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Gold Nanostars based Microfluidic Optical
Fiber Sensor for Enhanced Ethanol
Detection

Sharon Russo, Nadia G Boetti, Matteo Giardino, Francesco Chiavaioli, Davide Janner

Abstract— In this work, we present an ethanol sensor

based on a D-shaped optical fiber functionalized with a
nanostructured layer of gold nanostars (AuNSs). The
functionalization was achieved via a seed-mediated
growth method, enabling uniform and controlled
nanoparticle deposition on the fiber surface. The sensor
was integrated into a custom-designed microfluidic chip,
allowing precise control of analyte delivery and ensuring
highly reproducible measurements. The sensing
mechanism relies on the interaction between the
evanescent field of the D-shaped fiber and the AuNSs,
which enhances light-matter interaction and increases
sensitivity to refractive index variations induced by
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ethanol concentration changes. The device exhibited a highly linear response (R? = 99.960) over a concentration range
of 0—-40%, with a detection limit of 0.07% and a response time of approximately 10 s. The combination of nanostructured
plasmonic materials and microfluidic integration results in improved sensitivity, repeatability, and response speed.
These results demonstrate the potential of D-shaped fiber platforms functionalized with gold nanostructures for the
development of compact and efficient chemical sensing systems.

Index Terms— D-shaped fiber, Gold Nanostars, Ethanol, Sensing, Microfluidic system

|. Introduction

Ethanol (ethyl alcohol) is a colorless, volatile, and flammable
compound widely used for its solvent properties and role as a
renewable resource. It is a key component in industries such as
pharmaceuticals, cosmetics, disinfectants, and biofuels [1], [2],
[3]. Because of its broad use, accurate ethanol detection is
important for environmental monitoring, food and beverage
quality control [4], biofuel optimization, medical diagnostics
[5], and pharmaceutical manufacturing. In biofuel production,
monitoring ethanol helps optimize fermentation and ensure
safety by reducing fire and explosion risks [2]. In healthcare, it
supports the detection of alcohol intoxication and chronic use
through biomarkers like ethyl glucuronide (EtG) and ethyl
sulfate (EtS) [6]. In pharmaceuticals, precise measurement is
essential since ethanol is commonly used as a solvent and must
meet regulatory standards [7]. Several analytical techniques
have been developed for ethanol detection. The most common
methods rely on gas chromatography, UV/NIR spectroscopy,
enzymatic measurement, and refractive index (RI) analysis.
These methods, while effective, suffer from limitations such as
low sensitivity and reproducibility, complex instrumentation
requirements, high costs, and a lack of real-time monitoring

capabilities [3]. Gas chromatography, for example, requires
extensive sample preparation and sophisticated laboratory
equipment, making it unsuitable for continuous or portable
sensing applications [8]. Similarly, spectroscopic and
enzymatic techniques often require expensive reagents and
extensive calibration procedures, limiting their practicality for
widespread use [9], [10]. To overcome these challenges, fiber
optic sensors have gained significant attention due to their many
advantages, such as unique light control, low weight and
compact size, immunity to electromagnetic interference, high
RI sensitivity, their potential of being real time, remote sensing
and capability for multi-analyte detection [3], [11], [12], [13].
Optical fiber sensors have been widely exploited for ethanol
sensing using absorption, interferometric, fiber grating, and
plasmonic techniques. Many reported designs enhance
evanescent field interaction through structures such as tapered
fibers, U-bent fibers, and photonic crystal fibers, often
combined with nanomaterials like graphene, graphene oxide,
CNTs, MoS:, gold nanoparticles, and hydrogels. Tapered or
bent geometries improve sensitivity by increasing evanescent
field exposure, but they often suffer from reduced mechanical
strength and poor environmental stability. For example,
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meander-shaped fibers can achieve sub-0.2% detection over 0—
10% ethanol but require complex fabrication and lack
robustness [14]. Similarly, tapered multimode fibers show
sensitivities of 0.22-0.34 AA%/AC depending on coatings,
though fragility remains a key limitation [15], [16], [17].

A comprehensive comparison between the proposed ethanol
sensor and previously reported absorption-based optical fiber
sensors is summarized in Table 1. Compared to other types of
optical fiber, D-shaped fibers have emerged as particularly
effective in sensing due to their flat polished surface, which
enhances light—environment interaction and allows easy surface
functionalization. This geometry improves sensitivity by
enabling a larger portion of the optical field to interact with the
functional coating and surrounding medium [13],[14],
[19],[20],[21]. In previous work, CNT-coated D-shaped fibers
achieved a sensitivity of 0.0409 dB/% for ethanol sensing,
benefiting from dipole interactions between COOH groups and
ethanol molecules [22]. Another widely used approach is metal
deposition on the D-shaped surface (e.g., gold or silver) to
excite surface plasmon resonance (SPR) [23]. Recent D-shaped
SPR fiber sensors employing optimized plasmonic coatings and
dielectric overlayers have demonstrated enhanced refractive
index sensitivity and sharper resonance characteristics, while
multilayer  gold/graphene/polymer  structures achieved
sensitivities of about 0.25 nm/% over a 0-90% ethanol
concentration range [24], [25], [26], [27].

To produce high-quality films with controlled thickness and
composition, different deposition techniques are available.
Among these, sputtering is the most employed, effective and
reliable. However, this method suffers from many limitations
such as complex instrumentation, spitting defects, and poor
adhesion of the film to the substrate. Metallic nanostructures are
an alternative to thin films due to their strong Localized Surface
Plasmon Resonance (LSPR). LSPR is highly sensitive to
changes in the surrounding refractive index, enabling
applications in biomolecule detection and environmental
sensing [28], [29], [30]. Gold nanoparticles have size- and
shape-dependent optical properties, with gold nanostars
(AuNSs) exhibiting higher refractive index sensitivity than
conventional spherical gold nanoparticles (AuNPs) owing to
their sharp tips and the strong lightning rod effect. Their

branched morphology also provides a larger active surface for
functionalization and enhances the interaction between the
plasmonic field and the surrounding medium. Their plasmonic
absorption can be tuned from the visible to the near-infrared
range, while their chemical stability and biocompatibility make
them well suited for optical ethanol sensing [31]. Optical fiber
sensors provide fast, compact, real-time sensing but often face
challenges with reproducibility and sample delivery.
Integrating them with microfluidic platforms, miniaturized
systems that precisely handle tiny fluid volumes, improves
control, reduces reagent consumption, speeds up analysis, and
enables highly sensitive measurements. This combination,
known as optofluidics, enhances sensing performance across
biological, environmental, and food-monitoring applications
[32]. Embedding an optical fiber within a microfluidic channel
enables monitoring of optical signals in a confined, controlled
environment, where analyte—sensor interactions occur at the
microscale. Moreover, the microfluidic platform provides
direct access to the fiber surface, facilitating surface
modification and functionalization for enhanced biosensing
[33]. The current literature reports on a limited number of
optical ethanol sensors that simultaneously ensure rapid and
straightforward fabrication, reproducible and reliable
performance, and functionalization with safe and biocompatible
sensing materials. This gap highlights the need to develop
sensors capable of meeting all these requirements.

The proposed sensor combines a D-shaped fiber platform
with a nanostructured layer of gold nanostars (AuNSs),
integrated within a microfluidic system. The D-shaped
geometry provides a stable and reproducible evanescent field
interaction without the mechanical fragility associated with
tapered or heavily bent fibers. The Au nanostars significantly
enhance local electromagnetic fields, improving sensitivity to
refractive index variations induced by ethanol concentration
changes. Furthermore, the integration with a microfluidic
platform ensures precise control of analyte delivery, reduces
contamination effects, and enables highly repeatable
measurements.

TABLE 1 : LITERATURE COMPARISON BETWEEN THIS WORK AND PREVIOUS ETHANOL OPTICAL FIBER SENSORS

Geometry Coating Range
Tapered (Silica Graphene, Graphene 5-40%
MM) Oxide (GO)
U-bent (MM PCS  Gold nanoparticles on 10-80%
fiber) Tungsten disulphide
Tapered (MM Hydrogel 0-62.2 %
fiber)
Tapered U-bent MoS2 0-100%

(Silica MM fiber)

Sensitivity Response Time Ref

0.829/vol% for graphene and 15 s for GO and 25 s for  [16]
1.330/vol % for GO-coated graphene coated sensor

0.65 (AA%/AC%) / [34]

LOD 0.4 vol% 2 min [15]

0.34 (AA%/AC%) 05s [35]

XXXX-XXXX © XXXX IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2026.3724806

IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

D-shaped (Silica AuNSs 0-40%
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[I. MATERIALS AND METHODS

A. Experimental setup

The experimental setup for the proposed ethanol sensor is
shown in Fig. la. A commercially available D-shaped SMF-28
single-mode optical fiber (Phoenix Photonics Ltd., UK),
operating at 1550 nm, was used. The polished region was 10
mm long with a depth of approximately 65 um. The fiber was
integrated into a custom-designed microfluidic chip through a
dedicated microchannel, enabling controlled interaction
between the guided optical mode and the liquid analyte.

Sensor characterization was performed using an Elveflow
pressure-driven microfluidic system comprising an OBI1
Pressure Controller, a MUX Distribution Valve, and an MFS
Flow Sensor. The OB1 Pressure Controller regulated the flow
by applying controlled air pressure to sealed reservoirs. The
MUX Distribution Valve enabled automated selection of the
desired solution without altering the fluidic connections,
ensuring rapid switching between solutions. The MFS Flow
Sensor continuously monitored the flow rate and provided real-
time feedback to the OB1 through a closed-loop control
algorithm, maintaining a constant flow rate throughout the
measurements. The microfluidic chip was fabricated by first
designing and 3D-printing a negative mold using a Formlabs
Form 3+ printer and Clear V4 resin. PDMS (Sylgard 184) was
prepared in a 10:1 base-to-curing-agent ratio, degassed, cast
into the mold, and cured at 80°C for 2 h. The cured PDMS
structure was then plasma-treated and bonded to a glass
microscope slide to create a sealed microfluidic device.
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The microfluidic channel was approximately 50 mm long
with a cross-section of 1 mm x 1 mm, leveraging an effective
sensing volume of approximately 10 uL. Before testing, the D-
shaped fiber was functionalized and inserted into the chip
channel to ensure precise alignment and mechanical stability.
The ethanol sensing experiments involved flowing ethanol
solutions with concentrations ranging from 0% to 40% through
the chip. Each concentration was introduced for a duration of
180 seconds at a constant flow rate of 500 pL/min. The
temperature was kept constant at 22 °C using a Peltier cell
located beneath the base of the microfluidic chip and controlled
by a TEC controller (TEC-1091-PT100-SCREW,
Meerstetter.ch). Temperature feedback was provided by a
Pt100 sensor embedded in the PDMS layer, close to the
channel, ensuring precise thermal regulation via closed-loop
control of the Peltier element. Nitrogen gas was initially flowed
through the microchannel, followed by a flow of ultrapure
water to acquire reference signal (baseline). Three
independently fabricated AuNS-coated D-shaped optical fiber
sensors were characterized to evaluate the reproducibility of the
proposed sensing platform. The repeatability was assessed by
performing three independent repeated measurements at
representative ethanol concentrations (10%, 20%, and 40%
v/v). Optical measurements were performed using an Agilent
8163 A Lightwave Multimeter. The laser source, set to 1550 nm,
was fiber-coupled to an FC/PC terminated single-mode fiber.
This input fiber was fusion-spliced to one end of the D-shaped
fiber sensor. The output end of the sensor was similarly fusion
spliced to another FC/PC SM fiber, which was connected to a
power meter via an Agilent 81000FA FC Connector Adapter.
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Fig. 1. (a) The experimental setup for the proposed ethanol sensor; (b) The D-shaped fiber section functionalization process for enhanced ethanol detection

B. D-shaped fiber functionalization process

A nanostructured gold layer was deposited on the D-shaped
fiber to increase absorption of the evanescent wave field in the
surrounding medium and thereby enhance sensitivity to ethanol
concentration variations. The layer was obtained through the
seed-mediated growth method. Initially, spherical gold
nanoparticle seeds with a nominal diameter of 10 nm were used.
These seeds were grown using a solution containing
polyvinylpyrrolidone (PVP), dimethylformamide (DMF), and a
gold precursor, resulting in a solution of AuNSs.

All the chemicals, including Gold Nanoparticles (AuNPs;
diameter of 10 nm, stabilized in citrate buffer), (3-
Aminopropyltriethoxysilane (APTES), Polyvinylpyrrolidone
(PVP, average MW = 10 000), N,N-Dimethylformamide
(DMF) and Gold (IIT) chloride solution were purchased from
Sigma Aldrich (Merck, Darmstadt, Germany).

The D-shaped fiber, before insertion in the microfluidic chip,
was cleaned with ethanol (EtOH) and hydrolyzed with a base
piranha solution, a mixture of ammonium hydroxide (NH4OH)
and hydrogen peroxide (H202, 30 % (w/w) in H20) with a
volume ratio of 3:1. The solution was heated at 60°C and the
fiber was soaked in the solution for 20 minutes. After
immersion in piranha solution, the D-shaped fiber was inserted
in a Teflon tube for seed deposition. First, it was silanized by
treating it with a 3% (v/v) APTES solution in ethanol (EtOH)
for 90 minutes, thereby forming surface monolayers bearing
amino groups. The fiber was later washed with Ethanol and
dried under nitrogen. Subsequently, 1 mL of gold seeds was
introduced into the tube for deposition onto the fiber surface for
approximately 4 hours. The fiber was again washed with EtOH
to remove any unbound seeds and then dried under No.

The AuNSs growth solution was prepared by carefully mixing
55 uL of a solution of 100 mM HAuCls with 20 mL of PVP 10
mM in DMF. [31], [36] The solution was kept under stirring at
room temperature for about 5 minutes. The solution was
subsequently introduced into the Teflon tube, where the fiber
was held, allowing gold seeds to grow into stars. The color of
the solution changed from transparent to black in about 30
minutes. Finally, the fiber was washed again with EtOH and
dried with N2. The fiber was removed from the tube and inserted
in the microfluidic chip for the following testing procedures
performed with the microfluidic platform. This process is
sketched in Fig. 1b.

Ill.  RESULTS AND DISCUSSION

The nanostructured layer of gold nanostars was characterized
using SEM analysis to observe both the distribution density on
the D-shaped fiber and the morphology of the nanoparticles.
The reported average particle diameter, and surface coverage
were obtained by averaging measurements from multiple SEM
images of D-shaped regions on the three independently
fabricated AuNS-coated fiber samples. Through precise control
over the deposition parameters, specifically the deposition time
and the concentration of chemical reagents, it was possible to

achieve an optimal surface coverage and spatial distribution of
AuNSs on the surface of the D-shaped optical fiber. Achieving

a uniform and high-density distribution of AuNSs is critical for
enhancing the sensitivity and repeatability of the sensor. To
determine the most suitable seed size for AuNSs growth, two
different AuNP seed diameters were investigated: 10 nm and 20
nm. Experimental results demonstrated that the 10 nm diameter
seeds (Fig. 1S b) yielded a more uniform and denser distribution
of Au seeds on the fiber surface, compared to the 20 nm seeds
(Fig. 1S a), which showed relatively sparser and less
homogeneous surface coverage. This difference can stem from
the adsorption kinetics of AuNPs on the glass surface. At this
stage, repulsive electrostatic interactions dominate and are
highly dependent on nanoparticle size. The larger seed size
likely increases the interparticle distance due to these repulsive
forces, resulting in less effective surface coverage [37]. In
addition to seed optimization, the molar concentrations of the
gold precursor (HAuCls) and the reduction agent, the PVP
polymer dissolved in DMF, were carefully adjusted. Special
attention was paid to keep an appropriate [Au]/[PVP] ratio,
which is essential for the controlled reduction of gold ions and
the anisotropic growth of star-shaped branches on the seed
nanoparticles [38].

The mean size of the stars obtained after 30 minutes of growth
was about 50 nm in diameter (Fig. 2a and 2b). SEM image
analysis estimated a surface coverage of approximately 35% for
the gold structures on the fiber surface. The coverage was
quantified by calculating the area fraction from binary masks
generated from the SEM images. A microscope glass slide was
cutinto a 1 x 1 cm square and subjected to the same deposition
and growth procedures for subsequent UV-Vis-NIR and FTIR
spectroscopic  analysis. The corresponding UV-Vis-NIR
spectrum is shown in Fig. 2c. The graph clearly underscores the
resonance peaks corresponding to the different plasmonic
modes excited within this nanostructure. Gold nanospheres
typically exhibit a plasmonic resonance peak at approximately
550 nm, corresponding to the collective oscillation of
conduction electrons in the nanoparticle core. In this case, the
peak shifts to the red and becomes significantly weaker,
primarily due to the larger core diameter and the dominance of
the longitudinal plasmon mode of the AuNSs.

A pronounced peak appears around 700 nm, which is attributed
to the longitudinal plasmon resonance arising from the branches
of the nanostars. This resonance corresponds to a dipolar mode,
driven by the oscillation of the free electron cloud along the
length of the spikes. The sharp tips of the nanostars act as
individual plasmonic hotspots, resulting in strong local
electromagnetic field enhancements [36], [39]. Although the
main plasmonic resonance of the synthesized AuNSs is
centered around 700 nm, the UV-Vis—NIR and FTIR spectra
reveal a broad extinction profile extending into the near-
infrared region, with measurable absorption at 1550 nm (Fig.
2d). Therefore, the plasmonic coating remains optically active
at the interrogation wavelength, where the optical fiber operates
in the single-mode regime. Preliminary experiments with a
bare D-shaped optical fiber showed no detectable response to
ethanol concentration under the adopted interrogation
conditions, whereas AuNS functionalization enabled a clear
and reproducible sensing signal.
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Fig. 2. (a) 50K, (b) 25K magnification SEM images of AuNSs deposited on the D-shaped fiber after 30 minutes of growth with different magnification. (c) UV-
Vis-NIR (d) FTIR spectra of AuNSs grown on a flat glass

The performance of the AuNSs coated D-shaped fiber optical
sensor was assessed by analyzing its absorbance and
transmitted power characteristics under varying ethanol
concentrations. The microfluidic platform allowed for the
sequential  switching between the different ethanol
concentration solutions, guaranteeing a controlled, fast, and
automated testing of the transmitted power changes in the D-
shaped fiber due to the increasing RI of the dielectric
surrounding medium. Fig. 3a accounts for the real-time
sensorgram, showing the fiber-transmitted power as a function
of time during the flow of different ethanol solutions over the
sensing region. A stepwise decrease in transmitted power is
observed with increasing ethanol concentration. This repeatable
behavior indicates the expected optical attenuation resulting
from ethanol's interaction with the evanescent field of the D-
shaped fiber sensor. In Fig. 3b, the calibration curve of the
sensor is reported. The graph illustrates the relationship
between ethanol concentration and light absorbance. The
reported values correspond to the average response of the three
sensors, and the error bars represent the standard deviation
among the devices. A clear linear correlation is observed, with
absorbance increasing proportionally to ethanol concentration
in the range of 0% to 40%. This range was selected because the
refractive index of ethanol-water mixtures is approximately
linear within this interval, whereas higher ethanol
concentrations are known to exhibit nonlinear refractive index
behavior due to changes in the ethanol-water hydrogen-
bonding network. [40] The fitted calibration curve

demonstrates high linearity (R-squared = 99.96%), one of the
highest reported in the literature, indicating strong accuracy and
reliability of the sensor for ethanol detection. The estimated
Limit of Detection (LOD) of the proposed ethanol sensor
calculated as three times the standard deviation of the blank
point (i.e., 0% ethanol concentration) [41] is 0.07 % of ethanol
and it exhibited an absorbance sensitivity per % change in
concentration of 0.11 %A/%C. Moreover, the use of a
narrowband laser centered at 1550 nm enabled detection of
optical power variations at a single wavelength, eliminating the
need for spectral integration and ensuring reliable
measurements. The observed changes in absorbance and
transmitted power are attributed to variations in the RI of the
surrounding environment. As the ethanol concentration
increases, the RI of the surrounding medium shifts from 1.3180
to 1.3298 at 1550 nm for 0 to 40% (v/v) of ethanol. This
increase affects the interaction between the evanescent field and
the guided optical mode in the D-shaped fiber. The evanescent
wave, which extends beyond the fiber core into the surrounding
medium, undergoes a shift in penetration depth and intensity as
the RI varies. When the ethanol concentration increases, the RI
difference between the fiber core and the surrounding medium
decreases, modifying the light confinement. The RI of the
external medium affects the TIR phenomenon inside the fiber.
In standard conditions, light propagates through the fiber due to
TIR at the fiber-medium interface. However, as the surrounding
Rl increases, the critical angle for TIR is reduced, meaning that
a larger portion of the light energy is lost into the external
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medium through the evanescent field [20]. This effect leads to
increased optical losses, as evidenced by a reduction in
transmitted power in the experimental results. The AuNSs
coating on the fiber D-shape section, where the cladding
removal allowed the evanescent wave to reach the fiber’s
surface, empowers the light-matter interaction given a stronger
interaction between the evanescent field and the external
medium, extending the penetration depth of the evanescent field
and improving the sensor’s capability to detect small changes
in ethanol concentration, as even minor RI variations lead to
detectable power losses. The stepwise behavior in the
transmitted power (Fig. 3a) suggests that the sensor reacts
promptly to changes in ethanol concentration. The smooth
transitions between power levels indicate a fast adaptation of
the sensor to new ethanol concentrations with low measurement
noise, as indicated by a mean standard deviation of 0.02 uW.
The relative standard deviation (RSD) between repeated
measurements was approximately 1.3% at 10% and 20%
ethanol and 0.6% at 40% ethanol, while the short-term signal
fluctuations within each acquisition remained below 0.4%,
confirming the good repeatability and stability of the sensing
platform.To evaluate the system response time, the power
decay observed during the transition from flowing water to a
10% ethanol solution was fitted to an exponential decay model
via nonlinear least-squares regression. The resulting time
constant was 10.57 s, and the experimental data together with
the corresponding fitted curve are presented in Fig. 2S. This

value represents the overall response of the integrated
microfluidic sensing platform, including both fluid transport
and the intrinsic optical response of the sensor under the
adopted flow conditions. The probe was rinsed with deionized
water after each ethanol measurement to restore the baseline
signal. The recovery dynamics were found to be strongly
dependent on the flow rate, being slower for the condition
shown in Fig. 3¢ (500 pL /min) and faster for that in Fig. 3d (1
mL/min). During a transitional phase of partially mixing
between ethanol and water within the microfluidic channel, the
signal progressively returned close to the baseline level in both
cases; however, a slight drift of approximately 10% relative to
the initial signal was observed after exposure to the 10%
ethanol solution under the lower flow-rate condition (Fig. 3c).
For the higher flow rate (Fig. 3d), the recovery time was
estimated to be approximately 20 s, obtained by fitting the
transient response with an exponential decay model. This rapid
response is crucial for real-time applications, where short
detection and recovery time are necessary. Additionally, the
fast response time highlights the efficiency of the microfluidic
platform in enabling rapid solution exchange without inducing
instability in the measurement process. This RI-dependent
response, combined with the microfluidic platform and the
nanostructured gold coating, enhances the sensor’s capability to
detect ethanol concentrations with high sensitivity, making it
suitable for real-time monitoring applications.
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Fig. 3. (a) Sensorgram showing the D-shaped fiber transmitted power reduction for each ethanol concentration in time. (b) Calibration curve of the D-shaped
fiber sensor for ethanol concentration ranging from 0% to 40 %. Recovery of the sensor after exposure to ethanol solution at a flow rate of ¢) 500 pL/min and of
d) I mL/min.
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IV. CONCLUSION

A D-shaped optical fiber sensor functionalized with a
nanostructured layer of gold nanostars (AuNSs) was
successfully developed for ethanol concentration monitoring.
By combining the enhanced evanescent-field interaction of the
D-shaped fiber with the strong plasmonic response of AuNSs,
the proposed platform achieved high refractive index
sensitivity, improving the detection of ethanol-induced
refractive index variations. Integrated with a pressure-driven
microfluidic system, the sensor exhibited a highly linear
response over the 0-40% (v/v) ethanol concentration range (R?
= 99.960), a detection limit of 0.07%, and a response time of
approximately 10 s, while maintaining excellent stability and
repeatability. The microfluidic platform ensured precise flow-
rate control, automated switching between ethanol solutions,
and reproducible analyte delivery, contributing to the
robustness of the measurements. Overall, the proposed sensing
platform combines high sensitivity, rapid response, and low-
cost fabrication, making it a promising solution for real-time
ethanol monitoring in biomedical, environmental, and
industrial applications. Future work will focus on integrating
selective functional coatings to improve analyte specificity and
extend the sensing capabilities of the platform.
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