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Inhalation of environmental nitric oxide (NO) has been implicated in neurological disorders such as stroke and
glioma, underscoring the urgent need for sensitive, reliable NO detection in wearable biomedical diagnostics.
However, achieving high sensitivity alongside mechanical durability and stability under continuous deformation
remains challenging. Here, we report an ultraflexible chemoresistive NO sensor based on needle-shaped zinc
oxide (ZnO) nanostructures, which deliver enhanced gas-sensing performance with exceptional mechanical
resilience. The needle-like morphology offers a high surface-to-volume ratio for efficient gas adsorption, while
abundant nanoscale junctions create multiple conductive pathways, maintaining stable electrical contact under
extreme bending and prolonged stress. Compared to conventional dense ZnO films, our sensors exhibit superior
performance, including high sensitivity (S = 59.4), rapid room-temperature NO detection (response time < 50 s),
and excellent selectivity against common interfering gases. Such sensor operates stably in high humidity (>80 %
RH), broadening its applicability. Critically, it endures bending radii as small as 1 mm and retains stable elec-
trical output after 500 cycles. This synergistic combination of ultrasensitive detection, environmental tolerance,
and mechanical robustness positions our ZnO-based platform as a promising candidate for real-time health
monitoring and environmental sensing, with particular relevance to NO-associated neurological diseases.

1. Introduction

Nitric oxide (NO) is a crucial signaling molecule in biological sys-
tems, playing a pivotal role in clinical medicine due to its significance in
the diagnosis and management of various diseases. As a key endothelial-
derived mediator, NO regulates vascular dilation and constriction,
thereby maintaining blood pressure homeostasis and ensuring adequate
blood flow [1-3]. Dysregulation of NO levels is closely associated with
cardiovascular diseases such as hypertension, atherosclerosis, stroke,
gliomas, and cerebral infarction [4-7]. Notably, excessive NO produc-
tion can induce neuronal apoptosis and necrosis, contributing to
neurotoxicity. Consequently, precise NO detection is essential for

* Corresponding author.

accurate diagnosis and the development of targeted therapeutic strate-
gies [8]. Beyond its physiological roles, NO is also a major environ-
mental pollutant, primarily emitted through fossil fuel combustion from
transportation and industrial activities [9]. In the atmosphere, NO
rapidly oxidizes to nitrogen dioxide (NO2), a precursor to secondary air
pollutants such as ozone and fine particulate matter (PM2.5), which
pose severe threats to human health and ecological stability. Prolonged
exposure to elevated NO: levels exacerbates respiratory diseases, im-
pairs lung function, and increases the risk of cardiovascular disorders
[10-12]. Additionally, NO contributes to acid rain formation, leading to
soil and water acidification and endangering biodiversity [13,14].
Therefore, accurate NO monitoring is critical not only for advancing
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clinical diagnostics and disease management but also for mitigating air
pollution and its detrimental impacts on public health and ecosystems.

Detection methods for NO have undergone significant advancement
over the past few decades, encompassing techniques such as chem-
iluminescence, spectroscopy, electrochemistry, and gas chromatog-
raphy [15-21]. Each of these conventional methods presents distinct
advantages and limitations. Chemiluminescence, for instance, offers
high sensitivity and selectivity; however, it is hindered by high equip-
ment costs and operational complexity [15]. Spectrometry facilitates
real-time monitoring but demands stringent environmental conditions
and often requires costly laser sources [22-24]. Although electro-
chemical methods are relatively straightforward and cost-effective, their
selectivity and stability can deteriorate over extended periods, making
them vulnerable to environmental variations. Gas chromatography
provides high-resolution analysis; nevertheless, its large apparatus and
cumbersome operation can limit field applications. Thus, flexible resis-
tive NO sensors emerge as a promising alternative [19]. Firstly, flexible
sensors exhibit excellent adaptability, enabling their application on
various complex and irregular surfaces, which is particularly advanta-
geous for wearable devices and smart electronics. Furthermore, these
sensors typically feature low fabrication costs and straightforward pro-
duction processes, facilitating mass production and thereby reducing
barriers to market entry. By optimizing material properties and struc-
tural design, these sensors can detect NO fluctuations within brief
timeframes, fulfilling the demands of real-time monitoring [25-29].
Additionally, their enhanced conductivity and tunable sensitivity allow
for adjustments based on different detection environments, thereby
improving accuracy. Lastly, flexible resistive NO sensors possess sub-
stantial potential for both environmental monitoring and clinical ap-
plications [30-32]. In environmental contexts, they can be deployed for
real-time urban air quality assessments, providing valuable data to
inform policy decisions. In clinical settings, these sensors can facilitate
the detection of respiratory gases, aiding in the early diagnosis and
ongoing monitoring of respiratory diseases [33,34]. Therefore, the
advent of flexible resistive NO sensors addresses these shortcomings,
advancing NO detection technology to meet the increasing demands of
various markets.

In this work, we developed an ultraflexible chemoresistive NO sensor
based on needle-shaped zinc oxide (ZnO) nanostructures, demonstrating
superior performance over conventional dense ZnO film. By leveraging
the unique morphology of ZnO nanoneedles, which provide an extensive
surface area for gas adsorption and multiple conductive pathways for
charge transport, the sensor exhibits outstanding NO detection capa-
bilities, including high sensitivity, rapid response and recovery times,
excellent selectivity, and remarkable resistance to high-humidity envi-
ronments. Beyond its exceptional gas-sensing performance, the needle-
shaped ZnO sensor exhibits extraordinary mechanical robustness. Sys-
tematic bending tests confirmed its ability to maintain stable electrical
operation under extreme mechanical deformation, even at ultra-small
bending radii and after prolonged cyclic bending. Unlike dense ZnO
films, which suffer from crack formation and conductive pathway
disruption under mechanical stress, the nanoneedle architecture effec-
tively mitigates stress concentration through structural adaptability,
including inter-nanoneedle sliding and realignment, thereby ensuring
long-term durability and sustained sensing performance. This work lays
a solid foundation for the future development of flexible and wearable
gas sensors, paving the way for innovative applications in personalized
healthcare, smart environmental monitoring, and next-generation
electronic skin systems.

2. Experimental section
2.1. Materials and chemicals

ZnO was purchased from Merck, while needle-like ZnO was obtained
from WOW Materials. The photoresist AZ4620 and the developer
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AZ400K, used for photolithography, were sourced from Micro-
Chemicals. Solvents such as acetone, isopropanol, and ethanol were
purchased from Sigma.

2.2. Device fabrication

To fabricate an ultraflexible substrate, a Micro-90 sacrificial layer is
first spin-coated onto a cleaned substrate, followed by the deposition of a
3 pm-thick parylene layer. Gold electrodes are then patterned via
photolithography: AZ4620 photoresist is spin-coated at 3000 rpm to
achieve the desired thickness, soft-baked at 110°C for 2 min to remove
residual solvents, and exposed to 365 nm UV light through a photomask
with an exposure dose of ~250 mJ/cm?. The exposed resist is developed
in a diluted AZ400K solution (AZ400K:Hz0 = 1:3) for 1 min, rinsed with
deionized (DI) water, and dried with nitrogen. A Cr/Au (5/50 nm)
bilayer is deposited via electron beam evaporation, where Cr enhances
adhesion and Au serves as the conductive electrode. Lift-off is performed
by immersing the sample in acetone, followed by nitrogen drying to
yield the patterned electrodes. Finally, the ultraflexible substrate is
released by dissolving the sacrificial layer in DI water.

2.3. Characterization

The surface morphology and elemental composition of both dense
and needle-shaped ZnO were analyzed using a scanning electron mi-
croscope (Gemini SEM 300) equipped with energy-dispersive X-ray
spectroscopy (EDS). The electrical characteristics of the NO sensors were
systematically evaluated in a controlled environment using a semi-
conductor parameter analyzer (B1500A). Gas sensing measurements
were performed within an airtight chamber (~0.01 L), where the sen-
sors were exposed to test atmospheres generated by mixing dry air with
predefined concentrations of NO and potential interfering gases,
including ammonia (NHs), carbon monoxide (CO), formaldehyde
(HCHO), and ethanol. The gas mixture was introduced into the chamber
at a constant flow rate of 100 standard cm® /min via a mass flow
controller. Humidity conditions were precisely regulated by adjusting
the mass flow ratios of dry air, humidified air (produced by bubbling
through distilled water), and the target NO gas.

3. Results and discussion
3.1. Design principle of needle-shaped ZnO resistive sensor

Nitric oxide (NO), a critical gaseous signaling molecule, plays
essential roles in regulating blood pressure and immune responses
within the human body. However, excessive accumulation of NO can
contribute to a range of health issues, including cardiovascular diseases,
neurodegeneration, and pulmonary disorders (Fig. 1a). Additionally, NO
emissions pose significant environmental risks, such as contributing to
air pollution, stratospheric ozone depletion, and acid rain formation.
Consequently, the development of efficient NO sensors is crucial for the
real-time monitoring of NO concentrations in both biological and
environmental contexts, enabling timely interventions to mitigate these
potential health and environmental hazards. Based on this, we proposed
a needle-shaped ZnO resistive sensor for monitoring of NO molecules,
the principle of a such sensor for detecting NO is primarily governed by
the interaction between NO molecules and the ZnO surface. Specifically,
when NO interacts with the surface, it reacts with oxygen vacancies to
form nitrogen-oxide intermediates, which in turn modulate the charge
carrier density in the ZnO, affecting its electrical conductivity (Fig. 1b).
Monitoring the changes in the sensor’s resistance enables the quantita-
tive detection of NO concentrations in the surrounding environment.
The needle-shaped ZnO significantly increases the surface area,
enhancing gas molecule adsorption and improving the sensor’s response
time and sensitivity (see below). As a result, resistance-based sensors
utilizing needle-shaped ZnO would exhibit superior performance in NO
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Fig. 1. Application scenarios, design principles, and fabrication process of the NO sensor. (a) Schematic illustration of the NO sensor design principles. (b)
Mechanism of the NO sensor. (c) Device structure of the ultraflexible NO sensor. (d) Photolithographic fabrication process of the ultraflexible NO sensor.

gas detection. Device structure design can be illustrated in Fig. 1c, and
this sensor consists of three parts: ultraflexible substrate, electrical
signal transmission electrode and active substance of needle-shaped
ZnO. The sensing devices were fabricated on an ultraflexible Parylene
substrate using a standard photolithography process, as illustrated in
Fig. 1d. The fabrication procedure consists of six key steps, detailed in
the Methods section. This well-established photolithographic approach

ensures the uniformity and stability of the sensors, maintaining their
reliable performance.

Next, scanning electron microscopy (SEM) was employed to inves-
tigate the microstructural characteristics of needle-like ZnO, indicates
that ZnO nanoneedles typically form uniformly aligned structures, with
diameters ranging from tens to several hundred nanometers and lengths
extending up to a few micrometers (Fig. 2a). High-magnification SEM

Fig. 2. Morphological and compositional characterization of needle-shaped ZnO structures. (a) Large-scale spatial architecture formed by needle-shaped ZnO. (b)
Magnified view of the contact interface within the needle-shaped ZnO structure. (c) Nanoscale junctions formed at needle-shaped ZnO contacts. (d) Elemental
distribution of the needle-shaped ZnO structure. (e) Elemental mapping of the junctions formed at needle-shaped ZnO contacts.
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further reveals that some ZnO nanoneedles interweave into a three-
dimensional network, facilitating gas diffusion and enhancing charge
transport pathways, thereby improving NO sensing performance. The
high aspect ratio and abundant surface area promote increased NO
adsorption, leading to enhanced sensor sensitivity and faster response
times (Fig. 2b). Additionally, the nanostructured arrangement enables
the formation of efficient contact junctions, which reduce interfacial
resistance and stabilize electron transport across multiple conductive
pathways (Fig. 2¢). Compared to bulk or particulate ZnO, the needle-like
architecture provides a more interconnected and continuous electron
transport network, further boosting sensor performance. Next, powder
X-ray diffraction of the needle-shaped ZnO exhibits the signature re-
flections at 26 ~ 31.7° (100), 34.4° (002), 36.2° (101), 47.5° (102),
56.6° (110), 62.8° (103), 66.4° (200), 68.0° (112), and 69.1° (201). The
absence of any additional peaks indicates phase-pure and well-
crystallized needle-shaped ZnO without detectable secondary phases
[35,36] (Fig. S1). Moreover, Fig. S2 shows X-ray photoelectron spec-
troscopy (XPS) of the needle-shaped ZnO sensing layer. The Zn 2p peaks
at 1021.7 eV (2ps/2) and 1044.8 eV (2p1/2) with 23.1 eV splitting
confirm Zn?* in ZnO. In O 1 s, the main peak at 529.8 eV arises from
lattice oxygen, while the shoulder at ~531.2 eV is attributed to vacan-
cy/-OH species (O_V/-OH). Thus, the surface comprises crystalline
Zn-O domains and defect-rich, hydroxylated regions. These O_V/-OH
sites promote NO adsorption and activation, forming chemisorbed
NO~/NO:" that withdraw electrons, widen the depletion layer, and in-
crease resistance.

Beyond electrical properties, the mechanical fragility of ZnO pre-
sents a challenge for ultraflexible sensor. However, the contact junctions
of needle-like ZnO inherently enhances mechanical resilience, miti-
gating fracture under external stress. These nanostructures maintain
stable interfacial contacts during bending, stretching, or compression,
thereby preserving electrical functionality under dynamic conditions.
Energy-dispersive X-ray spectroscopy (EDS) analysis confirms the uni-
form elemental distribution of Zn and O within the ZnO nanoneedles,
indicating compositional homogeneity (Figs. 2d and 2e). Additionally,
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EDS mapping confirms the spatial distribution of ZnO nanoneedles
across the sensing layer, aligning with SEM morphology observations
and further validating the material’s structural and compositional
integrity. Thus, SEM characterization provides critical insights into the
morphology and growth dynamics of ZnO needles for optimizing their
structural properties to enhance NO sensor performance.

3.2. Sensing performance of needle-shaped ZnO resistive sensor

The gas adsorption, desorption, and surface reaction dynamics of
ZnO-based materials are strongly temperature-dependent. To elucidate
this effect, we evaluated the response of needle-like ZnO and dense ZnO
to 5 ppm NO gas across varying temperatures. As shown in Fig. 3a, both
materials exhibit a characteristic "increase-peak-decrease" response
trend with rising temperature, consistent with prior studies. This
behavior arises from the temperature-dependent interplay between
adsorption and desorption kinetics. Below 300 °C, elevated tempera-
tures enhance the reaction between NO molecules and surface-adsorbed
oxygen species, increasing the sensor response. However, beyond this
threshold, the accelerated desorption of O: and NO from the sensing
layer suppresses redox reactions, reducing the response. An optimal
balance between these competing processes is achieved at approxi-
mately 200 °C, where the maximum response is observed. Subsequent
experiments were conducted at this optimized temperature to ensure
peak sensor performance. Notably, the response value (S = 59.4) of the
needle-like ZnO sensor is 2.79 times higher than that of dense ZnO (S =
21.3), where S is calculated using the formula of S=R;/Ry, with Ry is
initial resistance and R; is exposed resistance. This enhanced response is
primarily attributed to the needle-like ZnO’s larger surface area and
higher density of active sites, which promote gas-surface interactions.
Additionally, its elongated morphology and sharp-tip junctions facilitate
charge carrier accumulation and transport, further improving sensing
performance. The dynamic response-recovery characteristics at 200 °C,
depicted in Fig. 3b, reveal that the needle-like ZnO sensor achieves
response and recovery times of 46.5 s and 27.8 s, respectively, upon
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Fig. 3. Sensing performance of the NO sensor. (a) Temperature-dependent curves of NO sensors with dense and needle-shaped ZnO. (b) Temporal response curves of
NO sensors with dense and needle-shaped ZnO. (c) Selectivity of the NO sensor based on needle-shaped ZnO. (d) Recovery characteristics of the needle-shaped ZnO
sensor at varying NO concentrations. (e) Response of the needle-shaped ZnO sensor to different NO concentrations. (f) Resopnse of the needle-shaped ZnO sensor

under varying humidity conditions.
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reaching adsorption-desorption equilibrium.

Given the practical advantages of the aforementioned sensor for real-
world applications, subsequent experiments focused on the detailed
investigation of the sensing performance of the needle-like ZnO
material-based sensor. Selectivity is a critical parameter of chemo-
resistive gas sensors, as it mitigates signal interference in complex en-
vironments. To evaluate this, we examined the sensor’s response to a
range of common volatile organic compounds and inorganic gases,
including NHs, CO, HCHO, H,S, SO2 and Ethanol (Fig. 3c). The sensor
exhibited response values between 5 and 15 for these gases, markedly
lower than its response to 5 ppm NO (S = 59.4), highlighting its superior
selectivity for NO detection. In addition, as illustrated in Fig. 3d,
exposure of the sensor to an NO-containing atmosphere resulted in a
sharp increase in resistance. Upon removal of NO and re-exposure to
ambient air, the resistance rapidly reverted to its baseline value. This
cyclic response remained highly consistent over multiple repetitions,
underscoring the sensor’s excellent stability and reversibility. The
observed resistance variations align with the established response
mechanism of n-type semiconductor sensors to oxidative gases. Specif-
ically, the needle-like ZnO sensor exhibited a pronounced increase in
response with rising NO concentrations, suggesting that at higher con-
centrations, a greater number of NO molecules are rapidly adsorbed
onto the sensing layer, where they undergo redox interactions with
surface-adsorbed oxygen species, thereby enhancing the sensor’s sensi-
tivity. Notably, the sensor displayed a well-defined linear correlation
between response and NO concentration over the range of 100 ppb to
10 ppm (Fig. 3e), with a regression equation of y = 9.23x+ 8.40 and an
R? value of 0.9932, indicating excellent quantitative reliability. The
practical detection limit was determined to be 100 ppb (S=1.4),
demonstrating the sensor’s capability for trace-level NO detection in
environmental monitoring applications. Notably, the sensor maintained
similar response retention over 14 days of repeated operation (Fig. S3),
underscoring its long-term stability. To assess real-world viability, we
further investigated the influence of varying humidity levels (relative
humidity: 0 %-80 %) on sensor performance (Fig. 3f). Although the
response exhibited a slight attenuation under high-humidity conditions,
the sensor’s detection capability remained largely unaffected, high-
lighting its robustness against environmental fluctuations. We also
compared our sensor performance with previously reported NO sensors,
as indicated in Table S1. It demonstrates higher sensitivity, a lower
detection limit, and faster response/recovery dynamics compared with
most reported NO sensors. More importantly, our sensor achieves
excellent mechanical flexibility, which is rarely realized in conventional
inorganic sensors. Therefore, these findings establish the needle-like
ZnO-based NO sensor as a highly responsive, rapidly recovering, and
exceptionally sensitive platform with stable operation even in humid
conditions, making it well suited for real-time NO gas detection and
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environmental monitoring applications.
3.3. Ultraflexible needle-shaped ZnO resistive sensors

In flexible electronic applications, sensors are often subjected to
varying degrees of mechanical deformations. To evaluate the electrical
stability of ZnO-based sensors under such conditions, we systematically
investigated the resistance variations of needle-shaped ZnO and dense
ZnO sensors under different bending radii (10 mm, 8 mm, 6 mm, 4 mm,
2mm, and 1 mm), as illustrated in Fig. 4a, the baseline resistance
change ratio (AR/Ro) was recorded for each case. For dense ZnO, the
resistance increased significantly as the bending radius decreased, with
a sharp sacrifice of response. In contrast, the needle-shaped ZnO struc-
ture exhibited significantly lower resistance variation, with only a sight
impact on response even under extreme bending at a 1 mm radius,
indicating superior electrical stability. The distinct mechanical re-
sponses of these two structures can be attributed to their morphological
differences. The densely packed structure of dense ZnO promotes
localized stress concentration under bending, facilitating crack propa-
gation and resulting in the breakdown of conductive pathways.
Conversely, the needle-shaped ZnO architecture provides multiple
contact junctions between nanoneedles, which help maintain electrical
connectivity even under deformation, as discussed in morphology sec-
tion. This structure allows for slight structural reconfiguration,
including sliding and realignment of nanoneedles, effectively mitigating
stress concentration and minimizing mechanical damage.

To further evaluate the long-term mechanical durability of these
sensors, we conducted cyclic bending tests at radii of 8 mm, 4 mm, and
1 mm, systematically monitoring the resistance response over 100, 200,
300, 400, and 500 bending cycles (Figs. 4b and 4c). The dense ZnO
sensor exhibited a significant deterioration in performance, retaining
only 13.7 % of its initial response after 500 cycles, indicative of severe
structural degradation and the eventual failure of the device. In contrast,
the needle-shaped ZnO sensor demonstrated exceptional mechanical
robustness, with response variations remaining within 20 % even after
500 cycles, underscoring its ability to sustain prolonged dynamic
deformation with minimal electrical degradation. These results high-
light the critical role of the needle-shaped ZnO architecture in enhancing
sensor flexibility and durability while preserving both electrical stability
and gas-sensing functionality. The superior mechanical resilience of this
structure establishes a strong foundation for the development of next-
generation high-performance flexible electronic devices capable of
maintaining reliable operation under mechanically demanding
conditions.
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Fig. 4. Performance evaluation of the ultraflexible NO sensor. (a) Response characteristics of NO sensors with dense and needle-shaped ZnO under varying bending
radius. (b) Stability assessment of NO sensors with dense ZnO over multiple bending cycles at different radii. (c) Stability assessment of NO sensors with needle-

shaped ZnO over multiple bending cycles at different radii.
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4, Conclusion

In summary, we have developed an ultraflexible chemoresistive NO
sensor based on a needle-shaped ZnO nanostructure, which achieves a
remarkable balance between high sensitivity, mechanical durability,
and stable operation under dynamic deformation. The unique nano-
structured morphology enhances gas adsorption efficiency while
enabling robust electrical contact through multiple nanoscale conduc-
tive pathways, ensuring reliable performance even under extreme
bending conditions. Compared to conventional dense ZnO films, our
sensor exhibits significantly enhanced sensitivity (S = 59.4), rapid
response (<50 s), and excellent selectivity against common interfering
gases, while also maintaining stable functionality in high-humidity en-
vironments (>80% RH). Furthermore, the sensor demonstrates
outstanding mechanical resilience, retaining its electrical performance
after 500 bending cycles at radii as small as 1 mm, underscoring its
suitability for real-world applications. The combination of high-
performance gas detection and exceptional mechanical flexibility
paves the way for future advancements in flexible sensing technologies,
offering new opportunities for intelligent bioelectronics and portable
environmental diagnostics.
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