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ABSTRACT: The mechanical force exerted by dermal fibroblasts is
crucial for promoting cutaneous tissue regeneration and wound
healing. However, the implantation of a force interface in vivo or
within tissue has become a new challenge in measuring mechanical
force. Here, we report a microneedle patch with DNA tension gauge
tethers (ME-TGT patch) to monitor the mechanical force of dermal
fibroblasts in mice. Microneedles served as the force and electrode
interface. When the integrin of the fibroblast membrane is successfully
recognized by the integrin ligand (cRGDfk) in the tension probe, the
duplex splits irreversibly by cellular mechanical force. The
conformation rearrangement driven by a mechanical force can be
converted into electrochemical signals. The ME-TGT patch can be
used for verification of approximately 12 piconewtons (pN) of
mechanical force exerted by fibroblasts in vitro and in vivo. Moreover, we used the ME-TGT patch to monitor cell mechanics during
wound healing in skin tissue and found fluctuation (rising first and then falling in the process of 0−14 days) in mice. The ME-TGT
patch allowed for monitoring mechanical force on fibroblasts in vivo and provided a novel tool for further research into mechanical
mechanisms in tissue regeneration.
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■ INTRODUCTION
Mammalian skin is crucial for protecting organisms from
external threats, immune protection, and thermoregulation by
sensing external stimulus.1,2 It comprises three key sections:
the epidermis, the dermis, and the skin’s vascular network.3

Dermal fibroblasts play a key role in skin differentiation, tissue
homeostasis, and wound healing.4−6 During skin wound
healing, moderate cellular mechanical forces facilitate wound
contraction and extracellular matrix (ECM) deposition,
whereas abnormal forces (excessive or attenuated) are
associated with pathological scar formation and delayed
healing.7−9 Notably, in second-degree scalds, the dynamic
changes in fibroblast mechanical force are closely linked to the
wound healing process.10 Therefore, the study of the
mechanical force exerted by the dermal fibroblast epidermis
is of great significance for promoting tissue regeneration and
healing, revealing the mechanical mechanism, promoting the
development of tissue engineering, and guiding drug research.
Mechanical forces released by cells refer to the interaction

between a cell and its adjacent cells or the surrounding
extracellular matrix.11−14 This mechanical force interaction
makes a crucial contribution to regulating a variety of cellular
behavior processes, including cell migration, morphological
change, and aggressiveness.15,16 It also plays an important role

in cell function and tissue morphogenesis. As transmembrane
proteins, the integrin family is one of the main force
transduction receptors in cells.17,18 These receptors mediate
force transmission between the ECM and cytoskeleton.19 They
can mediate and transfer mechanical forces between the cell
and its microenvironment, which includes the extracellular
matrix and neighboring cells. Extensive research efforts have
aimed to explore the mechanical forces between cells and the
extracellular matrix, such as traction microscopy,20,21 collagen
gels,22 tissue columns, and microcolumns.23 Yet, these
methods are limited to millimeter and nanonewton scales for
length and force, thus hindering molecular-level (piconewton)
force transfer research. Salaita’s team developed a DNA
tension probe. When cells convey molecular forces via a
membrane receptor,24 the probe activates fluorescent signals.
In addition, a method called DNA-based tension gauge tether
(TGT), developed by Ha’s team, was initially designed to
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regulate the forces exerted by cells and was later extended to
record the history of cellular forces.25 In the above methods,
the mechanical force data from cells are chiefly obtained via
substrate deformation degrees or fluorescence signal alter-
ations.26,27 To attain in vitro detection of the mechanical forces
exerted by cell release, force interfaces like collagen gel,
microcolumns, glass coverslips, and silicon spheres are
employed.28 Nevertheless, these force interfaces cannot be
implanted into the body or tissue, which limits in vivo
measurement of mechanical force in biological processes such
as tissue regeneration.

The microneedles (MNs) can serve as an effective force
interface in vivo.29,30 They are less than 1000 μm in length, are
sharp, and are mechanically robust. With their sharp
microstructure, MNs can penetrate the stratum corneum of
the skin into the interstitial fluid in the dermis without causing
pain.30−32 The previously modified MN devices can minimally
invasively monitor cellular or molecular data in skin interstitial
fluid.33,34 Their penetration depth is shallow (∼1 mm), so they
neither reach nerve endings nor penetrate the dermal
vasculature. Consequently, MNs can directly access the
interstitial fluid and painlessly contact fibroblasts. MNs have
been previously shown, mainly for drug delivery35 or in vivo

Scheme 1. Schematic Diagram of the ME-TGT Patch for Monitoring Mechanical Force In Vivoa

a(A) Construction procedure of the ME-TGT patch and in situ measurement of dermal fibroblasts. (B) Conformational change mechanism
triggered by mechanical force on target cells into electrochemical signals.

Figure 1. Characterization of Au NP deposition on MNs. (A) SEM image of a bare MN (the tip of the needle is about 4 mm). Scale bar: 50 μm
and 200 nm. (B) SEM image of Au NP−MNs. Scale bar: 50 μm and 200 nm. (C) Mapped results further complemented with EDX analysis,
showing the elemental composition with atomic and weight percentages. (D) Before and after Au NP deposition, the square-wave voltammetry
(SWV) curve of HM-modified MNs. (E) Vector diagram of (D) (mean ± SD, n = 3).
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affinity detection.36 Hence, it is ideal to engage the MNs as a
force interface in vivo to explore such mechanical force in
dermal fibroblasts.
In this study, we developed a ME-TGT patch for exploring

the piconewton forces exerted by fibroblast-surface receptors
within the living skin dermis (Scheme 1). In the ME-TGT
patch, microneedles served as the force and microelectrode
interface. The TGT probe (also named HM-RT) mainly
comprises HM and RT. HM refers to the hairpin chain (H)
modifying methylene blue (MB), and RT refers to the toehold
chain (T) modifying cRGDfk in this paper. Initially, the TGT
probes are anchored on the microelectrode surface through the
Au−S bond.37,38 When the probes contact the target cells, the
cRGDfk couples with integrins on the membrane, resulting in
mechanically tension-driven conformational rearrangement of
hairpin chain molecules (Scheme 1B). This method enables
real-time conversion of weak cell mechanical force-triggered
signals into electrochemical signals. In this way, the mechanical
force of living dermal fibroblasts can be monitored in vivo
(Scheme 1A). By combining the high electrochemical
sensitivity with the skin-penetrating function of MNs, the
ME-TGT patch can expand the pool of detectable analytes
with mechanical force in vivo.

■ RESULTS AND DISCUSSION

Au NP Deposition on MNs via Cyclic Voltammetry for TGT
Probe Anchoring
We opted for a classic strategy of depositing the microneedle
surfaces with thiol-affinity substances for TGT probes
anchoring to MNs.39 The local electrochemical reduction of
gold ions guarantees that Au NPs adhere to the microneedle
electrode surface tightly and firmly.40,41 Moreover, this
modification can also alter the surface properties and chemical
reactivity of MNs, enabling them to bind more TGT probes.
Consequently, we chose cyclic voltammetry to deposit Au NPs

on the microelectrode surface tightly and firmly, thus laying a
solid foundation for TGT probe modification and subsequent
applications.
Initially, field emission scanning electron microscopy (SEM)

and energy-dispersion spectroscopy (EDS) were used to
represent the surface morphologies of MNs before and after
Au NP deposition. Figure 1A presents the surface morphology
of bare MNs without Au NP deposition, revealing a relatively
smooth and homogeneous microstructure. At the same time,
Figure 1C (along with Figure S2) shows the composition and
distribution of its characteristic elements, namely, Au, Ni, and
others. After the deposition of Au NPs on the MNs, the
morphology of the Au NPs adhered to them is depicted in
Figure 1B. These nanoparticles appear as nonuniform spherical
particles, approximately 100 nm in diameter, with favorable
monodispersity. Several raised particles were present at the
microneedle interface. Although aggregations occur, they
provide more binding sites for probe modification. Eliminating
nickel exposure is crucial since nickel and its surface oxide layer
can impede the modification of TGT probes during signal
retrieval. Comparing the elemental composition and distribu-
tion in Figure 1C, the result showed a significant attenuation of
nickel-related peaks. The atomic percentage of nickel
decreased from 0.09 to 0.05%, and the mass percentage
decreased from 9.08 to 1.54%. Conversely, the atomic
percentage of gold remained at 0.11%, and its mass percentage
increased markedly from 11.04 to 22.66%. The weight of Au
atoms is 1.1 times that of the undeposited microneedle
interface.
To further validate the deposition efficiency, a simplified

model was initially constructed at the interface of two MN
types. Voltammetric measurements in PBS were conducted
using the interfacial electrochemical signaling of MB. As shown
in Figure 1D,E, the reduction peak of MB was distinct on Au
NP-deposited MNs. In contrast, on the bare MNs, the

Figure 2. Characterization and electrochemical analysis of DNA assembly and modified microelectrodes. (A) PAGE analysis of RT and HM-RT
assembly of ME-TGT (concentration of DNA strands:1 μM). (B) SWV signals of Au NP-MN@HM and Au NP-MN@HM-RT in 10 mM PBS
solution. (C) Vector diagram of (B) (mean ± SD, n = 3). (D) Electrochemical impedance spectroscopy (EIS) of different microelectrodes with
different modifications in a conventional potassium ferricyanide (5 mM) solution. (E) Determination of predeposited MNs in different
concentrations of MB solutions. The concentrations are 0, 10, 20, 40, 60, 80, and 100 μM in sequence. (F) Vector diagram of (E), (mean ± SD, n
= 3). The illustration on the top left shows a linear correlation curve based on the concentration of MB vs current intensity.
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reduction peak of MB was nearly indistinguishable from the
background noise. These data indicated that the MNs
deposited with Au NPs increase the specific surface area,
providing more binding sites to anchor the TGT probes.
Meanwhile, the gold layer can increase the friction coefficient
and the specific surface area under specific conditions. These
factors are crucial for the ME-TGT patch to boost the signal-
to-noise ratio, accuracy, and other sensing capabilities.
Design and Characterization of the ME-TGT Probe for
Cellular Force Measurement

Polyacrylamide gel electrophoresis (PAGE) was employed to
investigate the time-dependent binding of cRGDfk-DBCO and
Toehold-N3 (the process diagram is presented in Figure S3).
We compared the assembly efficacy across four different
assembly time intervals (Figure S4). Notably, assembly yield
was nearly constant after 1 h. The ME-TGT probe (NUPACK-
derived theoretical simulation results of the TGT probe are
presented in Figure S5), constructed to exhibit structural
homology with previously developed TGT probes, underwent

cleavage at ∼12 pN under the influence of cellular forces.25,28
While there were differences in the ligand modification mode
and force direction, the assembly process of cRGDfk with T,
HM with T, and HM with RT was characterized by PAGE in
an enzyme-free buffer containing Mg2+. The fabrication of the
TGT probe and MS analysis of intermediates are shown in
Figures S3, S6, and S7. In Figure 2A, lanes 1 to 5, in turn,
represent T, HM, RT, HM-T, and HM-RT. Lane 5 exhibited
the lowest mobility, demonstrating successful assembly of HM
and RT. The shift between lanes 3 and 1 indicated that
cRGDfk and Toehold bound successfully via click reaction.
Subsequently, we resorted to electrochemical voltammetry

to authenticate the successful anchoring of HM-RT onto the
MNs. The ME-TGT probe comprised two DNA strands.
Precisely, the distal extremity (specifically, the 5′-terminus) of
the HM strand was tagged with MB. Single-nucleotide redox
potential is usually out of the electrochemical window, so
redox units, such as MB, are linked to the DNA strand end to
facilitate charge injection for studying solution-state DNA
charge transfer.42 As depicted in Figure 2B,C, merely the

Figure 3. Detection of cellular mechanical forces using the ME-TGT patch in vitro. (A) Schematic diagram of the cell mechanical force test in
vitro. (B) SWV signal without cRGDfk on the T-chain and the vector diagram of (B) (mean ± SD, n = 3). (C) SWV signal with cRGDfk on the T-
chain and the vector diagram of (C) (mean ± SD, n = 3). (D) SWV responses of the ME-TGT patch with different concentrations of cells (the
incubation concentrations were 0, 103, 104, 105, and 106 fibroblasts/mL in sequence.) (E) SWV responses of the ME-TGT patch with different
incubation times in 1 × 106 fibroblasts/mL (the incubation times were 0, 15, 30, 45, and 60 min in sequence). (F) Changes of current of different
batches before and after cell incubation (mean ± SD, n = 3).
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microneedle electrode modified with HM manifested robust
and prominent current signals, while current signals were
significantly attenuated on the HM-RT-modified microneedle
electrode. The electrochemical signal strength of the former
MB (4.822 × 10−6) was 7.61 times that of the latter (6.340 ×
10−7). This is because, in the same sensing environment, the
two modifications present different conformations. Upon
adhesion with the target cell, irreversible conformational
alterations will be induced due to the presence of cellular
mechanical forces. These alterations, in turn, trigger variations
in the redox current between the molecule and the electrode,
as reported by the electrochemical signal.43,44 Such changes
with mechanical forces can be gauged via square-wave
voltammetry.
It has been proven that electrochemical impedance spec-

troscopy (EIS) is an effective characterization method to
confirm the successful construction of biosensors.45 The
Nyquist diagram of the stepwise modification of the micro-
needle electrode was recorded in the conventional potassium
ferricyanide (5 mM) solution. As shown in Figure 2D, the
impedance values of the bare microneedle electrode are lower
(curve a). After the deposition of Au NPs, the impedance value
of the electrode is significantly reduced (curve b). The reason
for this is that the gold layer enhances the conductivity of the
microelectrodes, thereby reducing their impedance. Simulta-
neously, the flatness promotes charge distribution, enhancing
the reaction efficiency and electrical conductivity. Subse-
quently, further modification of HM and RT onto the
deposited gold microelectrode led to a significant increase in
impedance values (curves c and d). This is attributed to the
mutual repulsion between the negatively charged DNA and
[Fe (CN)6]4‑/3‑ in the solution, which impedes charge transfer
and thereby increases the impedance value.46 These results
fully confirm the successful construction of the ME-TGT
probe.
To confirm the anchoring of the beacon molecule MB onto

the microneedle electrode surface and the influence of Au NP
deposition on the response signal, we gauged the square-wave
responses of freely diffusing MB molecules at diverse
concentrations. As depicted in Figures 2E,F, and S8, the
MNs were solely deposited with 1-hexyl mercaptan. For both
bare and Au-deposited MNs, free MB showed relatively stable
peak potentials and excellent linearity, with R2 values of 0.997
and 0.998, respectively. The results suggest that the change in
the electrode surface does not significantly alter the electro-
chemical activity of MB.
Integrin-Specific ME-TGT Patch for Monitoring Cellular
Mechanical Forces In Vitro

Integrin αvβ3 expressed on the surface of the cell membrane
mainly recognizes ligands in the ECM via specific structural
regions. It can highly specifically identify the above-mentioned
cRGDfk on the ME-TGT patch and effectively promote the
occurrence of force-mediated cell mechanical force. They are
much like a specific key (integrin αvβ3) fitting a particular lock
(cRGDfk), triggering an electrochemical signal.
To investigate the cytotoxicity of ME-TGT patches, we

employed the CCK8 assay to evaluate the cytotoxicity of
various microneedle electrodes against live cells in vitro before
carrying out the mechanical force measurement. This was to
ensure that ME-TGT patches had no adverse effects on cellular
health in further investigations (Figure S11). Cells incubated
with 10 or 100 μL of CCK8 for 24 h showed viability

exceeding 80%. The results demonstrated that the microneedle
interface does not undermine cellular health and validated its
applicability in subsequent living cell experiments.
Subsequently, multiple control experiments were set up to

investigate the current change during adhesion of the fibroblast
integrins and the cRGDfk with RT triggers. Here, the samples
are divided into two groups, one group without cRGDfk (a, b,
c, and d) and the other group with cRGDfk (a’, b’, c’, and d’),
as shown in Figure 3A. When the microneedle electrodes were
cultured in the areas with cells (400 μL 1 × 106 fibroblasts/
mL) and without cells for 60 min, the peak current showed
almost no change in the absence of cRGDfk (curves c and d in
Figure 3B). This indicated that the T-chain without cRGDfk
cannot measure the mechanical force of the cells. The peak
current was enhanced significantly in the presence of both
cRGDfk and target cells (curve d in Figure 3C), demonstrating
that the T-chain with cRGDfk possesses the ability to detect
cellular mechanical force. The augmented square-wave
voltammetry current verified the reduction of the RT initiation
chain on the microneedle electrode surface. Since RT was
released upon culturing the microneedle with target cells, the
interfacial conformation of TGT probes changed. The
experimental results showed that dissociation of the T-chain
does not occur without the interaction mediated by cRGDfk,
and the mechanical force of cells does not affect the sensing
signal under these circumstances.
Subsequently, to further study the sensitivity of the ME-

TGT patch to mechanical forces from cells in vitro, we
performed concentration-dependent and time-dependent tests
on target cells. As shown in Figure 3D, the ME-TGT patch was
incubated in cell gradients of about 0, 1 × 103, 1 × 104, 1 ×
105, and 1 × 106 fibroblasts/mL for 60 min. As the cell
concentration gradually increased, the peak current increased
markedly. The probable reason is that more cells enable HM-
RT at the microneedle interface to release the RT chain more
thoroughly. It enables efficient charge conduction between
MBs and the microneedle electrode interface.
Additionally, at a cell density of 1 × 106 fibroblasts/mL,

incubation was carried out at 0, 15, 30, 45, and 60 min. The
peak square-wave voltammetric current of MB increased
remarkably with the incubation time (Figure 3E). Presumably,
a longer incubation duration facilitates the contact between
target cells and the initiating probes at the microneedle
interface, thus increasing the current signal. Additionally, to
assess the reproducibility and batch-to-batch consistency of
ME-TGT patches, signal intensity variations of surface-
modified MNs from distinct batches were characterized before
and after incubation with cells. As shown in Figure 3F, the
peak current of the electrodes within the same batch remained
relatively unchanged before and after cell incubation. For
electrodes from different batches, the peak current was almost
constant. The properties of the patch exhibit good batch-to-
batch stability, thus enhancing the reliability and repeatability
of ME-TGT patches.
In Vivo Exploring Cellular Mechanical Force by the
ME-TGT Patch during Wound Healing

This section further focuses on whether the patches can
achieve the in vivo detection of mechanical forces. In vivo
detection allows cellular mechanical forces to be observed and
measured in their native physiological state. It is effective in
preventing changes in the cell state caused by sample
manipulation and other procedures. Here, the relative peak
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current change was used to represent the signal response to
minimize interdevice variations.44 As shown in Figure 4B, it
detected cellular mechanical force properties within the skin
interstitial fluid and probed their correlation with time
variables. Three healthy mice were selected as experimental
subjects in the above experiment. During the experimental
operation, the preprepared ME-TGT patch was accurately
attached to the lower back area of anesthetized mice where
hair had been removed and properly anchored with medical
tape (Figure 4A). Based on this, the electrochemical signal
response (detailed theoretical calculations are presented in the
SI) was monitored for 30 min. The results indicated that the
signal response reached its optimum at 25 min and then
started to decline (Figure 4B). An overly long duration of in
situ detection is highly prone to cause partial degradation or
loss of the ME-TGT due to the distinctive in situ physiological
environment, which will adversely affect the signal response.
Subsequently, within the optimal 25 min time frame
determined previously, the MNs were incubated with living
cells, using unincubated microneedles (modified probes) as a
blank control. After incubation for 25 min (Figure 4C), the
peak current increased to 5.40 times. This fully affirmed that
conformational changes induced MB close to the electrode
surface, strongly suggesting the existence of mechanical forces
between dermal fibroblasts and the external environment of
the interstitial fluid.
The selectivity of the ME-TGT patch was evaluated in the

presence of common electroactive ISF components and
potential interferers (Figure S12), including ascorbic acid
(AA, 5 mM), uric acid (UA, 5 mM), acetaminophen (AP, 5
mM), K+ (10 mM), Na+ (10 mM), Mg2+ (10 mM), glucose
(Glu, 5 mM), and lactic acid (Lac, 5 mM). Square-wave
voltammetry was used to test the patch against 400 μL of the
target analyte solution (1 × 106 fibroblasts/ml). The result had
shown that the ME-TGT patch exhibited high selectivity
toward target fibroblasts and notable anti-interference

capability, laying a solid foundation for subsequent in vivo
mouse tests.
To test the long-term stability of the probe in the cell culture

medium, we investigated the stability of a 4 μM DNA probe in
10% serum for 48 h. As indicated by PAGE, the degradation
rate of the DNA probe was ≤5% within the initial 2 h, whereas
it exceeded 60% after 8 h treatment (Figure S13). Therefore,
the probe cannot be tested for a long time in vivo. However,
during wound healing, different batches of the same-structured
probes were used to avoid probe degradation in long-term
detection. The ME-TGT patch exhibited excellent batch-to-
batch stability (Figure S14), enabling the subsequent scald
experiment to be conducted for up to 14 days. This result
ensured the effectiveness of microneedles with different
batches in testing different healing stages after scalds.
As shown in Figure S15, to investigate the antidegradation

ability of the probe in the mice, we first modified cRGDfk-free
TGT probes (HM-T) onto microneedles (working micro-
electrodes). After subcutaneous insertion in mice, we tested
the signal duration and found that it remained stable within
120 min, providing a solid foundation for subsequent research.
Meanwhile, the signal duration of the cRGDfk-modified TGT
probe (HM-RT) in mice dermis was investigated. The
electrochemical signal response peaked at 25 min and then
gradually decayed with time. This may be attributed to
proteolytic degradation of cRGDfk, which hindered cell
adhesion or cellular force.
The stability of ME-TGT patches is critical for accurate

monitoring of the cellular mechanical force in vivo. Therefore,
this section aimed to assess the impact of skin insertion
disruption on the performance of patches, verifying the
insertion stability of ME-TGT patches in vivo. Following
insertion of the ME-TGT patch into mouse skin and 25 min
incubation, responses of dermal fibroblasts to its repeated
dorsal insertion were measured and compared. Signal
collection intervals were ∼30 s. As presented in Figure 4E,

Figure 4. Monitoring of cellular mechanical forces in living mice using the ME-TGT patch. (A) Schematic diagram of the ME-TGT patch for the
measurement of mechanical forces in living mice. (B) SWV signal response of patches at different times (mean ± SD, n = 3). (C) Voltammograms
of the patches under the optimal incubation time of mice in Figure 4B. (a) Au NP-MN@HM with dermal fibroblasts for 25 min. (b) Au NP-MN@
HM-RT with dermal fibroblasts for 0 min. (c) Au NP-MN@HM-RT with dermal fibroblasts for 25 min. (D) Vector diagram of (C) (mean ± SD, n
= 3). (E) Signal response of the insertion experiment (mean ± SD, n = 3). (F) Skin permeability test in mice. Scale bar: 100 μm.
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the signal response of the ME-TGT patch fluctuates within the
5−6% range, with a fluctuation rate below 10%, indicating a
relatively stable trend of signal variation. This result confirmed
the excellent robustness of the microneedle tension-sensing
layer when faced with insertion disruptions. Moreover, it offers
assurance that ME-TGT can carry out detection tasks in a
complex in situ environment.
Subsequently, to more effectively attain a signal response to

mechanical forces exerted by viable dermal fibroblasts,
comprehensive evaluations were conducted on the tissue
permeability and skin biocompatibility of the microneedle
segment in ME-TGT. After the insertion of ME-TGT patches,
the rat skin tissue stained with Hematoxylin and Eosin (H&E)
was presented (Figure 4F), which verified that the developed
microneedle device had pierced the epidermis and infiltrated
the dermal layer of the skin (Figure S16). Meanwhile, upon
patch removal, no obvious bleeding was observed on the skin
wound (Figure S17), and the wound quickly recovered in a
short time. This fully demonstrated the noninvasive or
minimally invasive characteristics of the detection method for
living organisms in this study.
Microneedle insertion exerts localized, transient effects on

contacted cells due to inherent physical and potential chemical
factors. Physically, the medical-grade (30 gauge) lancets and
acupuncture needles possess high mechanical strength,

biocompatibility, slender and sharp tips, and smooth surfaces,
minimizing insertion force and tissue damage compared to
thicker or barbed alternatives.47,48 Insertion depth was
precisely controlled to target the dermal layer, reducing
compression damage, and needles were inserted slowly and
smoothly to avoid shear forces and tearing. Chemically, the Au
nanoparticle and nucleic acid functionalization on the working
electrode surface has minimal unintended cytotoxicity,
supported by extensive biocompatibility evidence and low
cytotoxicity demonstrated in Figure S11 for all electrodes.49

Furthermore, ultraviolet (UV) disinfection and autoclaving
preuse minimize bacterial contamination. Importantly, the
anisotropic, viscoelastic nature of skin tissue causes bending
during insertion, affecting depth measurement accuracy and
making some localized cell damage inevitable.50,51

Next, we used a scald wound healing mouse model to
validate fibroblast mechanical forces at different stages of skin
tissue regeneration. The patches were applied to the wound
site and incubated for 25 min prior to electrochemical testing
at sequential healing stages. The scalded mice were divided
into six groups based on postscald observation time points: the
control groups (I: natural growth) and the experimental group
(II: 1 h after the scald, III: 3 days after the scald, IV: 5 days
after the scald, V: 7 days after the scald, VI: 14 days after the
scald). The status of the scald wounds was observed and

Figure 5. Monitoring wound healing progression in scalded mice using the ME-TGT patch through electrochemical signals and histological
analysis. (A) Images and local magnifications of wounds at different times; units are in mm. (B) H&E staining of the wound tissue at different
times. Scale bar: 500 μm. (C) Schematic diagram of the scalding experiment in mice. (D) SWV signal response of the patches under different
healing periods of the scald wound. (E) Scatter plot of signal response during postscald healing at different healing periods after 25 min of
incubation. Follow-up time point: hour (h); day (d).
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recorded on 1 h and 3 d, 5, 7, and 14 d. As presented in Figure
5A, wound areas in mice demonstrated a significant reduction
over the 14-d healing period. H&E staining of skin tissues
revealed marked histological differences between experimental
and control groups through histopathological analysis.
Inflammatory cell infiltration with disorganized dermal
architecture was revealed by H&E staining at 3 d, which
transitioned to mild inflammatory infiltration accompanied by
fibrous tissue proliferation at 14 d (Figure 5B). Scald wound
healing stage morphologies were closely correlated with the
electrochemical signal response, as presented in Figure 5D,E.
Electrochemical signal response in the control group remained
stable at ∼5%, indicating stationary adhesion states of normal
dermal fibroblasts with weak interference. At 1 h postscald, the
electrochemical signal response remained at 4% with no
significant fluctuations. Fibroblasts displayed direct thermal
injury characterized by partial necrosis and impaired adhesion.
At 3 days postscald, signal response increased to 12%,
histologically correlating with fibroblast migration toward the
wound interface (Figure 5B). This increase was mechanistically
associated with integrin-mediated adhesion forces inducing
probe conformational changes via real-time chain traction,
thereby accelerating electron transfer. At 5−7 d postscald
(signal intensity: 15−40%), rapid signal amplification co-
incided with fibroblast proliferation and significant probe
structural reorganization. At 14 d postscald, decreased
fibroblast activity and apoptosis resulted in signal regression
to nonscalded levels (signal intensity ∼5%). The above results
showed that the electrochemical signal trajectory reflects
fibroblast mechanical force during healing.

■ CONCLUSIONS
Exploring cellular mechanical forces in vivo holds great
significance for cutaneous tissue regeneration, wound healing,
and guiding drug development. Traditional force interfaces
cannot be noninvasively implanted into the skin for cellular
mechanical force measurements. To address this limitation, we
developed the ME-TGT patch for mechanical force measure-
ment in vivo. Microneedles served as the force and electrode
interface. This patch made HM-RT probes immobilized on
microelectrode surfaces, which recognize fibroblast integrin via
cRGDfk binding, enabling real-time conversion of weak
mechanical forces (∼12 pN) into electrochemical signals
both in vitro and in vivo. To validate the clinical relevance of
this system, we used a scald wound healing mouse model to
validate fibroblast mechanical forces at different stages of skin
tissue regeneration. The electrochemical signal trajectory
reflected the fibroblast mechanical force during healing.
Beyond immediate applications, this platform would serve as
a novel tool for transmitting mechanical signals at varying
tissue depths, enabled by highly programmable DNA-encoded
probes of different heights on the MN array.
However, several challenges warrant further exploration.

First, the migration mechanism influenced by mechanical force
in confined conditions remains unclear, which may form the
basis for future research. Second, due to the random insertion
of MNs, dermal fibroblasts might evade contact with probes,
preventing integrin−cRGDfk interaction and resulting in
irregular or absent signals. Additionally, complex in vivo
biological mechanisms could generate false positives. These
unresolved issues highlight the need for refined probe spatial
distribution and signal validation protocols in subsequent
studies.
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