. (Shanghai, China). Chitosan (CS) was supplied by Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). All chemicals and reagents
were of at least analytical reagent grade. Porcine skin was obtained from
Jingde Agricultural Products Co., Ltd. (Xingtai, China).

2.2. Preparation and characterization of Pd-PCN

Spherical PCN-224 nanoparticles were prepared according to our
previous report [10]. Briefly, a mixture of 100 mg TCPP, 3.3 g BA, and
300 mg ZrOCl2-8H20 in 100 mL N, N-dimethylformamide (DMF) was
ultrasonicated until dissolved. The solution was then stirred at 250 rpm
and heated at 90 °C for 6 h. The resulting precipitate was collected by
centrifugation (14,000 rpm, 30 min, 4 °C), washed sequentially with
DMF and anhydrous ethanol, and finally lyophilized for 12 h to obtain a
purplish-red powder, which was stored protected from light.

Subsequently, Pd nanoparticles were loaded via an in-situ reduction
method. The PCN-224 of 100 mg was uniformly dispersed in 100 mL of
ethylene glycol. The dispersion was stirred at 250 rpm and heated at 90
°C for 15 min. Then, a solution of PdCl, (60 mg in 4 mL of ethylene
glycol) was added dropwise, and the reaction was allowed to proceed
under the same conditions for 7 h. The product (Pd-PCN) was collected
by centrifugation (12,000 rpm, 30 min), washed thoroughly with
ethanol and ultrapure water, and freeze-dried. Residual DMF was
analyzed via gas chromatography (GC) and confirmed to be at a negli-
gible level.

The morphologies, crystal structures, and molecular information
were characterized using scanning electron microscopy (SEM, Zeiss
Gemini 300, Germany), transmission electron microscopy (TEM, Talos
F200X, Thermo Fisher, USA), X-ray diffraction (XRD, Bruker D8
advance, Germany), and Fourier-transform infrared spectroscopy (FTIR,
1S50, Thermo Fisher, USA).

2.3. Evaluation of the POD-like activity

The POD-like activity was evaluated in a TMB-H20: system. For each
test, 10 uL. Pd-PCN dispersion (1 mg/mL), 100 uL H20: solution (0.1 M),
and 50 pL. TMB solution (10 mM) were sequentially introduced into 2 mL
sodium acetate buffer (0.2 M, pH 4.0). After reaction for 20 min, the
absorbance at 652 nm was measured using a UV-Vis spectrophotometer
(UV-4802S, UNICO, China). Activities of the Pd-PCN, pristine PCN-224
and a blank control was compared. Optimal conditions were determined
by varying either H202 concentration or reaction temperature.

Under the optimized conditions, the time-dependent absorbance was
recorded at 1-min intervals to establish the reaction kinetic profile. The
Michaelis constant (Km) was calculated from this curve.

The catalytic stability was assessed by testing Pd-PCN (1 mg/mL)
from different batches. The specificity was verified by measuring ab-
sorption in the presence of various interfering substances.

2.4. Preparation and characterization of Pd-PCN/TMB@MN

Precursor solutions were prepared by co-dissolving PVA and CS in
aqueous acetic acid (0.1 M, pH 4.0) at varying concentration ratios.
Then, 1 mL of the solution was cast into a polydimethylsiloxane (PDMS)
mold, followed by centrifugation, drying, and demolding. The resulting
MNs were evaluated under a microscope (BDS400, CNOPTEC, China)
based on three key parameters, including needle yield (defined as
number of intact needles divided by the total number of needles), the
number of penetrated Parafilm™ layers, and the insertion efficiency
(defined as number of holes in the specific Parafilm™ layer divided by
total number of needles).

The Pd-PCN/TMB@MN was then fabricated using a sequential
loading method. The optimal precursor solution was first cast onto the
PDMS mold. Then, 10 pL of the Pd-PCN nanozyme dispersion (1 mg/mL)
was added and centrifuged (3500 rpm, 30 min) to sequester the nano-
zyme in the needle tips. Following that, 100 uL of TMB solution (10 mM)
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was introduced and centrifuged (3000 rpm, 30 min) into the matrix.
After drying and demolding, the Pd-PCN/TMB@MN patch was
obtained.

The MN morphology was characterized by SEM (Zeiss Gemini 300,
Germany). The mechanical property was tested using a texture analyzer
(Universal TA, Shtengba, China) at 0.05 mm/s, generating compressive
load-displacement curves.

2.5. Biocompatibility study

The cytocompatibility was assessed on human immortalized kerati-
nocyte cell line (HaCaT) via the CCK-8 assay. Cells were seeded in a 96-
well plate at a density of 10,000 cells/well and pre-cultured for 24 h
(37°C, 5 % COz2) to allow attachment. To simulate the physiological
interface in vivo where the acidic MN encountered neutral interstitial
fluid, the test was conducted in neutral complete culture medium. An
extract of the Pd-PCN/TMB@MN patches was prepared by incubation in
this medium for 24 h to obtain a physiologically relevant extract with
the original concentration of 0.068 g/mL, and then serially diluted
(3400-13.28 pg/mL) for testing. Separately, the Pd-PCN nanoparticles
were directly dispersed and diluted in the same medium (100-0.39 ng/
mL). Cells were treated with these samples for 24 h. Thereafter, 10 % (v/
v) CCK-8 solution was added, followed by incubation for 20 min. The
absorbance (OD value) at 450 nm was measured for each well. Cells
cultured in medium without any extract served as the blank control. The
cell viability was calculated according to the following formula:

(ODsample - ODCCK—S)

Cell Viability(%) = (ODeontrot — ODccs)

* 100%

2.6. Assessment of in vitro sensing performance

The colorimetric response was assessed in vitro by applying H202
solutions (0-1000 pM) to the surface of the Pd-PCN/TMB@MN. After a
20 min reaction, the MN patches were photographed using a smart-
phone fixed at a distance of 20 cm under standardized 6500 K illumi-
nation directed at the patch side. The RGB values of these images were
acquired using the ColorAssist app, and the R/(R+G+B) ratio served as
the analytical signal for establishing a calibration curve. For reproduc-
ibility assessment, eight Pd-PCN/TMB@MN patches from the same
batch were inserted into an artificial skin model containing 20 mM
H20:. After reaction for 20 min, they were removed, and their RGB
values were obtained using the same smartphone method.

2.7. Evaluation in skin models

Potential interference from the skin matrix was evaluated by
applying the Pd-PCN/TMB@MN to both normal and H20--treated ex vivo
porcine skin, followed by systematic comparison of their colorimetric
responses. The tip integrity was also investigated after short-term
(20 min) versus prolonged (1, 2, 4 h) application.

To detect the degradation behavior of the integrated MN within the
skin and the possible leakage of its loaded components, the skin pene-
tration experiment was carried out using the Franz cells with ex vivo
porcine skin as the barrier, as previously described by us [10]. The
FITC-labeled Pd-PCN@MN patches, with FITC serving as a fluorescent
surrogate for TMB, were prepared and applied on the skin. After treat-
ment for a designated time (20 min, 1 h, 2 h, and 4 h), the MNs were
removed. The diffusion depth and distribution of both FITC and the
intrinsic porphyrin fluorescence from the PCN framework within the
skin were visualized using confocal laser scanning microscopy (CLSM,
Nikon AXR, Japan). Imaging was performed in dual channels respec-
tively using 488 nm and 561 nm excitation for FITC and porphyrin with
a 20 x objective. The acquired optical sections were used for
three-dimensional reconstruction to analyze the transdermal penetra-
tion profiles.

Sensors and Actuators: B. Chemical 454 (2026) 139621

3. Results and discussion
3.1. Characterization of the Pd-PCN nanoparticle

The structure and composition of the as-prepared Pd-PCN were
systematically characterized with different techniques. The SEM image
revealed its spherical morphology (Fig. 1a), while the high-resolution
TEM image showed the Pd nanoparticles were uniformly distributed
throughout the structure with an average size of approximately 5 nm
(Fig. 1b). The observed lattice fringe spacing of 0.22 nm (Fig. 1c) cor-
responded to the (111) crystal plane [19]. Elemental mapping (Fig. 1d)
revealed the homogeneous distribution of C, O, Zr, and Pd, providing
direct evidence for the successful loading of Pd nanoparticles. The EDS
quantitative analysis (Fig. le) further confirmed the presence of Pd,
showing a characteristic peak with a relative content of 20.48 %. The
XRD pattern (Fig. 1f) of Pd-PCN, when compared to that of PCN-224,
exhibited additional diffraction peaks corresponding to the (111),
(200), (220), and (311) crystal planes of metallic Pd, consistent with the
lattice spacing observed in Fig. 1c. In the FT-IR spectra (Fig. 1g), the
strong peaks at 1600 cm™ and 1700 cm™ were attributed to C—=0
stretching vibrations, the peak at 1400 cm™ corresponded to COO-
stretching vibrations, and the peak at 700 cm™ was associated with
Zr-OH absorption. A slight shift in the characteristic porphyrin ring peak
(~1600 cm™) was observed for Pd-PCN relative to PCN-224, suggesting
the possible interaction and coordination with Pd. Notably, the Zr-OH
bond vibration showed no significant shift, and no new extraneous peaks
emerged. These spectral features confirm the successful synthesis of an
intact PCN-224 framework, its stability after Pd loading, and the coor-
dination of Pd with the porphyrin ligands. The above findings collec-
tively demonstrated that Pd incorporation could enhance the dispersion
of catalytically active sites within the porous architecture and reinforce
the structural stability of the composite, providing a robust platform for
sustained catalytic performance [20].

3.2. POD-like activity of the Pd-PCN

Assessed by the catalytic oxidation of TMB with H202, Pd-PCN
exhibited higher absorbance at 652nm compared to PCN-224
(Fig. 2a), confirming that the enhancement effect was due to the
incorporated Pd nanoparticles. Subsequently, the effects of pH, tem-
perature, and H20: concentration on the catalytic activity of Pd-PCN
were investigated. The maximum activity was observed at pH 4.0, as
evidenced by the highest absorption (Fig. 2b). The absorption decreased
noticeably at pH 5.0, while below pH 4.0, the blue oxidant TMB
(0xTMB) became unstable and underwent further oxidation to a yellow
diimine derivative [21]. The optimal reaction temperature and H20:
concentration were determined to be 40°C and 1 mM, respectively
(Figs. 2c and 2d). At higher temperature, the decreased activity might be
caused by accelerated H20: decomposition [22]. The time-dependent
measurements (Fig. 2e) showed a rapid absorption increase specific to
Pd-PCN, while both PCN and blank groups remained constant, further
demonstrating that its intrinsic POD-like activity of Pd-PCN was
attributable to the incorporated Pd nanodots. Thus, the optimal condi-
tions were determined as pH 4.0 and 40°C. For practical skin applica-
tion, the required acidic environment can be provided locally by an
acidic matrix. Although the reaction would be somewhat slower at skin
temperature, effective detection could still be achievable within a
defined period, which would be verified by our consequent experiment.

The steady-state kinetic assay of Pd-PCN was performed by varying
the concentration of one substrate (TMB or H»03) while keeping the
other constant. Within a suitable substrate concentration range, the
absorption at 652 nm was converted to reaction velocity using the molar
extinction coefficient of the oxidized TMB (39,000 M~'cm™). The
resulting data were found to fit well to the Michaelis-Menten model, as
shown in Figs. 2f and 2g. The Michaelis constant (Km), an indicator of
the enzyme's affinity for its substrate, was obtained using Lineweaver-
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Fig. 1. Structural and compositional characterization of Pd-PCN. (a) SEM image of Pd-PCN. (b) TEM image of Pd-PCN. (c) Lattice diffraction pattern of Pd-PCN. (d)
TEM mapping of Pd-PCN. (e) EDS spectrum of Pd-PCN. (f) XRD patterns of PCN-224 and Pd-PCN, and (g) FT-IR spectra of PCN-224 and Pd-PCN.

Burk plot:

= (72)()+ ()

== Z )+

4 Vmax S Vmax

where v represented the initial velocity, S is the substrate concentration,

Vmax is the maximal reaction velocity, and Ky, is the Michaelis constant.
Pd-PCN exhibited Km values of 0.58 mM for TMB and 10.15 mM for

H202, with corresponding Vy.x values of 21.59 uM-s™ and

10.338 uM-s™!, respectively. These parameters surpass those of most

reported nanozymes (Table 1), demonstrating its superior catalytic ef-

ficiency and higher substrate affinity [31]. The kinetic parameters ob-

tained in solution reflect the intrinsic peroxidase-mimicking activity of

Pd-PCN, a material property that is subsequently harnessed within the

solid-state MN by tailoring the local hydrogel microenvironment.

3.3. Stability and interference resistance of Pd-PCN

The batch-to-batch stability was assessed through eight replicate
experiments, showing a relative standard deviation (RSD) of 4.24 %
(Fig. 2h). This RSD value is below the 5 %, indicating excellent precision
and high reproducibility across syntheses. To evaluate the specificity of

Pd-PCN towards Hz02, interference tests were conducted by introducing
common biological substances, including Mg, K*, Ca®*, Na*, CI,
glucose (Glu), glycine (Gly), bovine serum albumin (BSA), and reductive
species such as ascorbic acid (AA), glutathione (GSH), uric acid (UA).
Under the targeted oxidative stress conditions for the MN sensing, direct
reductants (e.g., AA and GSH) are depleted, whereas certain endogenous
antioxidant markers like UA may exhibit a compensatory increase [32].
Therefore, these potential reductive interferents were introduced at
their corresponding low pathophysiological levels (10 pM for GSH and
AA; 200 pM for UA). Based on three independent replicates, the recov-
ery rates for all tested conditions consistently exceeded 90 %, demon-
strating strong anti-interference capability and specific responsiveness
to the target analyte (Fig. 2i).

3.4. Preparation optimization of Pd-PCN-MN

The matrix composition of the MN patch was systematically opti-
mized to ensure both structural integrity and sensing performance.
While PVA served as the primary matrix material, its inherent rigidity
could hinder substrate diffusion and reaction kinetics. To modulate this,
CS was introduced to soften the matrix and accelerate detection.
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Fig. 2. The POD-like activity of the nanozyme. (a) Typical UV-vis spectrum. Inset: TMB-Hz0: solutions (left to right: blank, PCN-224, Pd-PCN) (b) pH Effect. (c)
Temperature Effect. (d) H202 concentration Effect. (e) Time-dependent kinetics. (f, g) Steady-state kinetic assay with varying H-02 or TMB concentration. (h) Sta-
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Table 1
Apparent K, and Vp.x of Pd-PCN and other reported nanozymes for Hz0:
detection.

Catalyst Km(mM) Vinax(107"Ms ™) Ref.
HPR 3.77 0.871 -
Pt-PIL-MWCNTs 16.55 0.7163 [23]
AuNBPs@CuZn 0.47 12.38 [24]
HOF@HRP 6.09 0.468 [25]
MgFe,0,MNPs 4.61 1.346 [26]
Fe30,4/LNPs 5.30 0.096 [27]
Zn-CuO 7.1 0.030 [28]
Cu-Fe304/Polymer 6.7 0.091 [29]
Pt@ZIF-8 5.27 1.28 [30]
Pd-PCN 4,51 21.59 this work

Morphological screening via optical photograph (Fig. 3a) revealed that
MNs fabricated with 10 % PVA exhibited intact needles but a wrinkled
backing layer, while 5 % PVA led to tip bending and deformation. In
contrast, 7.5 % PVA yielded the optimal needle structure. Functional

assessment showed that the composite of 7.5 % PVA with 1 % CS ach-
ieved the highest insertion efficiency (Fig. 3b) and needle yield (Fig. 3c).
Consequently, 7.5 % PVA with 1 % CS was identified as the optimal
matrix composition for subsequent experiments. This matrix was pre-
pared at pH 4.0 to maintain the locally acidic microenvironment
required for the optimal POD-like activity of the encapsulated Pd-PCN
nanozyme, thereby effectively translating the in vitro optimized cata-
lytic conditions to the in situ sensing environment within the skin.

The Pd-PCN nanozyme and the TMB chromogen were then co-
immobilized within this matrix using a sequential loading process,
which layered them to prevent premature mixing and oxidation, thereby
enhancing the stability. Upon MN insertion, the absorbed interstitial
fluid could swell the hydrogel, enabling controlled diffusion and mixing
of the components to ensure the signal specificity and reproducibility.
Following this design, the Pd-PCN/TMB@MNs were fabricated and
characterized. SEM imaging (Fig. 3d) confirmed a well-ordered array of
sharp, conical needles with a height of approximately 600 pm. The
force—displacement profiles (Fig. 3e) for both blank MNs (7.5 % PVA +
1 % CS) and Pd-PCN/TMB-loaded MNs displayed a smooth transition
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from a linear region to a plateau with reduced slope, without a sharp
fracture peak. This behavior indicated progressive plastic deformation,
which initiated at a force of 2.5 N, a value substantially exceeding the
reported force required to penetrate human skin [33]. The mechanical
property was preserved after incorporation of Pd-PCN and TMB into the
MN. Thus, the optimized MN formulation, fabricated via the sequential
loading process (Fig. 3f), maintained the mechanical robustness neces-
sary for skin penetration, even after incorporating the sensing
components.

3.5. Biocompatibility of Pd-PCN/TMB@MN

To evaluate the biocompatibility of the developed nanozyme and MN
for direct skin interaction, we employed the well-established HaCaT cell
line, as it constitutes over 90 % of epidermal cells [34]. A standard in
vitro extraction method was applied to the MN patches. As shown in
Figs. 4a and 4b, the cell viability consistently exceeded 80 % for both
Pd-PCN and Pd-PCN/TMB@MN across all tested concentrations, con-
firming their good biocompatibility and biosafety.
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3.6. Sensing performance of Pd-PCN/TMB@MN

The in vitro sensing performance of the Pd-PCN/TMB@MN patch was
first evaluated using standard H2O: solutions. As shown in Fig. 4c, a
distinct and concentration-dependent blue color developed at the MN
tips upon exposure to H202 from 5 to 100 pM. Quantitative smartphone-
based RGB analysis yielded a strong linear correlation (r = 0.998) be-
tween the normalized red ratio R/(R+G+B) and H202 concentration.
The limit of detection (LOD) was calculated to be 1.53 uM using the
formula LOD = 30/S, where o represented the standard deviation of the
blank signal (n = 8) and S was the slope of the calibration curve. The
basal level of Hz20: in healthy skin interstitial fluid is typically main-
tained in the nanomolar to low micromolar range. However, under
pathological conditions such as vitiligo, its concentration can rise
significantly into the tens of micromolar range [2]. Our developed
colorimetric MN sensor, with a linear detection range of 5-100 uM, is
well-suited to capture these disease-relevant elevations. An advantage of
our sensor is its lower limit of detection (5 uM), which is notably su-
perior to a reported wearable sweat sensor based on laser-induced gra-
phene (linear range: 10-1000 pM) [35]. While another wearable MN
sensor utilizing a Prussian blue-carbon nanotube composite electrode
reports a lower detection limit (1-10 uM) [18], our colorimetric plat-
form offers the distinct practical advantage of easy use and accessibility,
making it particularly suitable for point-of-care application.

The reproducibility of the Pd-PCN/TMB@MN was assessed by
testing eight MN patches from the same fabrication batch at a fixed H20-
concentration. As shown in Fig. 4d, the mean R/(R+G+B) ratio had a SD
of 0.227 and a RSD of 2.62 %, indicating acceptable precision and
reproducibility. Matrix interference from skin tissue was tested by
comparing the colorimetric response on normal versus H2O--treated
skin. As shown in Fig. 4e, a distinct colorimetric signal was observed
only on the H2O--treated skin, demonstrating that normal skin compo-
nents did not interfere the detection and thus validating the sensing
specificity. The water-absorbing capacity of the MN patch was quanti-
fied gravimetrically after skin insertion, showing an uptake of 4.28
+0.52 pL. of interstitial fluid per patch. This volume provided an
aqueous microenvironment sufficient for the nanozyme-catalyzed re-
action, as confirmed by the distinct colorimetric signal generated on
H:0:-treated skin.

Furthermore, we monitored both the colorimetric signal and the
morphological stability of Pd-PCN/TMB@MN needle tips over time to
evaluate performance and potential degradation in the skin. The signal
intensity reached a plateau within the standard 20-min assay and did not
increase with prolonged residence time up to 1 or 2 h. Morphologically,
the needle tips maintained complete integrity in normal skin over pro-
longed periods and in H20--treated skin for up to 1 h. However, tip
bending and partial degradation became evident after 2-4 h of exposure
in Hz202-treated skin (Fig. 4e), with SEM images clearly showing a pro-
gressive reduction in needle dimensions over time (Fig. 4f). These
findings collectively validated the operational safety and analytical
reliability of Pd-PCN/TMB@MN under its intended short-term detection
conditions.

The dual-fluorescence MN patch, co-loaded with the intrinsically
fluorescent PCN skeleton and FITC (as a TMB surrogate), was used to
simultaneously track the in-skin integrity and distribution of the nano-
zyme carrier and the chromogen from the MN into the skin. Confocal
microscopy (Fig. 4g) revealed no green fluorescence from FITC or red
fluorescence from the Pd-PCN nanoparticles at 20 min or 1 h, indicating
no content release. At 2 h, the emergence and diffusion of both signals
indicated the onset of matrix dissolution and content release, which
progressed further by 4 h. These results confirmed that this MN platform
could function as a session-lasting system, maintaining full structural
integrity within the intended short-term monitoring window, thus
ensuring reliable signal readout and minimizing the risk of introducing
exogenous substances into the skin.

Building on this structural stability, the biosafety of the Pd-PCN/
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TMB@MN patch is fully ensured. First, the “session-lasting” hydrogel
matrix acts as a physical barrier to minimize component exposure dur-
ing use. Second, even if released, the intrinsic biocompatibility of these
key components, as validated by the cytotoxicity assessment, would
provide an additional safety guarantee. Collectively, these attributes
establish the developed MN as a safe device for skin monitoring.

4. Conclusion

This study established an integrated smartphone and nanozyme-
based MN platform for in situ H202 detection in the skin. The system
employed a stable hydrogel matrix that integrated the Pd-PCN nano-
zyme with the chromogenic substrate TMB, enabling minimally invasive
sampling, a contained reaction microenvironment, and session-lasting
structural integrity. It demonstrates robust analytical performance,
biosafety, and in-skin stability. This work addresses the challenge of
monitoring oxidative biomarkers in skin tissue by establishing an inte-
grated platform that combines nanozyme catalysis, sensing technology,
and smartphone-based readout for point-of-care diagnostics. To facili-
tate patient adoption, the system can be enhanced with clear in-
structions and visual color guides, holding significant potential for
personalized management of dermatological diseases such as chronic
wounds, and inflammatory skin disorders.
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