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Abstract
An electrochemical sensor for the determination of ciprofloxacin (CPR) was developed using a glassy carbon electrode modified
with MIL-101/reduced graphene oxide (MIL-101/rGO). MIL-101/rGO was synthesized via a facile ultrasonic-assisted method and
characterized by various physicochemical techniques. The synergistic combination of MIL-101 with rGO significantly enhanced
the electrocatalytic activity toward CPR oxidation. The electrochemical behavior of CPR on the MIL-101/rGO-modified electrode
was systematically investigated using cyclic voltammetry and differential pulse voltammetry. Under optimized experimental condi-
tions, the proposed sensor exhibited a linear response over 0.25–9.41 µM and a detection limit of 0.11 µM for CPR determination.
The sensor also demonstrated good selectivity, satisfactory repeatability, and long-term stability. Furthermore, the method’s prac-
tical applicability was validated by the determination of CPR in pharmaceutical samples, yielding acceptable recoveries. These
results indicate that the MIL-101/rGO-modified electrode provides a promising and efficient platform for the electrochemical
sensing of CPR in pharmaceutical and environmental analysis.
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Introduction
Ciprofloxacin (C17H18FN3O3, CPR) is a fluoroquinolone anti-
biotic widely used in human and veterinary medicine to treat
various bacterial infections [1]. Due to its high usage, incom-

plete metabolism, and environmental persistence, CPR residues
are often found in pharmaceutical products, biological fluids,
and aquatic environments [2,3]. The uncontrolled presence
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of ciprofloxacin not only poses risks to human health but
also promotes the development of antibiotic-resistant
bacteria, raising significant environmental and public health
concerns [4]. Therefore, developing sensitive, selective, and
affordable analytical methods for detecting ciprofloxacin is very
important.

Conventional analytical techniques for CPR determination,
including a fluorescence sensor based on CsPbBr3 quantum
dots embedded in a molecularly imprinted polymer [5], and
ultrasound-assisted magnetic dispersive micro-solid phase ex-
traction based on carbon quantum dots/zeolite imidazolate
framework-90/polyvinyl pyrrolidone/iron(II,III) oxide with
high-performance liquid chromatography [6,7] or chromatogra-
phy–tandem mass spectrometry [8] offer high accuracy and reli-
ability. However, these techniques often need expensive equip-
ment, complex sample preparation, skilled operators, and
lengthy analysis times, which restrict their use for quick or in
situ testing. In contrast, electrochemical sensors have become
appealing alternatives because of their inherent benefits such as
simplicity, low cost, rapid response, high sensitivity, and poten-
tial for miniaturization and field use.

The performance of electrochemical sensors heavily relies on
the electrode’s surface properties. Recently, metal–organic
frameworks (MOFs) have attracted significant interest in elec-
trochemical sensing due to their highly ordered porous struc-
tures, very high surface areas, tunable pore sizes, and numerous
active sites. Among these, MIL-101, a chromium-based MOF,
is notable for its large pore volume, excellent chemical stability,
and strong ability to adsorb organic molecules [9-11].

However, the poor electrical conductivity inherent to MIL-101
limits its direct use in electrochemical sensing. To address this
limitation, hybridizing MOFs with conductive carbon materials
has been extensively studied. Reduced graphene oxide (rGO) is
especially appealing due to its high electrical conductivity [12],
large specific surface area, mechanical stability [13], and strong
π–π interactions with aromatic compounds like ciprofloxacin
[14,15].

Integrating MIL-101 with rGO aims to combine the high sur-
face area and adsorption capacity of MIL-101 with the excel-
lent electrical conductivity and electron-transfer ability of rGO,
creating a synergistic effect that boosts the electrochemical per-
formance of the composite material. This combination can
promote efficient analyte adsorption and fast charge transfer at
the electrode interface. Consistent with this idea, Gu et al. re-
ported that MIL-101/rGO composites exhibit enhanced electro-
catalytic activity toward the reduction of metronidazole and the
anodic stripping detection of Cd2+ and Pb2+, demonstrating a

strong synergistic effect between MIL-101 and rGO in electro-
chemical sensing [16].

In this work, a MIL-101/rGO hybrid was successfully synthe-
sized and used as a modifier for a glassy carbon electrode to
develop a sensitive electrochemical sensor for CPR detection.
The electrochemical behavior of CPR on the MIL-101/rGO-
modified electrode was examined. The proposed sensor demon-
strated enhanced electrocatalytic activity, high sensitivity, and a
low detection limit for CPR. Additionally, the practical utility
of the sensor was confirmed through its application in analyzing
real samples, highlighting its potential for pharmaceutical and
environmental monitoring.

Experimental
Materials
Ciprofloxacin (CPR) was obtained from a commercial supplier
and used without additional purification. Chromium(III)
nitrate nonahydrate (Cr(NO3)3·9H2O), terephthalic acid
(H2BDC), graphite powder, potassium permanganate
(KMnO4), sodium borohydride (NaBH4), sulfuric acid
(H2SO4), hydrogen peroxide (H2O2), and other analytical-grade
reagents were purchased from standard chemical suppliers.
Britton–Robinson (BR) buffer solutions at different pH levels
were prepared using a mixture of acetic acid, phosphoric
acid, and boric acid, with pH adjusted using 0.2 M NaOH solu-
tion.

Synthesis of reduced graphene oxide (rGO),
MIL-101, and MIL-101/rGO
Graphene oxide (GO) was synthesized from natural graphite
using a modified Hummers’ method, as described in [17]. MIL-
101(Cr) was prepared through a hydrothermal reaction
by dissolving terephthalic acid (H2BDC, 1.66 g) and
chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O, 4.0 g) in
48 mL of deionized water, followed by the addition of 2 mL of
hydrofluoric acid. The mixture was transferred to a Teflon-lined
stainless-steel autoclave and heated at 200 °C for 8 h [18]. After
cooling to room temperature, a highly crystalline green
chromium terephthalate powder (MIL-101(Cr)) was collected
by filtration, thoroughly washed with deionized water, and dried
before use.

The MIL-101/rGO composites were synthesized following a re-
ported procedure with slight modifications [18]. Briefly, dried
MIL-101(Cr) (0.1 g) was dispersed in 20 mL of deionized water
and ultrasonicated for 30 min to obtain a homogeneous suspen-
sion. Subsequently, a predetermined amount of GO was added
to the MIL-101 suspension under continuous stirring, followed
by ultrasonication for 30 min. Sodium borohydride (NaBH4)
was then introduced into the mixture, which was heated at
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60 °C and stirred continuously for 12 h to reduce GO and form
the MIL-101/rGO composite (Table 1).

Table 1: The composition for MIL-101/rGO.

Notation MIL-101 (mg) GO (mg) NaBH4 (mg)

MIL-101/rGO(10) 100 10 35
MIL-101/rGO(5) 100 20 70
MIL-101/rGO(3.3) 100 30 105
MIL-101/rGO(2.5) 100 40 140
MIL-101/rGO(2) 100 50 175

After the reaction was completed, the product was collected by
filtration, washed several times with deionized water to remove
residual reagents, and dried at 60 °C for 24 h before use. The re-
sulting composites were labeled as MIL-101/rGO(10), MIL-
101/rGO(5), MIL-101/rGO(3.3), MIL-101/rGO(2.5), and MIL-
101/rGO(2), where the numbers in parentheses indicate the
mass ratio of MIL-101 to GO. For comparison, reduced
graphene oxide (rGO) was also prepared using the same reduc-
tion process without MIL-101.

Equipment
The X-ray diffraction analyses were conducted using a D8
Advance Bruker (Germany). Morphology and elemental
mapping were measured with a Hitachi S-4800 FESEM (Japan)
equipped with an energy-dispersive X-ray (EDX) system.
Raman spectroscopy was performed on an Xplora Plus
instrument (Horiba, Japan) with a stimulating light wavelength
of 785 nm. Electrochemical impedance spectra (EIS) were
recorded using an Autolab PGSTAT302N system. Electrochem-
ical experiments were carried out on a CPA-HH5 workstation
(Vietnam). A platinum wire served as the counter electrode,
and a glassy carbon electrode was used as the working elec-
trode.

Preparation of the modified electrode
Before modification, the glassy carbon electrode (GCE) was
polished successively with alumina slurry (0.05 µm) on a pol-
ishing cloth, thoroughly rinsed with deionized water, and soni-
cated in ethanol and water to remove residual impurities. To
prepare the modified electrode, a specific amount of MIL-101/
rGO composite was dispersed in deionized water using ultra-
sonication to create a uniform suspension (1 mg·mL−1). An
aliquot of this suspension (5 µL) was drop-cast onto the cleaned
GCE surface and allowed to dry naturally at room temperature
to form the MIL-101/rGO-modified electrode. The modified
electrode was then gently rinsed with deionized water before
conducting electrochemical measurements.

Electrochemical measurements
Electrochemical measurements were conducted using a stan-
dard three-electrode setup connected to an electrochemical
workstation. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were employed to analyze the electrochem-
ical behavior of CPR. All tests took place in BR buffer solution
at room temperature under optimized pH conditions. DPV pa-
rameters, including accumulation potential (Eacc), accumula-
tion time (tacc), pulse amplitude (ΔE), and voltage step (Ustep),
were optimized before conducting the analytical measurements.

Real sample preparation
Pharmaceutical samples containing CPR were prepared by care-
fully weighing and finely grinding the tablets (or powder for
oral suspension). A suitable amount of the powdered sample
was dissolved in deionized water and sonicated to ensure com-
plete dissolution. The resulting solution was filtered to remove
insoluble excipients and properly diluted with BR buffer (pH 4)
before electrochemical analysis. The CPR content in the phar-
maceutical samples was measured using the standard addition
method.

Data analysis
All electrochemical measurements were performed in triplicate.
Calibration curves were constructed from DPV peak currents
versus CPR concentrations. The limit of detection (LOD) was
calculated based on the formula 3S/b where S is the standard de-
viation of the blank signal (or the standard deviation of the
intercept of the calibration curve), and b is the slope of the cali-
bration curve [19]. Repeatability, reproducibility, selectivity,
and stability of the sensor were evaluated using relative stan-
dard deviation (RSD) values.

Results and Discussion
Materials characterization
Figure 1a presents the XRD patterns of GO, rGO, and pristine
MIL-101, while Figure 1b shows the diffraction patterns of
MIL-101/rGO composites prepared with different MIL-101/
rGO mass ratios (as indicated in parentheses). In Figure 1a, GO
exhibits characteristic diffraction peaks at 2θ values of 10.9°
and 42.7°, corresponding to the (001) plane, which arise from
the increased interlayer spacing caused by abundant oxygen-
containing functional groups [20]. After reduction, this peak
disappears, and broad reflections centered at 2θ values of 25.8°
and 43.1° appear for rGO, attributed to the (002) and (100)
planes of graphitic carbon, confirming the successful reduction
of GO and partial restoration of the sp2 carbon network [21].

The XRD pattern of the synthesized MIL-101 shows several
characteristic diffraction peaks located at 2θ ≈ 5.2°, 5.6°, 5.9°,
8.1°, 8.4°, 9.1°, 10.3°, 16.5°, and 18.0°, which can be indexed
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Figure 1: (a) X-ray diffraction (XRD) patterns of graphene oxide (GO), reduced graphene oxide (rGO), and MIL-101, (b) X-ray patterns of MIL-101/
rGO with various mass ratios, (c) Raman spectra of GO, rGO and MIL-101, and (d) Raman spectra of MIL-101/rGO with various mass ratios.

to the (333), (440), (442), (733), (660), (911), (951), (15 7 1),
and (16 8 2) crystal planes of MIL-101(Cr) according CCCD
No. 605510 (Supporting Information File 1, Figure S1)
confirming the successful formation of the crystalline MOF
framework. As shown in Figure 1b, all MIL-101/rGO compos-
ites retain the characteristic angle diffraction peaks of MIL-101
at 2θ = 11.7°, 15.6°, 17.0°, and 19.3°, consistent with [22], indi-
cating that the crystalline framework of MIL-101 remains intact
after mixing with rGO, regardless of the mass ratio. Meanwhile,
the broad diffraction feature associated with rGO becomes more
prominent with increasing rGO content, reflecting the growing
contribution of the disordered graphitic phase. The XRD results
from both figures confirm the successful formation of MIL-101/
rGO composites. This structural combination is beneficial for
electrochemical applications because rGO improves electrical
conductivity and promotes charge transfer.

The Raman spectra of GO, rGO, MIL-101, and the MIL-101/
rGO composites are presented in Figure 1a,c. As shown in

Figure 1c, GO exhibits two characteristic bands at ≈1345 cm−1

(D band) and ≈1599 cm−1 (G band), which are associated with
structural defects/disorder and the in-plane vibration of sp2-
bonded carbon atoms, respectively [23]. After chemical reduc-
tion, rGO shows a slight shift of these bands to ≈1340 cm−1 (D)
and ≈1592 cm−1 (G), accompanied by an increase in the intensi-
ty ratio ID/IG from 0.91 (GO) to 0.99 (rGO). This increase indi-
cates the partial restoration of sp2 carbon domains together with
the generation of new, smaller graphitic domains, which is
typical for reduced graphene oxide. In contrast, pristine MIL-
101 displays multiple Raman bands in the low- and mid-fre-
quency regions (280, 473, 629, 809, 866, 925, 1037, 1145,
1283, 1454, and 1611 cm−1), which can be assigned to lattice
vibrations of the metal–oxygen clusters and organic linker
modes, confirming the successful formation of the MIL-101
framework [24]. For the MIL-101/rGO composites (Figure 1d),
the Raman spectra are dominated by the D and G bands of rGO
located at ≈1340 and ≈1600 cm−1, while the characteristic
bands of MIL-101 become much weaker or partially over-
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Figure 2: EDX elemental mapping and elemental composition of MIL-101/rGO (3.3), (a) EDX spectrum, (b) electron image, (c) chromium element
mapping, (d) oxygen element mapping, and (e) carbon element mapping.

lapped due to the strong Raman response of the carbon phase.
The ID/IG ratios of the composites range from 0.89 to 0.94,
depending on the rGO content. Notably, these values are
slightly lower than that of pure rGO, suggesting that the incor-
poration of MIL-101 can partially promote better ordering of
sp2 domains through interfacial interactions between MIL-101
and rGO sheets.

The EDX results confirm the successful formation of the MIL-
101/rGO composite through the presence of C, O, and Cr as the
main constituent elements. As summarized in the elemental
composition table, carbon (C) accounts for 30.42 wt %
(42.31 atom %), which mainly originates from the rGO sheets
and the organic linker of MIL-101, indicating the effective in-
corporation of rGO into the composite matrix. Oxygen (O) is
the most abundant element with 48.87 wt % (51.03 atom %),
consistent with the presence of metal–oxygen clusters in MIL-
101 as well as residual oxygen-containing functional groups on
rGO. Chromium (Cr), the metal center of MIL-101, is detected
at 20.72 wt % (6.66 atom %), confirming the successful intro-
duction of the MIL-101 framework (Figure 2).

The chemical composition and electronic states of the MIL-101/
rGO composite were investigated by X-ray photoelectron spec-
troscopy (XPS). The survey spectrum (Figure 3a) confirms the
presence of Cr, C, and O, which is consistent with the expected

composition of MIL-101(Cr) integrated with reduced graphene
oxide (rGO). No obvious extraneous elemental signals were ob-
served in the survey spectrum, suggesting that the synthesized
composite is predominantly composed of the expected ele-
ments within the detection limit of XPS. The high-resolution
Cr 2p spectrum (Figure 3b) shows two prominent peaks at
approximately 577.9 and 589.0 eV, representing the Cr 2p3/2
and Cr 2p1/2 spin–orbit components, respectively. The energy
gap between these peaks (≈11.1 eV) is typical of Cr3+ species
coordinated with oxygen in the Cr–O clusters of the MIL-101
framework [25]. Importantly, no signals related to Cr6+ species
(usually observed at higher binding energies) are detected,
confirming that chromium remains mainly in the trivalent oxi-
dation state. This indicates that the Cr environment in MIL-101
stays intact after integration with rGO. The C 1s spectrum
(Figure 3c) can be decomposed into several components repre-
senting different carbon bonding environments. The primary
peak at about 285.6 eV corresponds to C–C/C=C bonds found
in the sp2-hybridized carbon of the graphene lattice, indicating
the presence of rGO sheets. Other components at around
285.9–287.1 eV are assigned to C–O functional groups, such as
hydroxy or epoxy groups, while the peak near 287.7 eV can be
attributed to O–C=O groups, originating from the carboxylate
ligands of the terephthalate linkers in MIL-101 and residual
oxygen functionalities on rGO [26]. The presence of these
oxygen groups suggests that the reduction of graphene oxide is



Beilstein J. Nanotechnol. 2026, 17, 541–554.

546

Figure 3: XPS spectra of the MIL-101/rGO (3.3): (a) survey spectrum, (b) high-resolution Cr 2p spectrum, (c) high-resolution C 1s spectrum, and
(d) high-resolution O 1s spectrum.

partial and that surface functional groups remain, helping to
facilitate interactions between rGO sheets and MIL-101 parti-
cles. The O 1s spectrum (Figure 3d) shows two main contribu-
tions. The peak around 532.9 eV is due to Cr–O bonds within
the metal–oxo clusters of MIL-101(Cr), confirming the forma-
tion of the MOF framework. The second feature at approxi-
mately 535.8 eV can be attributed to oxygen species in C–O
groups, hydroxy groups, or adsorbed water molecules associat-
ed with the rGO surface and the porous MOF structure [27].
The presence of these oxygen-containing species further
supports the coexistence of MIL-101 and rGO within the com-
posite. Overall, the XPS results confirm the successful integra-
tion of MIL-101(Cr) and rGO, while preserving the Cr3+ oxida-
tion state and the characteristic coordination environment of the
MIL-101 framework.

The SEM images of rGO, MIL-101, and the MIL-101/rGO
composite are shown in Figure 4. The rGO sample (Figure 4a)
displays a typical wrinkled, sheet-like morphology that offers a

large surface area and a conductive substrate for material depo-
sition. The pristine MIL-101 (Figure 4b) consists of irregular
polyhedral particles that tend to aggregate, forming relatively
compact clusters. In contrast, the MIL-101/rGO composite
(Figure 4c) reveals that MIL-101 particles are dispersed on the
wrinkled rGO sheets. The rGO sheets serve as a supporting
scaffold, helping to separate the MIL-101 particles and reduce
their aggregation to some extent. This structural characteristic
benefits the dispersion of the MOF particles and enhances elec-
tron transfer within the composite material.

Electrochemical determination of
ciprofloxacin (CPR) at MIL-101/rGO/GCE
Electrochemical behavior of CPR
Figure 5a compares the cyclic voltammograms of CPR re-
corded at different electrodes in 0.1 M BR buffer (pH 4) (see
Supporting Information File 1, Figure S2). A weak and poorly
defined oxidation peak is observed at the bare GCE, indicating
sluggish electron-transfer kinetics. Upon modification with
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Figure 4: SEM observation of (a) rGO, (b) MIL-101, and (c) MIL-101(Cr)/rGO (3.3).

Figure 5: (a) Cyclic voltammograms (CVs) recorded at different electrodes in 0.1 M BRS buffer (pH 4) containing 15 µM CPR at a scan rate of 0.1 V/s
and (b) comparison of the corresponding peak currents obtained at various electrodes (n = 3).

MIL-101 or rGO, the anodic peak current increases noticeably,
reflecting improved adsorption and conductivity. The obtained
peak potentials (Ep) for GCE, GO/GCE, rGO/GCE, MIL-101/
GCE, MIL-101/rGO(10)/GCE, MIL-101/rGO(5)/GCE, MIL-

101/rGO(3.3)/GCE, MIL-101/rGO(2.5)/GCE, and MIL-101/
rGO(2)/GCE were 1.203, 1.150, 1.166, 1.288, 1.153, 1.072,
1.175, 1.125, and 1.219 V, respectively. In general, after modi-
fication of the electrode surface with these materials, the oxida-
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Figure 6: (a) CVs of MIL-101/rGO(3.3)/GCE recorded in 0.1 M BR buffer over the pH range of 2–9 containing 15 µM CPR at a scan rate of 0.1 V·s−1

and the inset shows the magnified view of the peak potential region, (b) variation of the oxidation peak current with pH, and (c) dependence of the oxi-
dation peak potential on pH.

tion peak potential of CPR shifted to lower potentials compared
with bare GCE (1.203 V), accompanied by a significant
increase in peak current. This behavior indicates that the modi-
fied materials can effectively enhance the electrocatalytic activi-
ty toward CPR oxidation. Notably, the MIL-101/rGO compos-
ite electrodes exhibit a much higher oxidation response than
either MIL-101/GCE or rGO/GCE alone, demonstrating an
apparent synergistic effect between the high surface area and
adsorption capability of MIL-101 and the excellent electrical
conductivity of rGO. Among the investigated compositions,
MIL-101/rGO(3.3)/GCE provides the highest and most repro-
ducible peak current (Figure 5b), and was therefore selected for
subsequent experiments.

Effect of pH
The impact of solution pH on the electrochemical oxidation of
CPR was studied over a pH range of 2–9 (Figure 6). The oxida-
tion peak current rises with pH up to 4, then gradually declines

at higher pH levels, showing that both CPR’s protonation state
and its interaction with the electrode significantly influence the
electrochemical response (Supporting Information File 1,
Figure S3). As a result, pH 4 was selected as the optimal condi-
tion. Additionally, the oxidation peak potential shifts linearly
toward less positive values as pH increases. The linear relation-
ship between peak potential and pH indicates that protons
participate in the electrode process.

The slope of approximately 0.066 V·pH−1 is close to the theo-
retical Nernstian value, indicating that the number of trans-
ferred electrons is similar to that of protons. This result sug-
gests a proton-coupled electron-transfer mechanism for CPR
oxidation.
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Figure 7: (a) Cyclic voltammograms of MIL-101/rGO(3.3)/GCE recorded in 0.1 M BR buffer (pH 4) containing 15 µM ciprofloxacin at scan rates from
0.05 to 0.40 V·s−1; (b) linear relationship between the peak current and the square root of scan rate (v1/2), and (c) linear dependence of the peak
potential of ciprofloxacin on the natural logarithm of scan rate (ln v).

Effect of scan rate and kinetic analysis
The effect of scan rate on the electrochemical response of CPR
at MIL-101/rGO(3.3)/GCE was examined over the range of
0.05–0.40 V·s−1 (Figure 7). The oxidation peak current in-
creases linearly with the square root of the scan rate (Figure 7a),
indicating that CPR oxidation is mainly controlled by diffusion
[28].

Furthermore, based on Laviron’s theory [29], the linear depen-
dence of peak potential on the natural logarithm of scan rate
confirms the irreversible nature of the oxidation process
(Figure 7c).

For an irreversible electrochemical system, the charge-transfer
coefficient (α) was assumed to be 0.5, as is common in the liter-
ature [30].

From the slope of the ECPR–ln v plot, the product of α and the
number of transferred electrons (n) was calculated to be 0.7999,
leading to an estimated n value of approximately 1.6. Although
this does not correspond to an integer, it reasonably indicates
the involvement of two electrons in the oxidation process.
When combined with the pH-dependent study, the results
further suggest that the electrochemical oxidation of CPR at the
modified electrode likely involves a two-electron, two-proton
transfer process, aligning with previously reported electrochem-
ical oxidation mechanisms of CPR [31]. The proposed oxida-
tion pathway of CPR is schematically illustrated in Scheme 1.

Optimization of DPV parameters
To achieve maximum sensitivity, the parameters for differen-
tial pulse voltammetry (DPV) were systematically optimized.
The accumulation potential, accumulation time, pulse ampli-
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Scheme 1: The oxidation mechanism of CPR at MIL-101/rGO/CGE.

Figure 8: (a) DPV curves of MIL-101/rGO(3.3)/GCE recorded in 0.1 M BRS buffer (pH 4) at CPR concentrations ranging from 0.25 to 24.39 µM and
(b) corresponding calibration plots of peak current versus ciprofloxacin concentration.

tude, and potential step were investigated individually (Support-
ing Information File 1, Figure S4–S7). The optimal conditions
were determined to be an accumulation potential of 0 V, an
accumulation time of 4 s, a pulse amplitude of 0.11 V, and a
voltage step of 0.010 V. Under these conditions, the oxidation
peak current of CPR reached its maximum while maintaining a
good peak shape and stable signal.

Analytical performance and linear range
The analytical performance of the proposed sensor was evalu-
ated by recording the DPV responses at increasing analyte con-
centrations (Figure 8a). As the CPR concentration rose, the
peak current steadily increased, indicating that the electrochem-
ical signal highly depends on the CPR concentration. The cali-
bration plot of peak current versus concentration is shown in
Figure 8b. Two linear regions are observed within the concen-
tration ranges of 0.25–9.41 and 9.41–24.39 µM.

The corresponding regression equations are described as
follows

The presence of two linear ranges indicates a change in the
interaction between the CPR molecules and the electrode sur-
face at higher concentrations. At lower concentrations, CPR
molecules are effectively adsorbed onto the active sites of the
MIL-101/rGO-modified electrode, resulting in higher sensi-
tivity. However, as the concentration increases, the number of
available active sites gradually decreases due to partial surface
occupation by CPR molecules. As a result, the slope of the cali-
bration curve decreases slightly in the higher-concentration
range. This behavior shows the beginning saturation of active
sites on the electrode surface, which is common in adsorption-
controlled electrochemical sensing systems. However, a strong
linear relationship is still maintained across a wide concentra-
tion range, demonstrating the good analytical performance of
the proposed sensor for quantitative analysis.

The limit of detection (LODCPR) and the limit of quantification
(LOQCPR) were 0.11 and 0.36 µM, respectively. Table 2 shows
the LOD and linear range of the proposed DPV and compares
them with published reports. The LOD of the proposed sensor
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Table 2: Comparison of the analytical performance of the proposed MIL-101/rGO/GCE with previously reported electrochemical sensors for CPR de-
termination.

Electrodes Methods Linear range (µM) LOD (µM) Real samples Ref.

CB–PLA (3D-printed) sensor – 1.0–12.5 0.3 tap water and synthetic urine [32]
Poly [Mn(Chr)3]Cl2/PGE SWV 1–200 0.536 pharmaceutical and urine

samples
[33]

AgNPs-CB-Ch/GCE SWV 3.1–24.8; 36.9–130.3 0.48 synthetic urine samples [34]
GaTCPP(Ni)-Nafion/SPCE DPV 200–1000 118 pharmaceutical samples [35]
MWCNT/GCE chronoamperometric 40–1000 6 urine and serum samples [36]
CNSs/GCE DPV 0.5–5.0 0.15 water sample and medicinal

formulations
[37]

{[Co(HL)(bix)]·H2O}n/GCE DPV 2–20 0.135 water samples [38]
[Co(HL)(bimb)·H2O]}n/GCE DPV 1–14 0.082 water samples [38]
MIL-101/rGO/GCE DPV 0.25–9.41 0.110 pharmaceutical formulations this

study

Figure 9: (a) Relative standard deviation of the anodic peak currents obtained from DPV measurements recorded over ten consecutive scans at the
MIL-101/rGO(3.3)/GCE in 0.1 M B-R buffer (pH 4) containing CPR at different concentrations (1.0, 2.5, 5.0, 10.4, and 24.4 µM), in comparison with
half of the Horwitz RSD (1/2 RSDH) and (b) reproducibility and long-term stability of the MIL-101/rGO(3.3)/GCE evaluated from the peak current
response toward ciprofloxacin (5.0 µM) in 0.1 M Britton–Robinson buffer (pH 4), including ten repeated measurements using independently prepared
electrodes and the current response recorded over ten days.

was comparable to previous sensors. The advantage of using the
MIL-101(Cr)/rGO composite comes from the synergistic com-
bination of its two components. MIL-101(Cr) has a high sur-
face area and abundant porous structure, providing numerous
active sites and strong adsorption capability for the target mole-
cules; rGO offers high electrical conductivity, facilitating rapid
electron transfer.

Repeatability, reproducibility, and stability
The measurement repeatability of the proposed sensor was eval-
uated at different CPR concentrations (1.0, 2.5, 5.0, 10.4, and
24.4 µM). Differential pulse voltammetry (DPV) responses
were recorded over ten consecutive measurements, and the rela-
tive standard deviation (RSD) values were calculated and com-

pared with half of the Horwitz RSD. The obtained RSD values
were significantly lower than half of the Horwitz RSD, indicat-
ing excellent repeatability and analytical precision of the sensor
(Figure 9a).

The reproducibility of the sensor was further assessed using in-
dependently prepared MIL-101/rGO-modified electrodes fabri-
cated under identical conditions (Figure 9b). The peak current
response was measured as ICPR = 4.29 ± 0.16 µA, correspond-
ing to an RSD of 3.70%. The low RSD value (<5%) confirms
the good fabrication reproducibility of the proposed electrode.

The long-term stability of the sensor was evaluated using a
single electrode stored in BR buffer at low temperature after use
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Figure 10: Relative error (RE%) caused by the interference of selected inorganic (a) and organic (b) species at different concentration ratios.

Table 3: Determination and recovery of CPR in commercial pharmaceutical formulations by DPV at MIL-101/rGO(3.3)/GCE.a

Notation CPR content ± SD (µM)b CPR content ± SD (mg)c Spiked (µM) Found ± SD (µM)b Recovery (%)

Tablets 1
(Label 500 mg CPR/unit)

1.4376 ± 0.0182 479.3 ± 3.0 1.0 2.4089 ± 0.0299 97.13

Tablets 2
(Label 500 mg CPR/unit)

1.5656 ± 0.0281 512.1 ± 7.9 1.0 2.6123 ± 0.0158 104.67

Powder of oral suspension
(Label 250 mg CPR/unit)

1.4851 ± 0.0172 245.6 ± 3.9 1.0 2.4442 ± 0.0257 95.91

aSD: standard deviation of three repeated measurements; bCPR concentration calculated in electrochemical cell; cCPR amount calculated in one unit
of drug by DPV method.

and tested over several days (Figure 9b). The peak current was
recalled as ICPR = 4.25 ± 0.14 µA with an RSD of 3.33%. After
ten days of storage, approximately 92% of the initial current
response was retained. The low RSD values together with the
high current retention demonstrate the satisfactory long-term
stability and reliable performance of the MIL-101/rGO-modi-
fied electrode.

Interference study
The selectivity of the proposed sensor toward ciprofloxacin
(CPR) was evaluated in the presence of common inorganic ions
and organic compounds, including CaCl2 (denoted as C1), NaCl
(C2), K2SO4 (C3), Al(NO3)3 (C4), Mg3(C6H5O7)2 (C5), NH4Cl
(C6), citric acid (C7), saccharine (C8), ᴅ-sorbitol (C9), ascorbic
acid (C10), ᴅ-glucose (C11), and lactose (C12). An interfering
species was considered to have a significant effect on the CPR
peak current when the absolute relative deviation exceeded 5%.

As shown in Figure 10, no significant interference was ob-
served for most of the tested species, even when their concen-

trations were more than 100-fold higher than that of CPR.
These results demonstrate that the proposed sensor possesses
good selectivity and strong anti-interference capability, making
it suitable for the determination of CPR in complex sample
matrices.

Application to pharmaceutical samples
The proposed DPV method was used to determine CPR in
various commercial pharmaceutical formulations using the stan-
dard addition method (Table 3). The recovery values obtained
ranged from 95.91% to 104.67%, demonstrating good accuracy
of the method. The slightly higher recovery for Tablets 2
(104.67%) may be due to excipients in the formulation. Some
excipients can produce weak electrochemical responses or con-
tribute to background currents near CPR oxidation potentials,
which can slightly raise the measured peak current and cause a
minor overestimation of the analyte concentration. However,
these recoveries are within the acceptable range for pharmaceu-
tical analysis (90–110%), confirming the reliability of the de-
veloped DPV method for analyzing CPR in real samples.
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Conclusion
In this work, an electrochemical sensor based on a MIL-101/
reduced graphene oxide (MIL-101/rGO) modified glassy
carbon electrode was successfully developed for detecting
ciprofloxacin. MIL-101/rGO, synthesized using a simple ultra-
sonic-assisted method, displayed a favorable microstructure and
strong interfacial interaction between MIL-101 and rGO,
leading to an improved electrochemical response to
ciprofloxacin oxidation. Electrochemical investigations showed
that the modified electrode exhibited enhanced electrochemical
performance and increased catalytic activity toward CPR oxida-
tion compared to the bare electrode. Under optimal experimen-
tal conditions, the proposed sensor demonstrated a broad linear
response range with a low detection limit, along with good
selectivity against common interfering substances. Additionally,
the sensor exhibited excellent repeatability, strong repro-
ducibility in fabrication, and reliable long-term stability. The
practical application of the method was confirmed through suc-
cessful detection of CPR in pharmaceutical products with
acceptable recoveries. Overall, the MIL-101/rGO-modified
electrode is a reliable and efficient electrochemical sensing
platform for CPR detection and shows potential for routine
pharmaceutical analysis and related electrochemical sensing
research.
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Abstract
Epithelial tissues form selective barriers essential for physiological homeostasis. Conventional in vitro models rely on solid sub-
strates, which limit the physicochemical flexibility of the cellular microenvironment. Here, we introduce a microfluidic platform in
which a collagen-coated liquid–liquid interface formed between perfluorocarbon (FC-43) and culture medium serves as a substrate
for epithelial cell adhesion. By culturing Caco-2 cells in the device, we show that the liquid interface supports cell attachment and
the formation of monolayers. Immunofluorescence observation reveals the development of tight junctions and organized actin
cytoskeletons, indicating early-stage epithelial maturation. Our new microfluidic system enables the formation of stable
liquid–liquid interfaces that serve as viable and flexible substrates for epithelial cell culture, offering new opportunities for multi-
phase microfluidic models of epithelial barriers.
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Introduction
Epithelial tissues form selective barriers that regulate the trans-
port of molecules, ions, and gases; they play an important role
in physiological homeostasis [1]. In vitro models of epithelial
barriers, particularly culturing Caco-2 cells, have been widely
used to study the function of the epithelial tissues [2-4]. The
microfluidic culture system known as gut-on-a-chip enables the
cultivation of Caco-2 cells under conditions that more closely

recapitulate the in vivo intestinal environment. By precisely
controlling fluid flow and inducing mechanical stimuli, this
platform provides physiologically relevant mechanical cues that
are difficult to reproduce in conventional static culture systems
[5-7]. Gut-on-a-chip platforms recapitulate the apical-basolat-
eral compartmentalization of the human intestinal epithelium by
dividing upper and lower microchannels with a solid porous
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Figure 1: Illustration of the liquid–liquid interface formation. (A) Concept of the microfluidic device. (B) Fluid operation description: (i) FC-43 filling,
(ii) collagen solution filling, (iii) culture medium filling, and (iv) Caco-2 cells introduction. (C) Fabricated microfluidic device. The dashed line indicates
the boundary of the liquid–liquid interface.

membrane, upon which intestinal epithelial cells are cultured to
establish a polarized epithelial barrier. Although porous mem-
branes enable compartmentalization, they may also impose non-
physiological diffusion barriers and mechanical constraints.

Liquid–liquid interfaces provide a mechanically soft and
dynamically reconfigurable environment that more closely
mimics native cellular microenvironments than rigid solid sub-
strates. Unlike conventional solid culture surfaces, liquid–liquid
interfaces offer a distinct platform for cell culture, enabling a
scaffold-free and mechanically tunable environment that elimi-
nates the rigidity and pore-related constraints inherent to syn-
thetic solid membranes [8-10]. Importantly, culturing cells at a
liquid–liquid interface provides a unique opportunity to
decouple biochemical signaling from substrate-imposed me-
chanical constraints, thereby enabling more physiologically
relevant investigation of epithelial barrier formation, transport
functions, and mechanobiological responses that are otherwise
difficult to isolate in conventional solid-supported systems.
Moreover, when functionalized with extracellular matrix pro-
teins, such interfaces can support uniform epithelial maturation
and stable monolayer formation, demonstrating their potential
as engineered bioactive substrates [10]. Owing to their dynamic
responsiveness to chemical and physical stimuli, such inter-
faces can also serve as reservoirs or delivery media for gases

and hydrophobic molecules [11]. Incorporating a liquid–liquid
interfacial strategy into microfluidic cell culture systems may
therefore offer an alternative to porous membrane-based
designs and mitigate the inherent limitations of synthetic solid
membranes in gut-on-a-chip platforms. Among candidate mate-
rials, perfluorocarbon liquids such as FC-43 are particularly
attractive due to their chemical inertness, immiscibility with
aqueous media, and high gas solubility [11], making them well
suited for multiphase microfluidic applications.

In this study, we propose a novel microfluidic cell culture
system by utilizing a collagen-coated liquid–liquid interface
that serves as a cell-adhesion substrate for epithelial cells
(Figure 1A). The rectangular cuboid-shaped microfluidic device
allows for stable formation of the liquid–liquid interface for cell
culture by sequential flow manipulation (Figure 1B). Using
Caco-2 cells, a well-known epithelial cell line, we demonstrate
that cells can adhere and form monolayers on the liquid–liquid
interface. Immunofluorescence images reveal the formation of
tight junctions and organized actin cytoskeletons, indicating
epithelial early-stage maturation. Our results establish
liquid–liquid interfaces as viable and functional substrates for
epithelial cell culture and highlight their potential for the devel-
opment of flexible, multiphase microfluidic models of epithe-
lial barrier.
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(1)

Figure 2: Rectangularity of the collagen solution region with respect to channel dimension (7 mm × 10 mm × width) and collagen solution introduction
flow rate. The collagen region was imaged by a smartphone followed by the direction indicated by arrow. Rectangularity is abbreviated as “Rec”.

Results and Discussion
Liquid–liquid interface formation in the
microfluidic device
The liquid–liquid interface was formed by first filling the
microchannel with the perfluorocarbon liquid FC-43, followed
by the introduction of an aqueous solution containing collagen
(Figure 1B-ii). The effect of channel dimensions on the forma-
tion of the liquid–liquid interface was evaluated using the
rectangular cuboid-shaped microfluidic device.

First, channel height and length were fixed at 7 and 10 mm, re-
spectively, while the channel width was varied (1.0, 1.5, 2.0,
5.0, and 10.0 mm). Liquid–liquid interfaces were subsequently
formed in each channel by introducing collagen solution at
50 µL/min. Here, when forming the liquid–liquid interface, a
meniscus develops. To quantify the extent of this meniscus, we
introduced rectangularity as an easily interpretable indicator.
Rectangularity is calculated using Equation 1 based on the
collagen region observed on the channel height × channel
length plane of the microfluidic device (i.e., 7 mm × 10 mm in
this case, see Figure 2, Figure 3, and Supporting Information
File 1, Figures S1–S3) and the minimum bounding rectangle of
the collagen solution region.

The rectangularity for each channel size is shown in Figure 3.
When the channel width ranged from 1 to 2 mm, the rectangu-
larity of the aqueous layer was 94% or higher; however, when
the channel width was 5 or 10 mm, the rectangularity decreased
to 88% (Figure 3). These results suggest that channel width
affects the formation of the liquid–liquid interface. To analyze
this effect, the “Bond number” (Bo), a dimensionless parameter
defined as

(2)

was introduced to evaluate whether gravitational forces or inter-
facial tension dominate when two fluids of different densities
are in contact. Here, ρ denotes the density difference between
FC-43 and the collagen solution, g is the gravitational accelera-
tion, L is the channel width, and σ is the interfacial tension coef-
ficient. In this experiment, as the channel width L was varied,
its effect on the Bond number was directly assessed. Taking the
Bond number for a channel width of 1 mm as a reference, the
Bond numbers for channel widths of 1.5, 2, 5, and 10 mm were
2.25, 4, 25, and 100 times greater, respectively. For channel
widths of 5 and 10 mm, the Bond number increased by one to
two orders of magnitude. As the Bond number increases, gravi-
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Figure 3: Rectangularity and Bond number as functions of the channel width (1.0, 1.5, 2.0, 5.0, and 10.0 mm). Representative interface images are
shown above each bar. The images of the collagen solution region were captured from the direction indicated by the arrows. Scale bars are 5 mm.
n = 3.

tational forces increasingly dominate over interfacial tension.
Thus, for channel widths of 5 and 10 mm, the gravitational
effect on the aqueous layer exceeds that of surface tension, re-
sulting in a pronounced meniscus and a reduction in rectangu-
larity. In this study, a high rectangularity was interpreted as in-
dicating an interface nearly parallel to the channel bottom,
which is favorable for microscopic observation; accordingly,
devices exhibiting high rectangularity were selected for the
demonstration. For a practical application, the device with a
width of 2 mm was selected for the cell culture experiments
because it offered advantages in operation, including easier
bubble removal.

In addition, the effect of channel height on the formation of the
liquid–liquid interface was evaluated (Figure 4). The channel
height was varied at 7, 5, and 4 mm. When the height was
4 mm, the FC-43 layer was almost completely displaced upon
the introduction of the collagen solution, preventing interface
formation. At a height of 5 mm, the liquid–liquid interface was
formed, but the rectangularity decreased to approximately 87%,
comparable to the rectangularity observed for aqueous layers in
channels 5 and 10 mm wide at a height of 7 mm. These results
indicate that channel height is also a critical parameter for the
formation of the liquid–liquid interface.

Rectangularity was evaluated by varying both the channel size
and the flow rate of the collagen solution (Figure 2, Supporting
Information File 1, Figures S1–S3). Our results suggest that
interface formation is largely insensitive to the flow rate of the
collagen solution, whereas the channel size significantly
governs the interfacial shape.

Caco-2 cell culture on the liquid–liquid
interface
The feasibility of adhesive cell culture on the liquid–liquid
interface with a collagen layer was demonstrated by culturing
Caco-2 cells (a human colorectal adenocarcinoma cell line).
After forming the liquid–liquid interface using FC-43 and
collagen-containing serum-free DMEM, the cell suspension was
introduced and seeded at a density of 1.5 × 105 cells/cm2. The
growth of Caco-2 cells on the liquid–liquid interface is shown
in Figure 5. The images were captured near the center of the
channel. At two days post-seeding, most Caco-2 cells had
adhered to the interface, resulting in the formation of a mono-
layer. This monolayer was maintained for seven days. In this
study, Caco-2 cell monolayer culture was performed using three
independent devices. As a result, confluency reached 95 ± 3%
after seven days of culture. Here, the images of the left, center
and right regions of the channel for each device were acquired
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Figure 4: Rectangularity as a function of channel height (7, 5, and 4 mm). Representative interface images are shown above each bar. For a channel
height of 4 mm, almost all of the FC-43 was replaced by the collagen solution; therefore, the rectangularity was not calculated, and it is labeled as “No
interface formation”. Scale bars are 5 mm. n = 3.

Figure 5: Time-lapse images of the progression of Caco-2 cells at the liquid–liquid interface. Images indicate Day1, Day2 and Day7, respectively.
Region with a lower number of cells is magnified to show that Caco-2 cells grow on the interface.

on day seven of culture (see Supporting Information File 1,
Figure S4), and confluency was calculated. Previous studies
have suggested that Caco-2 cells begin to exhibit early func-

tional characteristics of the intestinal epithelium, such as tight
junction formation, after approximately seven days of culture
[12]. In the present study, we therefore chose a period of seven
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Figure 6: Immunofluorescence images of Caco-2 cells cultured in a microfluidic device and 96-well plates. Nuclei, ZO-1, F-actin and Merge images
are displayed.

days of culture to assess the early-stage maturation of Caco-2
monolayers from a proof-of-concept perspective. Here, the
liquid–liquid interface remained intact and was stably
maintained throughout the cell culture period (data is not
shown).

To observe whether collagen was coated on the liquid–liquid
interface, immunostaining for collagen was performed
(Supporting Information File 1, Figure S5). Compared
to the device without collagen coating, fluorescence was
observed in the collagen-coated device. In addition, to
evaluate the effect of collagen coating on the liquid–liquid
interface, the behavior of Caco-2 cells seeded onto a
liquid–liquid interface without collagen coating is shown in
Supporting Information File 1, Figure S6. Caco-2 cells
did not adhere on the liquid–liquid interface to form a
monolayer; instead, they aggregated and were observed
floating on the liquid–liquid interface. Those results indi-
cate that bringing the collagen solution into contact with
FC-43 results in the formation of a collagen layer on the
liquid–liquid interface that is sufficiently robust to support cell
adhesion.

Caco-2 cells monolayer maturation
Immunofluorescence staining was performed to observe the
characteristics of cultured Caco-2 cells as an intestinal epithe-
lial model. Figure 6 shows a comparison of immunofluores-
cence images of ZO-1, F-actin, and nuclei in Caco-2 cells
cultured in the microfluidic device and in 96-well plates. Under
both conditions, epifluorescence imaging shows that the nuclei,
ZO-1, and F-actin signals are localized within the same focal
plane and are distributed across the entire liquid–liquid inter-
face formed in the microfluidic device, indicating the formation
of a monolayer. Although autofluorescence from FC-43 was ob-
served in the images of the microfluidic devices, ZO-1 localiza-
tion at cell–cell junctions was confirmed, suggesting the forma-
tion of epithelial barrier properties in Caco-2 cells cultured in
the microfluidic device [13,14]. F-actin localization was ob-
served under both conditions, suggesting that the cytoskeletal
organization supporting the epithelial structure was maintained
in Caco-2 cells cultured in the microfluidic device. Colocaliza-
tion of ZO-1 with F-actin at cell–cell borders indicates the for-
mation of mature tight junctions and the establishment of a
functional epithelial barrier. Taken together, these results
suggest that Caco-2 cells [15,16] cultured in the microfluidic
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device formed an epithelial monolayer with tight junctions and
supporting cytoskeletal organization, recapitulating intestinal
epithelial characteristics. Caco-2 cell culture and immunos-
taining within the microfluidic device were conducted in tripli-
cate (n = 3), and representative results are shown in this study.

Conclusion
We propose a unique rectangular cuboid-shaped microfluidic
device that enables Caco-2 cell culture on a liquid–liquid inter-
face. The collagen-coated liquid–liquid interface was formed by
sequentially perfusing collagen-containing aqueous solution
into the microfluidic channel filled with perfluorocarbon FC-43.
Caco-2 cells were successfully cultured on the interface by
forming a monolayer, and immunofluorescence imaging con-
firmed tight-junction formation and organized actin cytoskele-
tons, indicating early-stage epithelial maturation. Unlike
conventional systems that rely on plastic or silicone rubber sub-
strates for cell adhesion, our system enables direct cell culture
on a liquid–liquid interface, offering a novel platform with
potential for advanced drug transport studies and co-culture ex-
periments with other cell types. This approach is expected to
open new avenues for functional assays, such as transepithelial
electrical resistance or drug permeability studies and co-culture
experiments with other cell types.

Experimental
Device materials, reagents, and Caco-2 cells
The materials for device fabrication and assembly were ob-
tained from the following suppliers: PDMS (Silpot 184W/C,
Dow Corning Toray, Tokyo, Japan) and cover glass (MICRO
COVER GLASS, MATSUNAMI GLASS IND., LTD., Osaka,
Japan). Reagents for experiments were obtained from the
following suppliers: formaldehyde (FA) (Formaldehyde, FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan), Triton
X-100 (TritonTMX-100, Sigma-Aldrich, St. Louis, MO, USA),
ZO-1 antibody (ZO-1 Monoclonal Antibody [ZO1-1A12],
Alexa FluorTM 488, Thermo Fisher Scientific Inc., Waltham,
MA, USA), phalloidin (Phalloidin, Red Fluorescent Dye Conju-
gate, Acti-stain 555, Cytoskeleton, Inc., CO, USA),
Hoechst33342 (Hoecst 33342 solution, Dojindo Laboratories,
Kumamoto, Japan), PBS (D-PBS(−) (10×), Nacalai Tesque,
Inc., Kyoto, Japan), DMEM (DMEM(1×)+GlutaMAXTM-I,
Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA),
FBS (Fetal Bovine Serum, Gibco, Thermo Fisher Scientific
Inc., Waltham, MA, USA), Collagen type I-C (Cellmatrix®

Type I-C, Nitta Gelatin Inc., Osaka, Japan) and FC-43 (3M, St.
Paul, MN, USA).

Device fabrication
The microfluidic device was fabricated by following soft lithog-
raphy. The polyacetal plate was milled to fabricate the molds,

which were designed by three-dimensional computer-aided
design software. The fabrication process is shown in Supporting
Information File 1, Figure S7. Briefly, PDMS was cast on
molds and cured at 85 °C for 5 h (Figure S7i). The cured PDMS
was removed from the mold and holes with diameters of 1.0 and
1.5 mm were punched for port and reservoir, respectively
(Figure S7ii). Port and reservoir were attached on to the micro-
fluidic device (Figure S7iii). A thin layer of uncured PDMS was
applied to the bottom of the device, attached to a coverslip and
cured at 85 °C for 2 h (Figure S7iv).

Caco-2 cell culture
The procedure of the Caco-2 cell culture in the microfluidic
device is shown in Figure S8. First, the device was filled with
FC-43 (Figure S8i). Next, collagen-containing serum-free
DMEM (60 μg/mL) was introduced into the channel at a flow
rate of 50 μL/min using a syringe pump (KDS, kd Scientific,
MA, USA) from the port (Figure S8ii). In this study, the
collagen concentration was selected as the optimal condition
based on preliminary experiments (data not shown). In brief,
excessively low collagen concentrations impede cell adhesion,
while excessively high concentrations lead to gelation, making
fluid handling impossible. The microfluidic device was put in
the refrigerator (4 °C, 2 h) (Figure S8iii). Thereafter, culture
medium was introduced into the channel at a flow rate of
10 μL/min for 10 min to replace the existing liquid layer (Figure
S8iv). The human large intestinal cancer cell line Caco-2 cells
(CACO-2, KAC Co., Ltd., Kyoto, Japan) were harvested and
resuspended in culture medium (DMEM/FBS = 9:1) (Figure
S8v). A portion of the cell suspension was aspirated using a
pipette, and the pipette tip was mounted onto the device reser-
voir. The cell suspension was then introduced into the channel
from the port using a syringe pump at a flow rate of 20 μL/min
for 1 min, and Caco-2 cells were seeded onto the liquid–liquid
interface at a density of 1.5 × 105 cells/cm2. The microfluidic
device was then put in an incubator (37 °C, 5% CO2). The cul-
ture medium was replaced daily by flowing fresh medium
through the channel at a flow rate of 10 μL/min for 10 min. For
control experiments, Caco-2 cells were seeded into 96-well
plates at a density of 1.5 × 105 cells/cm2, and the culture medi-
um was replaced daily. The microfluidic device and the 96-well
plate were put in an incubator (37 °C, 5% CO2).

Immunostaining procedure
For immunostaining, Caco-2 cells cultured in the channel
device and 96-well plates for seven days were fixed with 4%
FA/PBS for 20 min, followed by permeabilization with 0.5%
Triton X-100/PBS at room temperature for 20 min (Supporting
Information File 1, Figure S9ii,iv). Blocking was performed
with 1% BSA/PBS at 4 °C overnight (Figure S9vi). The sam-
ples were then incubated at room temperature for 3 h in a solu-
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tion containing ZO-1 antibody (5 μg/mL), phalloidin (0.1 μM),
and Hoechst33342 (2 μg/mL). Between each procedure, PBS
was filled to wash the channel or wells (Figure S9i,iii,v,vii).

For immunostaining, the collagen layer coated on the
liquid–liquid interface was fixed with 4% FA/PBS for 20 min at
room temperature for 20 min (Figure S10v). Blocking was per-
formed with 1% BSA/PBS at 4 °C overnight (Figure S10vii).
The samples were then incubated at room temperature for 3 h in
a solution containing collagen antibody (5 μg/mL) (Figure
S10ix). In the negative control experiment without collagen
coating, the procedure was carried out in the same manner,
except for the step shown in Figure S10ii.

Image acquisition and quantification
The appearance of the aqueous layer was captured using a
smartphone (Google Pixel 9a, Google LLC, CA, USA). Bright-
field images of the cells were acquired using an inverted micro-
scope (Leica DMil, Leica Microsystems, Wetzlar, Germany)
equipped with a FLEXACAM camera. Fluorescence images
were acquired using an all-in-one fluorescence microscope (BZ-
X700, Keyence Corporation, Osaka, Japan). The fluorescence
images were saved in 14-bit TiFF format, and the images were
processed using the ImageJ software (NIH).

Supporting Information
Supporting Information File 1
Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-17-53-S1.pdf]
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Abstract
Monitoring metal ions in aquatic environments is essential for understanding ecosystem dynamics and assessing water quality.
Chemosensors have emerged as powerful analytical tools at the molecular level that transduce ion-recognition events into optical
signals. In particular, coordination with metal ions enables cross-reactive sensing, allowing for simultaneous detection of multiple
analytes based on pattern recognition. This perspective summarizes advances in self-assembled chemosensor systems for metal ion
detection and further developments to solid-state chemosensor array devices based on nanotechnologies. In practical chemosensor
designs, dynamic covalent bonds between catechol and phenylboronic acid derivatives have been employed to provide a versatile
strategy for the spontaneous preparation of chemosensor elements without extensive synthetic effort. Furthermore, integration of
these self-assembled chemosensors into paper substrates enables portable detection platforms for on-site analysis without using sta-
tionary laboratory instruments. This cross-scale design strategy provides a promising approach for simultaneous detection of metal
ions in various water environments across microscopic and macroscopic scales.

828

Introduction
Metal ions are essential species in biological systems; however,
heavy metal ions act as pollutants and can damage organs and
the immune system through the intake of contaminated food
[1,2]. Globally, the monitoring of metal ion levels in water
environments is significant.

Chemosensors are analytical tools at the molecular level that ex-
hibit optical responses through colorimetric and fluorescence
signals [3-5]; they have been widely applied to metal ion detec-
tion [6-11]. The detection principle of chemosensors relies on
ion and molecular recognition chemistry [3]. Target metal ions
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Figure 1: Conceptual figure showing this perspective on simultaneous metal ion detection based on self-assembled chemosensors and their devices
through a cross-scale design. The middle panel of Figure 1 was adapted from [28] (“Nanoarchitectonics of highly dispersed polythiophene on paper
for accurate quantitative detection of metal ions”, © 2024 Y. Sasaki et al., published by the Royal Society of Chemistry, distributed under the terms of
the Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/). The rightmost panel of Figure 1 was adapted
from [20] (© 2023 Y. Sasaki et al., distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecom-
mons.org/licenses/by/4.0).

have various sizes and valencies; thus, simultaneous detection
of multiple metal ions is desired [1,2]. In this regard, chemo-
sensors provide multivalent interactions toward analytes, which
allow the simultaneous detection of metal ions based on pattern
recognition [12-16].

Chemosensor design relies on molecular-recognition chemistry,
dye chemistry, and photochemistry [3]. Conventional chemo-
sensors based on covalent bond chemistry require organic syn-
thetic approaches in the chemosensor preparations [6-9]. Mean-
while, molecular self-assembly serves as a driving force for
easy-to-obtain chemosensors through spontaneous preparation
without a synthetic burden [17]. Moreover, the optical proper-
ties of chemosensors are tuned during association and dissocia-
tion upon analyte detection [18,19]. The performance of chemo-
sensors has been widely evaluated in the solution state using
conventional spectroscopic instruments [12-16], whereas the
practical implementation of sensing systems remains chal-
lenging in on-site analysis [20,21]. Thus, the development of a
solid-state chemosensor device is necessary for facile analyte
detection.

To implement the cross-scale design concept, chemosensor ele-
ments should be highly dispersed on solid support materials
possessing nanoarchitectures such as fiber structures. Paper sub-
strates, which are commonly used in daily life, are eco-friendly
and highly processable materials for disposable analytical
devices [20-25]. In particular, the fiber structures of paper sub-
strates provide unique functional nanoarchitectures [26,27].
Regarding analytical devices, such fiber-like nanostructures
contribute to the homogeneous dispersion of chemosensor mol-
ecules through office printing technologies [28,29]. The printed

chemosensor arrays on a paper substrate exhibit optical changes
upon analyte capture, which are detected using portable
recording apparatuses (e.g., smartphones, digital cameras, and
flatbed scanners) [21,30]. Approaches using paper substrates as
solid supports for chemosensor array devices enable on-site
analysis without using stationary laboratory facilities.

Previous reviews have discussed chemosensors for metal ions
[6-9], approaches for self-assembled chemosensors [17,19,31],
chemosensor arrays (nanoparticles [32,33], polymers [34,35],
and self-assembled elements [36]), solid-state analytical devices
using gels [37,38] and paper substrates [21], and chemometric
techniques [39] and their principles [40,41], independently.
However, the conceptual connection between molecular-scale
recognition events and device-level sensing architectures
remains insufficiently explored. In this perspective, we propose
a cross-scale design that bridges ion and molecular recognition
chemistry with solid-state sensing devices incorporating nano-
scale architectures for environmental monitoring of metal ions.
This perspective introduces the principles of metal ion detec-
tion using chemosensors and the design strategy based on
molecular self-assemblies for sensing multiple analytes based
on pattern recognition [13,15]. After the discussion of the
potential of self-assembled chemosensors and their arrays for si-
multaneous detection of metal ions in solution states, the
concept is expanded to a paper-based chemosensor array device
[20]. In this perspective, we introduce the new concept “cross-
scale design”, defined as an approach connecting molecular
sensing in solution states and solid-state sensing, while main-
taining or enhancing chemosensor behaviors compared with
those in solution (Figure 1). In this context, the concept of
cross-scale design refers to the hierarchical integration of
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Figure 2: Categorization of chemosensor preparation and detection principles. (A) An indicator–spacer–receptor-based chemosensor based on cova-
lent bond chemistry, (B) an indicator displacement assay for analyte capture based on a competitive reaction among the indicator, the receptor, and
the analyte, and (C) a self-assembled chemosensing system based on a competitive reaction among the indicator (and target binding unit), the optical
manipulator, and the analyte. Figure 2 was adapted from [17] (© 2023 Y. Sasaki & T. Minami. ChemNanoMat published by Wiley-VCH GmbH, distri-
buted under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

sensing processes across multiple levels, from supramolecular
chemosensors and pattern-recognition-based sensing to device-
level architectures for practical environmental monitoring.

Discussion
Designs and preparation of chemosensors
for the simultaneous detection of metal ions
As described in the Introduction, we aim to simultaneously
discriminate multiple metal ions based on pattern recognition.
In pattern recognition-driven chemical sensors, various
response patterns including absorbance, fluorescence intensi-
ties, and wavelength changes are used as input data for pattern
recognition [36]. To perform accurate analysis, appropriate
designs of chemosensors are required. This section focuses on
the design strategies based on molecular self-assemblies and the
candidates for building blocks for chemosensor elements.

Categorization of chemosensor designs
In the simultaneous detection of multiple metal ions in aqueous
media, chemosensors should satisfy the following requirements:
They must exhibit different optical properties depending on the
types of metal ions and their concentrations to obtain finger-
print-like response patterns, and they must be highly soluble
[17]. Typical chemosensor molecules are covalently linked
among the binding sites for analytes, optical units (chro-
mophores and fluorophores), and manipulator units, if neces-
sary (Figure 2A) [42]. To construct a chemosensor array, the
variation of optical properties is significant, while the modifica-
tion of chemosensor properties is limited by the synthetic effort

required. Molecular self-assembly is a valid approach to sponta-
neously obtain an ensemble in aqueous media by mixing build-
ing blocks and to tune optical properties by changing the combi-
nation of building blocks [17,19,31].

One representative self-assembly-driven chemosensing system
is an indicator-displacement assay (IDA) [31,43]. In this
system, an indicator and a receptor unit spontaneously form a
self-assembled chemosensor in aqueous media, accompanied by
an optical change. Upon analyte addition, the indicator is re-
leased from the chemosensor ensemble, which induces optical
recovery (Figure 2B). To further tune the optical properties of
indicators, building blocks acting as optical manipulators are an
appropriate strategy in self-assembled chemosensing. The
chemosensor is formed using optical units (and the target
binding site) and optical manipulators [13,15]. In contrast to the
typical IDA, the approach using the optical unit serving as the
target binding site and the optical manipulator induces distinct
optical changes upon analyte capture (Figure 2C). This ap-
proach offers the advantage of facile preparation of chemo-
sensors that display a variety of optical patterns, even with a
small number of building blocks.

Selection of building blocks of chemosensors for
metal ion sensing
The general strategy of metal-ion recognition primarily relies on
multivalent coordination between target metal ions and donor
atoms (e.g., nitrogen, oxygen, and sulfur) of binding sites [44].
Upon metal ion capture, the chemical information is visualized
using optical units and further amplified by optical manipula-
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Figure 3: Chemical structures of catechols 1–4 and phenylboronic acid derivative 5.

tors. To induce recognizable optical responses, molecular dy-
namics during the association and dissociation of color manipu-
lators are significant [36].

Dynamic covalent bonds are key motifs that contribute to the
formation of self-assembled chemosensors and analyte detec-
tion [45,46]. Phenylboronic acid derivatives have been widely
used as the building blocks for versatile supramolecular archi-
tectures [47-49]. The inherent reversibility derived from
dynamic covalent bonds endows unique functions to the self-
assembled structures. In the field of analytical chemistry, bene-
ficial molecular behavior based on boronate esterification has
been applied to reversible and continuous analyte detection
[48]. In conventional chemosensor designs, phenylboronic acid
derivatives are widely used as receptor units for analytes with
cis-diol moieties [47-49]. Also, the favorable binding affinity of
phenylboronic acid derivatives enables the formation of ensem-
bles with indicators bearing cis-diol units [50-52].

Catechol derivatives demonstrate favorable metal-ion recogni-
tion abilities, owing to the presence of two adjacent hydroxy
groups [53]. The optical properties of catechol derivatives cor-
respond to the protonation and deprotonation forms [54]. The
coordination with metal ions promotes the deprotonation of
catechol derivatives from neutral structures [53]. Herein, we
focus on phenylboronic acid as an optical manipulator of cate-
chol derivatives that act as indicators and binding sites for metal
ions and discuss the usability of this combination in the simulta-
neous detection of metal ions.

Dynamic covalent bond-based
chemosensors for metal ion detection in
solution states
In this chemosensor design, catechol derivatives (i.e., alizarin
red S (1), bromopyrogallol red (2), pyrogallol red (3), and pyro-
catechol violet (4)) and a phenylboronic acid derivative (i.e.,
3-nitrophenylboronic acid (5)) are employed (Figure 3) [13,20].
These building blocks are assembled through boronate esterifi-
cation, which induces an optical change. For example, the cate-

chol dye 1 showed blueshifts in the UV–vis absorption spectra
with an increase in concentration of 5, which supported the
spontaneous formation of a boronate ester (Figure 4A). The
nitrophenyl moiety acting as an electron-withdrawing group of
5 increases the Lewis acidity of boronic acid and facilitates the
formation of boronate esters [11]. Meanwhile, the colorimetric
ensemble of 1 and 5 exhibited redshifts in the UV–vis absorp-
tion spectra in the presence of a target metal ion (Ni2+). The
optical changes suggested the coordination between 1 and the
metal ion, along with the release of 5, according to a competi-
tive reaction among 1, 5, and the metal ion (Figure 4B). In this
sensing approach, the catechol derivative served as the binding
site for metal ions, resulting in a unique spectral profile. Conse-
quently, this method induces versatile optical patterns beyond
simple signal recovery and, thus, enables simultaneous discrim-
ination of various metal ions even with a small number of
chemosensor elements.

Scheme of pattern recognition-driven
chemical sensing
The process of simultaneous detection comprises several steps,
namely, design and preparation of chemosensors, recording
chemosensor responses to analytes, collection and preparation
of input data, data processing using chemometric techniques,
and visualization of chemical information (Figure 5) [36]. The
optical responses of chemosensors and their arrays are acquired
using spectrophotometers and portable recording apparatuses.
The recorded optical responses as spectral profiles and digital
images are summarized into a data matrix, according to the
categories of types of chemosensor elements, analytes, and their
concentrations. To validate the reproducibility of the sensing
performance, replicate measurements are carried out. Therefore,
the data matrix contains multidimensional chemical informa-
tion, which can be processed using chemometric methods to
classify and predict chemical information and to visualize the
results as two- and three-dimensional outputs [39].

Herein, the assays are categorized into three types, namely,
qualitative (i.e., discrimination among analyte types), semiquan-



Beilstein J. Nanotechnol. 2026, 17, 828–838.

832

Figure 4: Colorimetric changes of a catechol dye 1 derived from (A) association with 5 through boronate esterification and (B) competitive coordina-
tion with Ni2+ in the presence of 5 in aqueous media. Figure 4, panels A and B were used with permission of The Royal Society of Chemistry, from
[13] (“A molecular self-assembled colorimetric chemosensor array for simultaneous detection of metal ions in water” by Y. Sasaki et al., Chem.
Commun., Vol. 53, Issue 49, © 2017). This content is not subject to CC BY 4.0.

Figure 5: Conceptual scheme for pattern recognition-driven chemical sensing.

titative (i.e., discrimination among analyte types and concentra-
tion levels), and quantitative detection (i.e., prediction of
unknown analytes and their concentrations in real samples)
[36]. Next, data processing is performed using supervised and
unsupervised methods, depending on the purpose of the analy-
sis. Unsupervised methods include principal component analy-
sis (PCA) and hierarchical clustering analysis (HCA), while
supervised methods include linear discriminant analysis (LDA),
support vector machine (SVM), and artificial neural network
(ANN). The details of each method have already been summa-
rized in previous reviews [39]. In this perspective, simulta-
neous detection using LDA and SVM is introduced as an exam-
ple [39]. LDA reduces the dimensionality of the input data and
classifies each component based on its differences [39]. In the
following sections, LDA is introduced for qualitative discrimi-
nation, whereas SVM is used for quantitative assays [55]. Thus,

the analytical method can be used for quantitative assays in
complicated media, such as mixtures of analytes and real sam-
ples in the presence of interfering species.

Colorimetric chemosensor arrays for
qualitative detection of eleven metal ions
To explore the potential of colorimetric self-assembled chemo-
sensors, the three catechol dyes 1–3 and the color manipulator 5
were selected as components of an array for the simultaneous
discrimination of eleven types of metal ions (i.e., Pb2+, Cu2+,
Zn2+, Ni2+, Cd2+, Co2+, Fe2+, Hg2+, Al3+, Ga3+, and Ca2+)
[13]. As described in Figure 6A, the various colorimetric
patterns were obtained on an array, according to the combina-
tion of the colorimetric ensembles and target metal ions. Impor-
tantly, the magnitude of the color changes of the catechol dyes
in response to the metal ions was significant in the presence of
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Figure 6: (A) Colorimetric patterns of a stand-alone dye array and the self-assembled chemosensor array in the presence or absence of metal ions.
LDA canonical score plots for the qualitative assay of eleven metal ions using (B) the self-assembled chemosensor array and (C) the stand-alone dye
array in aqueous media. Figure 6, panels A and B were used with permission of The Royal Society of Chemistry, from [13] (“A molecular self-assem-
bled colorimetric chemosensor array for simultaneous detection of metal ions in water” by Y. Sasaki et al., Chem. Commun., Vol. 53, Issue 49, ©
2017). This content is not subject to CC BY 4.0. Figure 6, panel (C) was reproduced with permission from [56]. © 2018 Institute of Industrial Science,
The University of Tokyo. This content is not subject to CC BY 4.0.

5, unlike without the color manipulator (i.e., stand-alone dye
array). Indeed, the qualitative detection with 100% correct clas-
sification was achieved for eleven types of metal ions, even
with excess amounts of sodium chloride (NaCl) (Figure 6B). In
this assay, the input data for LDA were constructed using
UV–vis absorption spectra of chemosensors upon analyte addi-
tion. The dimensionality of the input data depends on the num-
ber of chemosensors, analytes, and replicate measurements,
which is decreased using LDA. Each axis (i.e., factor, F) corre-
sponds to the contribution derived from the multidimensional
colorimetric response dataset [39]. The stand-alone dye array
did not show accurate discrimination of the same metal ions
(Figure 6C) [56]. Overall, the spontaneous preparation ap-
proaches using the catechol and the phenylboronic acid deriva-
tives suggested the feasibility of simultaneous detection of
metal ions in solution states, based on cross-reactivity and re-
versibility of self-assembled chemosensors.

Solid-state chemosensor array device toward
on-site metal ion detection
Based on the concept described above, a paper-based
chemosensor array device was fabricated by printing self-
assembled chemosensor elements onto paper substrates. To

demonstrate the concept of cross-scale design, this section
introduces a paper-based chemosensor array device embedded
with the colorimetric ensembles that have already been evalu-
ated in solution states. Herein, the key aspect of this concept is
the retention of sensing performance of the self-assembled
chemosensors even on the paper substrates.

Design and fabrication of the paper-based
chemosensor array device
The uniformity of the sensing layer significantly affects the
reproducibility and accuracy of analyte detection. Therefore, a
printed pattern with 96 microwells was designed to avoid coffee
ring effects [57]. Device designs (well design and area length
and width), printing conditions and process (printing cycles of
chemosensor inks), and sensing process (analyte solution
volume) were optimized using a central composite design [58].

The selection of appropriate paper substrates also plays a signif-
icant role in reproducible sensing [59]. The mechanical proper-
ties of paper substrates depend on their thickness, pore size,
and liquid absorbability [21]. In particular, the thickness of
the substrates influences the magnitude of optical changes
[60]. In addition, the fiber structures of paper substrates effec-
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Figure 7: (A) Schematic of device fabrication using office printers and apparatus. (B) Photograph of the 96-well microtiter paper-based chemosensor
array device. Figure 7 was adapted from [20] (© 2023 Y. Sasaki et al., distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License, https://creativecommons.org/licenses/by/4.0).

tively contribute to the high dispersion of chemosensor ele-
ments [28].

The fabrication process in Figure 7A begins with patterning a
hydrophobic layer using an office wax printer. The printed wax
layer melts on a hot plate during annealing. Next, an inkjet
printer is employed to deposit chemosensor solutions onto
predefined regions of the paper substrate. The fiber structures of
paper substrates contribute to highly dispersed chemosensor
elements, resulting in uniform solid-state sensing layers
(Figure 7B). Upon exposure to metal ions in aqueous solutions,
the immobilized chemosensors interact with the analytes and in-
duce optical changes on the paper substrate. These optical
patterns are rapidly recorded using portable devices. Subse-
quently, the captured digital photographs are processed using
imaging analysis to extract color information (e.g., RGB values)
and further analyzed using pattern-recognition methods. Indeed,
each chemosensor on the paper device showed different colori-
metric responses to metal ions, indicating the fingerprint-like
patterns containing multidimensional optical information.

Solid-state simultaneous detection of metal ions
Next, the 96-well microtiter paper-based chemosensor array
device embedded with four types of colorimetric ensembles
using building blocks 1–5 was employed for the qualitative dis-
crimination of nine types of metal ions. Although the same
sensor molecules were applied, the sensing environments are
significantly different in solution and in the solid state. There-
fore, in contrast to solution-based chemosensors, an additional
ensemble made of 4 and 5 was included in the chemosensor
library as an array component to increase optical response
patterns. The obtained colorimetric changes on the device were

rapidly recorded using a flatbed scanner [20]. The fabricated
device demonstrated 100% correct classification of nine types
of metal ions (Figure 8B). From the sensitivity aspect, the
detectable ranges of the paper-based device were comparable to
those of the solution-based chemosensor array. The concept can
also be extended to polymer-based chemosensor elements.
In a previous study, a polythiophene derivative immobilized
chemosensor array on a paper substrate achieved highly sensi-
tive detection of metal ions at tens of parts per billion levels,
which was comparable to the detection range of an analytical
method based on a stationary spectrophotometer [28].

Applicability of the paper-based chemosensor array
to real-sample analysis
Herein, the usability of the paper-based chemosensor array
device in real-sample analysis is introduced [20]. To realize the
concept of cross-scale design, the sensor performance of
chemosensor elements in solution states should be maintained
or improved on the paper substrates. In environmental assess-
ment, metal ion levels in river water indicate the state of ecolog-
ical systems [1,2]. The colorimetric responses in the presence of
interferents show non-linearity. Therefore, a powerful machine-
learning method, SVM, was employed to build a linear calibra-
tion line from datasets constructed by color channels. Spike-
and-recovery tests toward Zn2+ and Cu2+ demonstrated reliable
analytical performance with recovery rates of 89–125%, even
without sample purification (Figure 8C,D). To compare the
sensing performance of the paper-based analytical device,
recent paper-based colorimetric sensor devices for metal ion
detection are summarized in Table 1. As shown, many paper-
based analytical devices enable real-sample analysis with
simple operation and minimal sample pretreatment. Indeed, the
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Figure 8: (A) Color response profile of the paper-based chemosensor array device upon adding target metal ions. (B) LDA canonical score plot for the
qualitative assay of nine types of metal ions using the paper-based chemosensor array device. Results of the SVM regression for (C) Zn2+ and
(D) Cu2+ in a river water sample. The values of the root-mean-square errors of calibration (RMSEC) and prediction (RMSEP) suggest the accuracy of
the established model and prediction results. Figure 8, panels A–D were reproduced from [20] (© 2023 Y. Sasaki et al., distributed under the terms of
the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

sensor performance from the viewpoint of usability and applica-
bility is beyond that of solution-based chemosensors in metal
ion sensing.

Conclusion
In this perspective, we described the concept of cross-scale
design for metal ion detection by integrating self-assembled
chemosensors with solid-state analytical devices. Self-assem-
bled chemosensor systems based on dynamic covalent bonds
between catechol and phenylboronic acid derivatives provide
a versatile platform for the spontaneous preparation of
chemosensor elements without extensive synthetic effort. The
reversible formation of boronate esters enables cross-reactive
sensing behavior, providing fingerprint-like response patterns
for various metal ions and their concentrations. By applying

chemometric methods, multidimensional chemical information
can be visualized qualitatively and quantitatively.

To address the challenges of metal ion analysis outside labora-
tories, paper-based platforms are attractive owing to their
compatibility with office-printing technologies and portable
imaging tools. Importantly, the paper-based chemosensor array
device demonstrated reliable analytical performance in river
water samples without the need for stationary analytical instru-
ments or sample preparation.

The combination of molecular self-assembly, pattern-recogni-
tion sensing, and printable analytical devices provides a promis-
ing strategy for bridging molecular sensing systems in solution
and solid-state analytical devices toward practical metal ion
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Table 1: Comparison of representative paper-based colorimetric sensing devices for metal-ion detection.

Probe/device Medium LOD (µM)a Key metrics Ref.

plug-and-play µPAD with colorimetric reagents
(bathophenanthroline, dimethylglyoxime, and
bathocuproine)

river water Fe2+ 1.79,
Ni2+ 5.11,
Cu2+ 3.15

recovery rate (76–121%)
agrees with AAS

[61]

inkjet-printed paper optode drinking and
environmental water

Pb2+ N.R.b;
dynamic
range 1–10

quick sensor response
(<5 min)

[62]

mesoporous silica nanosphere-coated paper
chemosensor

water Cd2+ 0.22,
Co2+ 0.28,
Ni2+ 0.44,
Fe3+ 0.54

reusability (for five cycles)
after chelate treatment

[63]

silica nanoparticle-modified rhodamine B paper strip drinking water Cu2+ 11.0 sensor performance
validated by ICP-OES

[64]

imidazole–dithiocarbamate derivative-coated
tissue-paper strip

water samples Cu2+ 0.0151,
Hg2+ 1.17

different optical properties
depending on the target
metal ions

[65]

chemosensor array device functionalized with
ensembles of catechol dyes and a phenylboronic
acid derivative

river water Cu2+ 2.36,
Zn2+ 2.60,
Ni2+ 4.77

qualitative and quantitative
assays in metal-ion mixtures;
recovery rate: 89–125% for
Zn2+ and Cu2+ in river water

[20]

capillary-flow microfluidic paper device
functionalized with colorimetric reagents
(dimethylglyoxime, bathocuproine, and
bathophenanthroline)

water Ni2+ 34.1,
Cu2+ 4.72,
Fe3+ 19.7

recovery rates of 80–110%
for >90% of collected
samples

[66]

sodium rhodizonate-attached paper device drinking, tap, and
Ilam platform water
samples

Ba2+ 26.5,
Sr2+ 54.2

smartphone-assisted assay
applying a masking strategy

[67]

bi-ligand cobalt-MOF nanozyme with
3,3′,5,5′-tetramethylbenzidine/H2O2 chromogenic
system

environmental water Cu2+ 0.130 smartphone-assisted sensor
for on-site analysis

[68]

paper device immobilized with eriochrome black T
(EBT) and bromothymol blue (BTB)

aqueous medium Pb2+ (BTB)
29.0, Pb2+

(EBT) 86.9

high selectivity against other
ions; thermal stability at
25–90 °C

[69]

dithizone colorimetric reagent immobilized on paper
using a polyvinyl chloride matrix plasticized with
dibutyl phthalate

water Pb2+ 6.08,
Cd2+ 0.890

rapid detection (150 s for
Pb2+ and 60 s for Cd2+)

[70]

naphthylamine–quinolinol azo
chemosensor-attached test strip

water and food
samplesc

Cd2+ 0.0262 reusability for six cycles with
a chelate agent

[71]

dual-sided capillary microfluidic paper device
immobilized with colorimetric reagents
(dimethylglyoxime, bathocuproine, and
bathophenanthroline)

river, tap, pond,
drinking water

Ni2+ 22.1,
Fe3+ 5.37,
Cu2+ 3.15

recovery rate: 86–112%;
stable for >4 weeks

[72]

paper strips using chromogens (cuprizone,
1,5-diphenylcarbazide, zincon monosodium salt,
and 1-(2-pyridylazo)-2-naphthol)

environmental water Cu2+ 4.72,
Cr(VI) 5.00,
Zn2+ 11.0,
Mn2+ 5.10

comparable sensing
performance with AAS

[73]

aLOD values were converted to “µM” for direct comparison. Reported ppm values were treated as “mg·L−1” for dilute aqueous samples. Atomic
weights used for conversion were Fe 55.845, Co 58.933, Ni 58.693, Cu 63.546, Zn 65.38, Cd 112.414, Ba 137.327, Sr 87.62, Cr 51.996, Mn 54.938,
Hg 200.59, and Pb 207.2 g·mol−1. For Cr(VI), conversion was based on the atomic weight of Cr. bN.R.: not reported; the corresponding study re-
ported a dynamic range rather than an explicit LOD. cFood samples included potato, mushroom, apple, carrot, corn, barley, cashew, and sunflower
seeds.

assessment. We believe that such cross-scale design ap-
proaches will contribute to on-site detection of chemical species
in water environments across microscopic to macroscopic
scales. More broadly, the cross-scale design strategy presented
here may provide a general framework for bridging molecular
recognition systems into practical sensing technologies that
operate across molecular, nanoscale, and device levels.
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Abstract
This study reports the design and synthesis of a C3-symmetric discotic tetrathiafulvalene (TTF) derivative, MeS-TTF-Ts, as a mo-
lecular platform for the self-assembly of one-dimensional conductive nanostructures. The molecular architecture contains three TTF
units radially arranged around a rigid C3-symmetric core, enabling the formation of highly ordered one-dimensional assemblies
through cooperative π–π stacking and directional intermolecular interactions. Solution casting of MeS-TTF-Ts produced nanorod
and nanofiber structures with morphologies strongly dependent on the solvent conditions. AFM and SEM observations revealed
that distinct supramolecular structures were formed depending on the solvent and substrate used, suggesting that molecular interac-
tions and assembly processes play important roles in determining the resulting morphologies. Furthermore, MeS-TTF-Ts was
combined with the strong electron acceptor F4TCNQ to form a charge-transfer complex, (MeS-TTF-Ts)(F4TCNQ)3, which yielded
well-defined one-dimensional nanofibers. UV–vis and FTIR spectroscopic analyses confirmed substantial charge transfer from
MeS-TTF-Ts to F4TCNQ through the formation of F4TCNQ− and TTF+ species. These results indicate the formation of a highly
charge-transferred donor–acceptor assembly in the nanofibers. Electrical conductivity measurements revealed that the (MeS-TTF-
Ts)(F4TCNQ)3 nanofibers exhibit a conductivity of 1.24 × 10−2 S·cm−1. These findings demonstrate that rational molecular design
combined with controlled supramolecular self-assembly provides an effective strategy for constructing one-dimensional conductive
nanostructures based on organic charge-transfer systems.
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Introduction
Supramolecular gels have been developed as organized soft ma-
terials that form anisotropic nanostructures such as ribbons and
fibers within their networks [1,2]. These materials have at-
tracted considerable attention in the fields of materials science
and nanotechnology because of their diverse functionalities, in-
cluding luminescence, sensing, charge transport, and drug
delivery [3-6]. Supramolecular gels are formed through bottom-
up self-assembly driven by weak intermolecular interactions
such as hydrogen bonding, π–π stacking, and donor–acceptor
interactions, resulting in three-dimensional interconnected
nanofibrous networks [7,8]. Such one-dimensional nanostruc-
tures can be precisely controlled in terms of morphology and
physical properties through molecular design, making them
promising platforms for the development of functional nanoma-
terials [9,10].

In particular, when electroactive molecules are employed, one-
dimensional structures formed through self-assembly are ex-
pected to be applicable as nanowire materials in molecular elec-
tronic devices. Among them, tetrathiafulvalene (TTF) deriva-
tives are representative redox-active molecules capable of
forming charge-transfer complexes, and their charge-transfer
salts have long been known to exhibit high electrical conduc-
tivity [11-14].

In recent years, TTF derivatives functionalized with amide
groups or long alkyl chains have been reported to form highly
ordered one-dimensional stacked structures through coopera-
tive hydrogen bonding and π–π stacking interactions, leading to
the formation of nanowires via self-assembly [15-20]. These
assemblies can be partially oxidized through charge-transfer
interactions with iodine or strong electron acceptors, thereby
generating TTF radical cation species that serve as charge trans-
port pathways. As a result, their electrical properties can be
tuned from semiconducting to metallic behavior, depending on
the doping level [21-24].

The realization of nanoscale conductive structures requires
precise control of intermolecular interactions and rational
molecular design capable of directing the spontaneous forma-
tion of one-dimensional stacked assemblies [25-28]. In particu-
lar, for molecules incorporating redox-active units, it has been
reported that one-dimensional structures formed through self-
assembly can directly function as charge transport pathways
[29,30].

C3-symmetric discotic molecules, which possess a rigid central
core and three-directional interaction sites, are well known as
molecular platforms that readily form highly ordered columnar
stacking structures [31-33]. Furthermore, expansion of the

π-conjugated framework enhances electronic interactions be-
tween stacked units, and the cooperative incorporation of
noncovalent interactions such as directional hydrogen bonding
enables the construction of stable one-dimensional nanostruc-
tures while facilitating efficient linear stacking of conductive
units [34-36].

Experimental
General
Nuclear magnetic resonance (NMR) spectra were recorded on a
JEOL ECX-400 spectrometer operating at 400 MHz for
1H NMR and 100.6 MHz for 13C NMR. Chemical shifts are re-
ported in parts per million (ppm) relative to external tetra-
methylsilane (TMS) and are given downfield.

Mass spectrometry measurements were carried out using a
JEOL JMS instrument. Elemental analyses were performed at
the Research Support Center, Okayama University.

Materials
Mercury(II) acetate, triethyl phosphite, lithium bromide (an-
hydrous), lithium hydroxide monohydrate, oxalyl chloride, and
pyridine were purchased from Kanto Chemical Co., Inc.
2,6-Diaminopyridine and 1,3,5-benzenetricarbonyl trichloride
were purchased from Tokyo Chemical Industry Co., Ltd. (TCI).
All reagents were used as received without further purification
unless otherwise noted.

Synthesis of compounds
4,5-Bis(methylthio)-1,3-dithiole-2-thione (2)
Iodomethane (790 mg, 5.56 mmol) was added to a solution of
zinc chelate 1 (1.000 g, 1.39 mmol) in acetone (25 mL). The
reaction mixture was stirred at 25 °C overnight. After removal
of the solvent under reduced pressure, the residue was extracted
with chloroform and washed with brine. The organic layer was
dried over MgSO4, filtered, and concentrated under reduced
pressure. The crude product was purified by recrystallization
from acetone to afford compound 2 as yellow needle crystals.
Yield 401.0 mg (63.7%) [37,38]. 1H NMR (400 MHz, CDCl3) δ
2.50 (s, 6H); 13C NMR (100.6 MHz, CDCl3) δ 211.0, 136.0,
19.4; MS (FAB) m/z: [M + H]+ calcd for C5H6S5, 226.91;
found, 227.

Dimethyl 1,3-dithiole-2-oxo-4,5-dicarboxylate (3)
Mercury(II) acetate (3.824 g, 12.0 mmol) was added to a solu-
tion of dimethyl 1,3-dithiole-2-thioxo-4,5-dicarboxylate
(999.6 mg, 3.99 mmol) in chloroform (40 mL). The reaction
mixture was stirred at 25 °C for 1 h. The mixture was filtered
through Celite and washed with chloroform. The solvent was
removed under reduced pressure, and the residue was purified
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by column chromatography (chloroform) to afford compound 3
as a white solid. Yield 898.7 mg (96.1%) [39,40]. 1H NMR
(400 MHz, CDCl3) δ 3.91 (s, 6H); 13C NMR (100.6 MHz,
CDCl3) δ 186.4, 159.2, 129.1, 53.6; MS (FAB) m/z: [M + H]+

calcd for C7H6O5S2, 234.97; found, 235.

MeS-TTF(COOMe)2 (4)
Compounds 2 (358.6 mg, 1.58 mmol) and 3 (373.4 mg,
1.59 mmol) were dissolved in a mixture of triethyl phosphite
(10 mL) and toluene (10 mL). The reaction mixture was re-
fluxed at 110 °C for 2 h. After removal of the solvent under
reduced pressure, toluene (100 mL) was added to the residue
and evaporated under reduced pressure. This procedure was
repeated several times. The crude product was purified by
column chromatography (chloroform) to afford compound 4 as
a dark brown solid. Yield 381.0 mg (57.9%) [38,41,42].
1H NMR (400 MHz, CDCl3) δ 3.85 (s, 6H), 2.43 (s, 6H);
13C NMR (100.6 MHz, CDCl3) δ 159.9, 132.0, 127.7, 112.5,
99.9, 53.4, 19.3; MS (FAB) m/z: [M + H]+ calcd for
C12H12O4S6, 411.91; found; 412.

MeS-TTF-COOMe (5)
A solution of 4 (360.0 mg, 0.873 mmol) and lithium bromide
(1.600 g, 18.4 mmol) in dry DMF (15 mL) was stirred at 85 °C
for 3.5 h. After cooling to room temperature, brine was
added, and the mixture was extracted with ethyl acetate. The
combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography
(chloroform) to afford compound 5 as a brown solid. Yield
130.8 mg (42.3%) [43,44]. 1H NMR (400 MHz, CDCl3) δ 7.34
(s, 1H), 3.85 (s, 3H), 2.43 (s, 6H); 13C NMR (100.6 MHz,
CDCl3) δ 159.7, 132.0, 127.9, 127.1, 112.9, 109.4, 52.7, 19.2;
MS (FAB) m/z: [M + H]+ calcd for C10H10O2S6, 353.90; found,
354.

MeS-TTF-COOH (6)
An aqueous solution of lithium hydroxide (82.0 mg, 1.95 mmol)
was added to a solution of 5 (130.8 mg, 0.369 mmol) in
1,4-dioxane (8.5 mL). The reaction mixture was stirred at room
temperature overnight. The mixture was then acidified with 5 M
HCl (ca. 1.0 mL), during which the solution turned red. After
stirring for 30 min, diethyl ether (6.0 mL) and water (2.0 mL)
were added to form a biphasic system. Additional 5 M HCl was
added until the pH reached 1–2. The layers were separated, and
the aqueous phase was extracted with diethyl ether. The
combined organic layers were dried over MgSO4, filtered, and
concentrated under reduced pressure to afford compound 6 as a
red solid. Yield 115.7 mg (92.1%) [44,45]. 1H NMR (400 MHz,
DMSO-d6) δ 11.8–14.6 (br, 1H), 7.71 (s, 1H), 2.43 (s, 6H);
13C NMR (100.6 MHz, DMSO-d6) δ 160.3, 133.0, 128.8,

126.4, 113.8, 106.8, 18.6; MS (FAB) m/z: [M + H]+ calcd for
C9H8O2S6, 339.88; found, 340.

MeS-TTF-COCl (7)
Oxalyl chloride (113.7 μL, 1.32 mmol) was added dropwise to a
solution of 6 (113.0 mg, 0.332 mmol) and pyridine (0.45 μL) in
dry THF (10 mL). The reaction mixture was stirred at 45 °C for
2 h. The solvent and excess oxalyl chloride were removed under
reduced pressure, and the residue was washed with pentane to
afford compound 7 as a purple solid in quantitative yield. The
product was used in the next step without further purification
[46,47].

MeS-TTF-CONHPy (8)
A solution of 7 (47.8 mg, 0.133 mmol) in dry THF was added to
a solution of 2,6-diaminopyridine (16.80 mg, 0.154 mmol) and
triethylamine (24.0 μL, 0.172 mmol) in dry THF (1.0 mL) at
0 °C. The reaction mixture was stirred at 0 °C for 2 h and then
at room temperature overnight. The solvent was removed under
reduced pressure, and the residue was purified by column chro-
matography (chloroform/methanol = 47:3) to afford compound
8 as a red-brown solid. Yield 25.0 mg (43.5%) [46]. 1H NMR
(400 MHz, CDCl3) δ 7.89 (s, 1H), 7.50 (m, J = 24.8 Hz, 2H),
7.24 (s, 1H), 6.30 (d, J = 7.6 Hz, 1H), 4.40 (s, 2H), 2.43 (s, 6H);
13C NMR (100.6 MHz, CDCl3) δ 157.0, 148.9, 140.4, 132.2,
128.0, 127.2, 127.1, 111.9, 110.4, 105.0, 103.6, 19.2; MS
(FAB) m/z: [M + H]+ calcd for C14H13N3OS6, 430.94; found,
431.

MeS-TTF-Ts
A solution of 8 (25.0 mg, 57.9 μmol) and triethylamine
(7.65 μL, 54.9 μmol) in dry THF (1.0 mL) was cooled to 0 °C.
A solution of trimesoyl chloride (5.33 mg, 20.1 μmol) in dry
THF (1.0 mL) was added dropwise to the stirred solution at
0 °C. The reaction mixture was stirred at 0 °C for 2 h and then
at room temperature overnight. Hexane was added to the mix-
ture to induce precipitation, and the resulting solid was
collected and washed with ethyl acetate, methanol, and hexane
to afford MeS-TTF-Ts as a brown solid. Yield 14.65 mg
(55.9%) [48,49]. 1H NMR (400 MHz, DMSO-d6) δ 10.74 (m,
J = 24.0 Hz, 3H), 8.67 (t, J = 13.6 Hz, 3H), 8.05 (d, J = 7.6 Hz,
3H), 7.93 (m, J = 15.6 Hz, 6H), 7.67 (m, J = 4.8 Hz, 3H), 2.45
(s, 18H); 13C NMR (100.6 MHz, DMSO-d6) δ 157.8, 150.2,
149.7, 149.4, 140.4, 134.6, 133.2, 131.7, 128.1, 126.1, 112.8,
106.0, 90.7, 79.2, 18.6; FTIR (ATR, νmax/cm−1): 2970, 2930,
2873, 1698, 1584, 1512, 1445, 1292, 1236, 773, 699. The FTIR
spectrum of MeS-TTF-Ts is shown in Figure S1 in Supporting
Information File 1. MS (APCI) m/z: [M + H]+ calcd for
C51H39N9O6S18, 1449.80; found, 1449.8082; Anal. calcd for
C51H39N9O6S18: C, 42.21; H, 2.71; N, 8.69; found: C, 42.12;
H, 2.66; N, 8.63.
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Measurements
AFM measurements
The structures formed on mica substrates were observed using
an atomic force microscopy (AFM) system (Bruker Multi
Mode 8). Measurements were performed in non-contact mode
using a silicon cantilever with a spring constant of approxi-
mately 0.8 N·m−1.

Optical spectra
UV–vis absorption spectra were recorded in the range of
300–1200 nm using a JASCO V-650 spectrophotometer. A
mixed solvent of dimethyl sulfoxide (DMSO) and acetonitrile
was used for the measurements. Fourier-transform infrared
(FTIR) spectra were recorded using a JASCO FT/IR-4200 spec-
trometer. Spectra were obtained either by the ATR method or
from cast films deposited on quartz substrates, depending on the
sample form.

Conductivity measurements
Electrical conductivity was measured by a direct current (DC)
two-probe method. Gold electrodes with a thickness of 100 nm
were deposited on mica substrates by vacuum evaporation.
Electrical contacts were made by attaching gold wires (25 μm in
diameter) using silver paste.

Temperature-dependent DC conductivity was measured using a
Keithley 6517 electrometer, with an applied voltage in the range
of −100 to +100 V. The electrode gap and electrode length were
60 μm and 0.6 cm, respectively.

Results and Discussion
Synthesis
The synthetic strategy employed for the preparation of MeS-
TTF-Ts in this study is similar to that reported by John D.
Wallis and co-workers [50,51]. In the final step, an acylation
reaction between compound 7 and compound 8 was carried out
(Scheme 1).

Formation of nanofibers from C3-symmetric
MeS-TTF-Ts and the (MeS-TTF-Ts)
(F4TCNQ)3 charge-transfer complex
In order to form conductive fibers using MeS-TTF-Ts, it was
necessary to identify suitable conditions for controlling the for-
mation of supramolecular structures. Atomic force microscopy
(AFM) observations of cast films of MeS-TTF-Ts revealed the
formation of well-defined one-dimensional nanostructures with
relatively uniform morphology.

Specifically, dimethylformamide (DMF) solution of MeS-TTF-
Ts (6 mM) was dripped onto a mica substrate, and the solvent
was allowed to evaporate, resulting in the formation of nanorod-

like structures with a width of 100 nm, a height of 30 nm, and a
length of 3 μm (Figure 1). These nanorods were observed to be
distributed across the substrate without significant aggregation,
suggesting that the self-assembly process proceeds in a con-
trolled manner under these conditions. The formation of such
anisotropic nanostructures is attributed to directional π–π
stacking interactions between the TTF cores, together with the
cooperative effect of intermolecular interactions, which
promote one-dimensional growth along a preferred direction.
These results indicate that the solvent casting process in DMF
provides suitable conditions for inducing ordered supramolecu-
lar organization of MeS-TTF-Ts.

When the casting solvent was changed to DMSO at the same
concentration, a mesh-like structure composed of intercon-
nected fibers with different sizes was observed (Figure 2). The
fibers exhibited dimensions of approximately 50 nm in width,
5 nm in height, and lengths exceeding 10 μm. Compared with
the nanorod structures obtained from DMF, a markedly
different morphology was observed in the DMSO system,
highlighting the important role of solvent conditions in deter-
mining the self-assembled structures. Although the detailed
mechanism of the assembly formation remains unclear, the ob-
served differences in morphology may arise from differences in
intermolecular interactions and molecular packing during the
self-assembly process. In particular, the formation of different
polymorphic assembly states may contribute to the distinct mor-
phologies observed in DMF and DMSO systems. These results
suggest that solvent-dependent molecular organization strongly
influences the resulting supramolecular structures. Internal
structures were also observed within these assemblies,
suggesting that the fibers are composed of bundles of thinner
fibrils forming a hierarchical structure. Such hierarchical orga-
nization is considered to arise from directional π–π stacking
interactions between the TTF cores together with cooperative
intermolecular interactions, which promote lateral association
of one-dimensionally grown fibrils. However, due to the highly
entangled nature of the fibrous network, precise statistical eval-
uation was difficult.

A charge-transfer  complex solut ion of  (MeS-TTF-
Ts)(F4TCNQ)3 was prepared by mixing a DMSO solution of
the donor molecule MeS-TTF-Ts with an acetonitrile solution
of the acceptor molecule F4TCNQ at a molar ratio of 1:3. AFM
observations of the cast films of the resulting (MeS-TTF-
Ts)(F4TCNQ)3 solution revealed the formation of well-defined
one-dimensional nanofiber structures. Specifically, a mixed
solution of MeS-TTF-Ts in DMSO and F4TCNQ in aceto-
nitrile was prepared at a final concentration of 6 mM and
dripped onto a mica substrate, followed by solvent evaporation.
As a result, nanofibers with a width of 140 nm, a height of
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Scheme 1: Synthesis of C3-symmetric MeS-TTF-Ts.

6 nm, and lengths exceeding 5 μm were formed (Figure 3).
These fibers were continuously distributed over the substrate,
forming a relatively uniform network structure.

Furthermore, compared with the nanofibers formed from MeS-
TTF-Ts alone, a significant increase in fiber diameter was ob-

served. This result suggests that the introduction of F4TCNQ
induces donor–acceptor charge-transfer interactions, leading to
the formation of one-dimensional stacked structures composed
of MeS-TTF-Ts and F4TCNQ. These results suggest that
charge-transfer interactions enhance intermolecular interactions,
thereby promoting the formation of thicker fibrous structures.
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Figure 1: AFM images of nanorods composed of C3-symmetric MeS-TTF-Ts deposited from DMF on a mica substrate. (a) 10 μm × 10 μm;
(b) 5 μm × 5 μm.

Figure 2: AFM images of nanofibers composed of C3-symmetric MeS-TTF-Ts deposited from DMSO on a mica substrate. (a) 10 μm × 10 μm;
(b) 5 μm × 5 μm.

Figure 3: AFM images of nanofibers composed of the C3-symmetric (MeS-TTF-Ts)(F4TCNQ)3 charge-transfer complex deposited from a mixed sol-
vent of DMSO and acetonitrile on a mica substrate. (a) 5 μm × 5 μm; (b) 2.5 μm × 2.5 μm.
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In contrast, when a mixed solution of MeS-TTF-Ts in DMF and
F4TCNQ in acetonitrile was prepared at a final concentration of
6 mM and cast onto a mica substrate followed by solvent evap-
oration, no nanofiber structures were formed, and aggregated
structures were observed instead. These aggregates exhibited a
relatively uniform height of 140 nm. This result suggests that
under these mixed solvent conditions, one-dimensional self-
assembly does not proceed efficiently and the molecules tend to
aggregate in a disordered manner. Furthermore, as observed for
MeS-TTF-Ts alone, the morphology of the molecular assem-
blies in the (MeS-TTF-Ts)(F4TCNQ)3 system is strongly de-
pendent on the solvent conditions. The observed differences
may originate from variations in molecular organization, inter-
molecular interactions, and molecular packing during the self-
assembly process. In other words, variations in solvent
conditions lead to a competition between one-dimensional
anisotropic growth and disordered aggregation, resulting in
marked differences in the observed morphologies.

In addition to AFM observations, scanning electron microsco-
py (SEM) measurements were performed for representative
samples deposited on HOPG substrates. Representative SEM
images are provided in Supporting Information File 1
(Figures S2–S4). The morphologies observed by SEM differed
from those obtained by AFM on mica substrates, showing more
aggregated structures. This difference may originate from the
distinct surface properties of the substrates used for the mea-
surements. Although the detailed mechanism remains unclear,
these results suggest that the self-assembly behavior of MeS-
TTF-Ts and its charge-transfer complex is influenced by the
substrate surface as well as the solvent conditions.

Optical spectra of nanofibers formed from
MeS-TTF-Ts and the (MeS-TTF-Ts)
(F4TCNQ)3 charge-transfer complex
Figure 4 shows the UV–vis spectra of nanofiber cast films
deposited on quartz substrates. The samples were prepared
by drop-casting a DMSO solution of MeS-TTF-Ts and a mixed
solution of MeS-TTF-Ts in DMSO and F4TCNQ in
acetonitrile onto quartz substrates, followed by solvent evapora-
tion. The final concentration of each solution was adjusted to
6 mM.

For the (MeS-TTF-Ts)(F4TCNQ)3 nanofibers, characteristic
absorption bands were observed at 682 and 875 nm. These
absorption bands are in good agreement with those previously
reported for intramolecular transitions of the F4TCNQ radical
anion (F4TCNQ−). In addition, the absorption bands observed
at 462 and 333 nm are assigned to intramolecular transitions of
the TTF radical cation (TTF+) and F4TCNQ−, respectively
[13,14,52-55]. The appearance of these absorption bands

Figure 4: UV–vis spectra of nanofiber films on quartz substrates
formed from MeS-TTF-Ts and the (MeS-TTF-Ts)(F4TCNQ)3 charge-
transfer complex.

suggests the formation of a charge-transfer state through elec-
tron transfer from the donor MeS-TTF-Ts to the acceptor
F4TCNQ.

Figure 5 shows the FTIR spectra of neutral F4TCNQ and the
(MeS-TTF-Ts)(F4TCNQ)3 charge-transfer complex thin film
deposited on a CaF2 substrate. The thin film was prepared by
drop-casting a mixed solution of MeS-TTF-Ts in DMSO and
F4TCNQ in acetonitrile onto a CaF2 substrate, followed by sol-
vent evaporation. The final concentration of the solution was
adjusted to 6 mM.

To further investigate the electronic state of the charge-transfer
complex, FTIR measurements were performed. The C≡N
stretching bands observed at 2227 and 2214 cm−1 for neutral
F4TCNQ shifted to 2194 and 2157 cm−1, respectively, upon
complex formation. Such pronounced downshifts indicate an
increase in electron density on the F4TCNQ moiety resulting
from electron transfer from MeS-TTF-Ts to F4TCNQ, support-
ing the formation of charge-transfer interactions.

Since the samples obtained in this study are supramolecular
nanofibers rather than single crystals, the vibrational frequen-
cies may be influenced by molecular packing and local molecu-
lar environments. Nevertheless, the characteristic absorption
bands assigned to F4TCNQ− and TTF+ in the UV–vis spectra,
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Figure 5: FTIR spectra of neutral F4TCNQ and the (MeS-TTF-
Ts)(F4TCNQ)3 charge-transfer complex thin film deposited on a CaF2
substrate.

together with the pronounced downshifts of the C≡N stretching
bands observed in the FTIR spectra, provide strong evidence for
substantial electron transfer from MeS-TTF-Ts to F4TCNQ and
suggest the formation of a highly charge-transferred state in the
nanofibers.

Electrical conductivity of nanofibers formed
from the (MeS-TTF-Ts)(F4TCNQ)3 charge-
transfer complex
Figure 6 shows the current–voltage (I–V) characteristics of
nanofibers composed of the (MeS-TTF-Ts)(F4TCNQ)3 charge-
transfer complex deposited on a mica substrate. The sample
solution was prepared by mixing DMSO solution of MeS-TTF-
Ts with an acetonitrile solution of F4TCNQ at a molar ratio of
1:3, with a final concentration of 6 mM.

The solution (4 μL) was cast onto a mica substrate equipped
with gold electrodes (gap: 50 μm, electrode length: 6 mm) fabri-
cated by vacuum deposition, followed by solvent evaporation to
form nanofiber structures. Electrical conductivity measure-
ments of the resulting nanofibers exhibited a clear current
response, indicating good electrical conduction behavior. The
electrical conductivity (σ) of the nanofibers composed of the

Figure 6: I–V curves of nanofibers composed of the (MeS-TTF-
Ts)(F4TCNQ)3 charge-transfer complex deposited on a mica sub-
strate.

(MeS-TTF-Ts)(F4TCNQ)3 complex was determined to be
1.24 × 10−2 S·cm−1. This result suggests that the one-dimen-
sional stacked structure formed through donor–acceptor charge-
transfer interactions functions as an effective charge transport
pathway.

Conclusion
In this study, a C3-symmetric discotic tetrathiafulvalene (TTF)
derivative, MeS-TTF-Ts, was designed and synthesized as a
molecular platform for constructing one-dimensional conduc-
tive nanostructures based on self-assembly. The molecular
architecture features three TTF units radially arranged around a
rigid C3-symmetric core and incorporates hydrogen-bonding
sites, enabling the formation of highly ordered one-dimensional
stacked structures through cooperative π–π stacking and direc-
tional intermolecular interactions.

Solution casting of MeS-TTF-Ts resulted in the formation of
nanorod and nanofiber structures. These morphologies strongly
depended on the solvent conditions, which influenced molecu-
lar organization and intermolecular packing during the self-
assembly process. In particular, the use of DMSO resulted in
the formation of uniform interconnected fibrous networks.
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These findings demonstrate that hierarchical control of supra-
molecular structures can be achieved through solvent modula-
tion.

Furthermore, combining MeS-TTF-Ts with the strong electron
acceptor F4TCNQ led to the formation of a charge-transfer
complex, (MeS-TTF-Ts)(F4TCNQ)3, which successfully gener-
ated well-defined one-dimensional nanofiber structures. Spec-
troscopic measurements confirmed the formation of charge-
transfer states, while morphological observations suggested the
formation of one-dimensional stacked structures driven by
donor–acceptor interactions. These results indicate that
charge-transfer interactions can be effectively incorporated
into self-assembled architectures through rational molecular
design.

Electrical conductivity measurements revealed that the
nanofibers exhibited a conductivity of 1.24 × 10−2 S·cm−1,
demonstrating their potential as self-assembled organic nano-
wire materials. This conductivity is attributed to the one-dimen-
sional stacked structure formed through donor–acceptor charge-
transfer interactions, which functions as an efficient charge
transport pathway.

Overall, this study demonstrates that the combination of molec-
ular design and controlled self-assembly enables the construc-
tion of conductive supramolecular nanostructures with inte-
grated structural and functional properties. These findings
provide important insights into the relationship between molec-
ular structure, supramolecular organization, and charge trans-
port, and offer a useful design strategy for the development of
organic conductive nanomaterials based on self-assembly.
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Abstract
Accurate detection of ions in aqueous environments, ranging from trace to high concentrations, is essential for monitoring natural
water resources, treatment facilities, and wastewater systems. Solid-state sensors have emerged as versatile platforms for this
purpose due to their adaptability in geometry, compatibility with electronic integration, portability, and low energy requirements. A
wide variety of active materials have been investigated, including metal oxides, graphene, carbon nanotubes, silicon nanowires,
AlGaN/GaN, MXenes, transition metal dichalcogenides, and organic polymers all of which can be tailored for sensor development.
Sensor selectivity and functionality can be enhanced through strategies such as defect engineering, nanoparticle doping, surface
functionalization with organic molecules, or incorporation of advanced recognition elements like metal–organic frameworks, cova-
lent organic frameworks, ion-imprinted polymers, and biomaterials. Hybrid nanocomposites and ion-selective membranes further
expand the design space, enabling customized performance for specific applications. This review systematically examines the mate-
rials employed in solid-state ion sensors, their transduction mechanisms, and analyte interactions with sensing media, while critical-
ly evaluating advantages, limitations, fabrication approaches, and performance metrics. In addition, recent advances in sensor arrays
are highlighted to demonstrate progress toward multiplexed detection. By consolidating these developments, this work provides a
comprehensive framework to guide the rational selection of active and sensing materials for designing electrochemical and elec-
trical devices capable of reliable, real-time ion monitoring in water.

935

Introduction
Access to clean water is critical for public health and ecosystem
integrity. Traditionally, water quality monitoring has relied on
periodic grab sampling and laboratory analyses. While useful,

these methods only offer brief snapshots and may miss sudden
changes or localized chemical shifts. For example, ion levels in
natural, treated, or distributed water can change rapidly, within
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minutes or hours, due to factors like storm runoff, treatment
plant issues, pipe leaks, or ion exchange processes such as those
in softening systems. Continuous online monitoring provides
significant benefits in these situations. Without frequent moni-
toring, these fluctuations might go unnoticed until routine
checks reveal a problem [1]. Additionally, many regulations
such as WHO guideline values, the U.S. EPA National Primary
Drinking Water Regulations and European Union set strict
limits on ion concentrations, and real-time monitoring allows
for early warnings and quick corrective actions [2-5]. In large-
scale water systems, integrating widely deployed sensors with
telemetry creates intelligent networks that enhance efficiency,
identify issues like contamination or corrosion, and inform
infrastructure decisions. Ultimately, online monitoring trans-
forms water systems from passive sampling regimes to active
management systems [1].

Electronic ion-sensing platforms including electrochemical
(ion-selective electrodes (ISEs) [6,7], amperometric and
voltammetric sensors) and electrical (field-effect transistors
(FETs) [8-10] and chemiresistors [11]) are promising for
online deployment due to their portability, low power, and
amenability to automation and networking. To be fit for
purpose in online monitoring, sensors must meet require-
ments that extend beyond laboratory figures of merit.
(i) Selectivity is essential to discriminate targets in complex
matrices containing abundant co-ions and natural organic
matter; this requires an understanding of unwanted interfer-
ences for the system [8-10] and smart design, modification, and
protection of the active surface according to the system.
(ii) Sensitivity, limit of detection (LOD), and dynamic range
must satisfy regulatory thresholds, for trace metals often in the
low-micrograms-per-liter regime; for nutrients, typically
milligrams per liter or lower [2,3,12]. (iii) Calibration stability
and drift control are central for continuous operation because
frequent recalibration is impractical. Sensors must maintain
their performance over extended periods (weeks to months or
even years) with minimal drift, or include self-calibration or
diagnosis capability [7,13-15]. (iv) Response times should be
fast to capture transients without excessive averaging. (v) Accu-
racy in a variable sensing matrix and with temperature fluctua-
tions is required because real samples (biological fluids, envi-
ronmental solutions, or industrial streams) differ widely in com-
position and operating conditions. In practice, this means the
device must tolerate variations in ionic strength, pH, tempera-
ture, and fluid flow since these factors influence ion activity,
binding equilibria, charge screening, and the electrical response
of the transducer. (vi) Fouling resilience and mechanical
stability are also important parameters. In real water systems,
sensors are exposed to biofilm growth, particulate loading,
scaling, and mechanical stress. Designs must mitigate fouling

and maintain performance in spite of these conditions [16].
Finally, (vii) the sensor should be suitable for in situ (on-site)
measurements and operate with low power requirements to
support long-term use. It should also allow for automatic data
recording and wireless data transmission, be housed in a durable
and weather-resistant enclosure and operate reagent-free and
with little or no routine maintenance. Ideally, the system should
also support network connectivity to enable remote access and
continuous monitoring [17].

In summary, electronic ion sensors especially ISEs, FETs, and
chemiresistive devices, are central to next-generation online
water quality monitoring. They offer sensitivity and selectivity
aligned with regulatory thresholds, fast response to capture tran-
sient events, and the potential for dense spatial networks. Given
these advantages, there are recent reviews highlighting rapid
advances in all-solid-state ISEs [18], FET devices and electro-
chemical sensors for ion detection in water [19-21], and inte-
grated systems that couple sensing with communications and
analytics for field-deployable monitoring [22-24]. These are not
going to be covered in this review. This review aims to critical-
ly assess the diverse classes of nanomaterials as active layer for
electrodes, FETs, and chemiresistors, and as sensing element
for these solid-state electronic sensors; this is to understand how
different materials influence performance, stability, and applica-
bility of the devices in continuous water quality monitoring.
Here we provide an overview of application and device geome-
try of electrical sensors employed for online monitoring of ions
in aqueous environments, with a focus on recent advancements
in the materials utilized in water quality monitoring. Further-
more, the specific challenges associated with each class of
sensing materials will be examined, followed by discussion of
emerging strategies and innovative approaches to enhance their
performance in water quality monitoring.

Review
Applications
The desired properties of sensor materials are driven both by the
need for selective interaction with the analyte of interest in the
relevant concentration range and the need for tolerating the
presence of the analyte matrix. We therefore start with a brief
overview of relevant areas of application for aqueous ion
sensors. The rapid and continuous assessment of ionic species
in natural water systems and drinking water, industrial water,
wastewater, and swimming pools has become increasingly criti-
cal for ensuring water quality, detecting contamination events,
and supporting process control in treatment facilities. Among
the ions of primary concern, nutrients are widely monitored due
to their roles in nutrient cycling, eutrophication, and as indica-
tors of agricultural runoff and wastewater contamination
[14,25,26]. Common cations and anions behave like persistent
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Table 1: A list of nutrients and common cations and anions with their sources and their health and environmental effects together with the WHO
guideline maximum value for drinking water.

Ion Sources Health and environmental effects WHO guideline Ref.

nitrate (NO3
−) fertilizers, septic leakage,

agricultural runoff
high levels cause
methemoglobinemia (blue-baby
syndrome) in infants

50 mg/L [2,57]

nitrite (NO2
−) intermediate in

nitrification/denitrification,
contaminated pipes

more toxic than nitrate; causes
methemoglobinemia and blood
oxygen transport issues

3 mg/L [2,57]

ammonium (NH4
+) biological decay, sewage, fertilizers indicates pollution; affects

chlorination efficiency; high levels
may affect taste/odor

0.5 mg/L (Rec) [2,57]

sodium (Na+) natural minerals, seawater
intrusion, softeners

high sodium intake is of concern for
individuals with hypertension

200 mg/L (Rec) [2,43]

potassium (K+) natural sources, fertilizers,
softening processes

essential nutrient; toxic only at
extremely high intake; no typical
water toxicity

— [2,43]

calcium (Ca2+) natural minerals (limestone,
gypsum)

essential mineral; contributes to
water hardness; no known toxicity
in water

— [2,42]

magnesium (Mg2+) natural minerals, seawater intrusion essential mineral; excessive levels
contribute to water hardness and
laxative effects

— [2,42]

fluoride (F−) natural groundwater, industrial
emissions

prevents dental caries at low levels;
causes fluorosis at high levels

1.5 mg/L [2]

chloride (Cl−) natural salts, seawater intrusion,
industrial waste

not toxic at normal levels; affects
taste and corrosion

250 mg/L (Rec) [2]

bromate (BrO3
−) formed during ozonation of water

with bromide
carcinogenic (kidney tumors
observed in animals)

0.01 mg/L [49]

carbonate/hydrogen
carbonate (CO3

2−/HCO3
−)

natural rock weathering; alkalinity nontoxic; important for buffering
capacity and pH stability

— [51]

sulfate (SO4
2−) natural minerals, mining, industrial

discharge
high levels can cause diarrhea
(especially with Mg/Na) and taste
effects

500 mg/L (Rec) [2]

phosphate (PO4
3−) fertilizers, detergents, wastewater not typically toxic at drinking-water

levels; contributes to eutrophication
in surface water

— [56,57]

fingerprints that can be used to track source water mixing, intru-
sion, or salinity variations [4,14,26,27]. Transition metal ions
are important for evaluating corrosion, leaching, and industrial
contamination in distribution systems and natural waters [28-
30]. Continuous monitoring of these ionic species can provide
early warnings of pollution events, treatment failures, or
changes in source water chemistry, enabling rapid management
responses. Recent developments in sensing technologies have
made real-time and in situ measurements of these ions increas-
ingly feasible, advancing toward integrated, data-driven water
quality management [14,25,31].

Nutrients
Continuous monitoring of nitrate, nitrite, and ammonium is
increasingly essential in drinking water, domestic wastewater,
and industrial wastewater because these nitrogen species are
contaminants that are subject to regulatory limits and serve as

real-time indicators of treatment performance. In drinking
water, nitrate and nitrite are regulated due to methemoglo-
binemia risks [32], with limits of 50 mg/L nitrate and 3 mg/L
nitrite according to the WHO (Table 1) [2]. Ammonium is not
universally regulated but is widely monitored because its pres-
ence promotes nitrification and indicates contamination or chlo-
ramination instability; online sensors typically require detec-
tion limits of 0.005–0.05 mg/L for nitrate and nitrite and
≈0.01 mg/L for ammonium to provide early warning in distribu-
tion systems (Table 1) [33,34]. In domestic wastewater, ammo-
nium is the primary pollutant removed through nitrification,
while nitrate and nitrite serve as operational markers of biologi-
cal nitrogen removal; effluent limits commonly target 1–5 mg/L
NH4

+–N or 10–15 mg/L total nitrogen, necessitating online
detection limits of 0.05–0.1 mg/L for nitrite and nitrate and
0.1–0.5 mg/L for ammonium to support aeration and carbon-
dosing control [35-37]. In industrial wastewater, nitrogen moni-



Beilstein J. Nanotechnol. 2026, 17, 935–973.

938

toring is particularly crucial in fertilizer and chemical produc-
tion, food and beverage processing, aquaculture, mining, metal
finishing, and semiconductor manufacturing, where ammonium,
nitrite, or nitrate may represent regulated pollutants, corrosive
agents, or indicators of process losses. Industrial analyzers
therefore combine low detection limits (0.01–0.1 mg/L) with
wide analytical ranges extending to hundreds of milligrams per
liter, enabling control of both high-strength process streams and
low-concentration effluents [38-40].

Common cations
Real-time, continuous monitoring of the major cations, sodium,
potassium, magnesium, and calcium, is important because these
ions control both salinity and hardness, which in turn affect
health-related guidelines, aesthetics, and treatment performance.
Regarding drinking water, the EU Drinking Water Directive
and the WHO set a recommended value of 200 mg/L for
sodium (primarily for taste and for individuals with hyperten-
sion, heart disease, or kidney problems). While there are no
EU-wide limits for calcium and magnesium, they are managed
via hardness and taste thresholds; WHO and related reviews
report calcium taste thresholds of roughly 100–300 mg/L (as
CaCO3) and note that hardnesses above 200–500 mg/L as
CaCO3 are generally considered poor or unacceptable from an
operational and consumer perspective (Table 1). Continuous
cation monitoring in drinking water systems therefore benefits
from low-milligram-per-liter detection limits (0.5–1 mg/L
for Na+ and K+; 0.1–1 mg/L for Ca2+ and Mg2+) so that utili-
ties can detect deviations well below these operational
thresholds and manage blending, softening, or desalination pro-
cesses in real time [2,5,41-43]. In domestic wastewater, Na+,
Ca2+, and Mg2+ govern bulk salinity and hardness, which
strongly influence activated-sludge flocculation, nitrification,
and sludge dewatering; experimental studies show that in-
creased NaCl loads can alter flocculation and, at higher levels,
inhibit biological treatment, while hardness (mostly Ca2+ and
Mg2+) can improve sludge flocculation strength and dewater-
ability. Here, online cation sensors with milligram-per-liter-
level detection limits, with ranges extending to several grams
per liter, are appropriate to follow storm-driven dilution and
episodic saline shocks [44,45]. In industrial wastewater, contin-
uous monitoring of these common cations is especially critical
in high-salinity sectors, such as textile dyeing, tanning, petro-
leum and petrochemical processing, food and beverage produc-
tion, desalination brine management, and coastal plants
impacted by seawater intrusion, where Na+, Ca2+, and Mg2+

dominate salinity, affect membrane fouling, drive corrosion
and scaling, and can inhibit biological nitrogen removal at
elevated concentrations. In these applications, real-time cation
measurements with broad dynamic ranges (from few milligrams
per liter up to several tens of grams per liter as total dissolved

salts) provide the resolution needed for proactive process
control, early detection of saline upsets, and demonstration
of compliance with site-specific salinity and hardness criteria
[46-48].

Common anions
Common anions, including fluoride, chloride, bromate, sulfate,
carbonate/hydrogencarbonate, and phosphate, strongly influ-
ence corrosivity, scaling, eutrophication risk, disinfection
by-product formation, salinity, and regulatory compliance. In
drinking water, several anions have strict health-based or opera-
tional limits under the EU Drinking Water Directive and WHO
guidelines, including fluoride (1.5 mg/L) and chloride
(250 mg/L), while bromate, a carcinogenic disinfection
by-product, has a stringent maximum of 10 µg/L, requiring sub-
microgram-per-liter detection for early warning of ozone or ad-
vanced-oxidation-process upsets [2,5,49]. Continuous monitor-
ing of alkalinity species (carbonate/hydrogencarbonate, phos-
phate) is also essential for controlling corrosion, buffering
capacity, and softening processes (Table 1) [2,50-53]. In
domestic wastewater, anions such as sulfate and chloride are
key drivers of salinity that can inhibit nitrification at elevated
levels [54,55], while phosphate is a regulated nutrient contribut-
ing to eutrophication; typical effluent limits in Europe and
international guidelines require total phosphorus levels of
≤1–2 mg/L, making online orthophosphate monitoring with
sub-milligram-per-liter detection limits vital [37,50,56-59]. In
industrial wastewater, anion monitoring is especially critical in
semiconductor manufacturing (fluoride, chloride, sulfate)
[60,61], pulp and paper (chloride, sulfate) [62], textile dyeing
(chloride, sulfate) [63], petrochemical and refinery operations
(chloride, sulfate) [64], fertilizer and food industries (phos-
phate), and desalination plants (bromide/bromate and chloride)
[5,65]. These sectors face both regulatory discharge require-
ments and process-control challenges, often necessitating con-
tinuous analyzers with detection ranges from low microgram
per liter (e.g., bromate) to thousands of milligrams per liter
(e.g., chloride or sulfate in industrial brines) [5]. Thus, real-time
anion monitoring provides essential high-resolution data for
maintaining regulatory compliance, protecting infrastructure,
optimizing treatment processes, and mitigating environmental
impacts across all water sectors.

Heavy metals
Lead, mercury, arsenic, chromium, cadmium, manganese, iron,
nickel, and copper are important heavy metals. Lead, iron, and
copper may enter drinking water due to the corrosion of
plumbing materials in the distribution system. Mercury can also
appear in the form of methylmercury, the most toxic and envi-
ronmentally prevalent species, alongside its ionic form. Arsenic
can naturally occur in groundwater and unlike most of metals,
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which are typically present as cations, arsenic commonly exists
as oxoanions (arsenite or arsenate). Other metals occur as
oxoanions only in their higher oxidation states, notably
chromium(VI) and manganese(VII), which form chromate (or
dichromate) and permanganate [4,42,66,67].

Because toxicity, mobility, and regulatory relevance of many
metals depend strongly on their oxidation state, it is essential to
distinguish these species explicitly in both discussion and tabu-
lated summaries. For example, Cr6+ is a carcinogenic ion with
high mobility and strong oxidizing character, whereas Cr3+ is
far less toxic, less mobile, and even an essential micronutrient at
trace levels. A similar contrast exists for arsenic, where As3+ is
more toxic, more mobile, and more weakly adsorbed, while
As5+ is comparatively less toxic and more strongly retained by
mineral surfaces. Iron and manganese also exhibit oxidation-
state-dependent behavior: Fe2+ and Mn2+ are soluble under
reducing conditions, whereas Fe3+ and Mn4+ readily precipitate
as oxides, influencing both their detectability and their appear-
ance or operational impacts in water systems. These distinc-
tions are critical for sensor design because the target oxidation
state determines the required detection chemistry and redox
environment.

Their online monitoring is essential in drinking water, mining
effluents, and domestic and industrial wastewater due to their
toxicity and stringent regulatory limits. In drinking water, the
EU Drinking Water Directive imposes very low maximum
acceptable concentrations (MACs) such as for lead (10 µg/L),
arsenic (10 µg/L), mercury (1 µg/L), chromium (50 µg/L),
nickel (20 µg/L), manganese (50 µg/L), and copper (2 mg/L),
necessitating online or high-frequency monitoring solutions
with low-microgram-per-liter detection limits for early detec-
tion of contamination events, corrosion-release episodes, and
treatment failures [5]. In domestic wastewater, heavy metals
entering from sewer networks and industrial contributions can
inhibit biological nutrient removal, impair sludge quality, and
cause biosolids to fail land-application standards; although
municipal effluent limits vary by Member State, typical dis-
charge permits restrict metals to ranges of 1–100 µg/L for
highly toxic species (Cd2+, Hg2+, Pb2+, As3+/As5+) and
0.1–2 mg/L for Fe2+/Fe3+, Mn2/Mn4+, Ni2+, Cu2+, or Cr6+/Cr3+

ions, requiring sensors capable of tracking both trace concentra-
tions and episodic spikes [68-70]. In industrial wastewater, con-
tinuous heavy-metal monitoring is particularly critical in elec-
troplating, battery manufacturing, semiconductor production,
mining/metallurgy, chemical synthesis, pulp and paper, fertil-
izer production, petroleum refining, and textile dyeing, where
metal concentrations can fluctuate rapidly and effluent limits
are often extremely stringent (frequently <10–50 µg/L for Cd2+,
Hg2+, Pb2+, As3+/As5+, Cr6+/Cr3+ ions). Monitoring ranges

must therefore span from sub-microgram per liter for high-tox-
icity metals to tens of milligrams per liter for Fe2+/Fe3+,
Mn2/Mn4+, Ni2+, Cu2+ ions in industrial streams. Across all
sectors, continuous heavy-metal monitoring enhances regula-
tory compliance, enables rapid response to contamination
events, and supports process optimization and environmental
protection in ways that intermittent grab sampling cannot
[37,66] (Table 2).

Device geometries
To meet the increasing demand for real-time and in situ analy-
sis, electrical and electrochemical sensors have gained promi-
nence owing to their portability, low power consumption, and
adaptability to complex aqueous matrices. Several device
geometries of potentiometric, voltammetric, amperometric,
field-effect transistor (FET)-based, and chemiresistive sensors
have been explored for online water monitoring (Figure 1).
Each sensor type differs in its transduction mechanism, struc-
tural configuration, and material composition, which ultimately
influence its analytical performance, stability, and ease of inte-
gration into autonomous systems [22].

Potentiometric sensors, particularly ion-selective electrodes
(ISEs), remain among the most established technologies for the
detection of ionic species in water. As illustrated in Figure 1a,
an ISE generally consists of a disk or planar electrode coated
with a polymeric ion-selective membrane (ISM) containing an
ionophore [75]. In ISEs, the potential changes at the mem-
brane–sample interface against a reference electrode follow
the Nernst equation allowing for selective detection of specific
ions such as nitrate, potassium, and calcium [76]. For a
monovalent ion at 25 °C, the theoretical Nernstian slope is
≈59.16 mV/decade of activity change, decreasing proportion-
ally with temperature and scaling as 59.16/z for ions of charge z
[77]. Modern solid-contact ISEs (SC-ISEs) replace the inner
reference solution with a solid electron–ion transducer, typical-
ly based on conducting polymers or nanostructured carbon ma-
terials [76,78]. SC-ISEs convert the ionic potential formed at
the membrane–sample interface into an electronic signal
through one of three principal mechanisms: (1) Capacitive
(electrostatic) transduction relies on high double-layer or
pseudocapacitive charge storage at the solid contact; carbon
nanotubes (CNTs) are a widely used material, which provides a
large interfacial capacitance and excellent potential stability.
(2) Redox (faradaic) transduction uses redox-active materials in
which reversible electron-transfer reactions buffer potential
changes, for example ferrocene-doped conducting polymers
whose Fe2+/Fe3+ redox couple provides a stable and repro-
ducible interfacial potential. (3) Mixed ionic–electronic conduc-
tion occurs in materials such as PEDOT:PSS, which supports si-
multaneous ion and electron transport and transduces potential
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Table 2: A list of dangerous heavy metals with their sources, their health and environmental effects, and the WHO guideline values for drinking water.

Metal ion Sources of contamination Health and environmental effects WHO guideline value Reference

lead (Pb2+) corroding pipelines,
batteries, industrial
effluents, paints, mining

strong neurotoxin; lowers IQ in children;
cardiovascular, kidney, and reproductive
toxicity

0.01 mg/L [2,71,72]

mercury (Hg2+) mining, coal combustion,
industrial waste,
dental/medical waste

severe neurotoxicity; kidney damage;
bioaccumulates as methylmercury in
aquatic life

0.006 mg/L [2,71,72]

arsenic (As3+) natural groundwater
leaching, mining,
pesticides, industrial waste

carcinogenic (skin, bladder, lung); skin
lesions; cardiovascular disease;
developmental toxicity

0.01 mg/L for total
arsenic

[2,71,72]

arsenic (As5+) oxidized groundwater,
industrial discharge,
agricultural chemicals

less toxic than As3+ but still carcinogenic
with long-term exposure; associated with
skin, bladder, and lung cancers; more
strongly adsorbed in soils, making it
comparatively less mobile

0.01 mg/L for total
arsenic

[2,71,72]

chromium (Cr6+) leather tanning,
electroplating, stainless
steel industry, pigments

Cr6+ is carcinogenic; causes DNA
damage, skin irritation, gastrointestinal
injury

0.05 mg/L for total
chromium

[2,71,72]

chromium (Cr3+) natural minerals, steel
industry, leather tanning

essential trace nutrient at low levels, but
excessive exposure may cause skin
irritation and organ toxicity; considerably
less toxic and less mobile than Cr6+

0.05 mg/L for total
chromium

[2,71,72]

cadmium (Cd2+) mining, batteries,
fertilizers, electroplating,
waste disposal

kidney damage, bone demineralization,
carcinogenic, bioaccumulative

0.003 mg/L [2,71,72]

manganese (Mn2+) natural geology, mining,
wastewater, industrial
runoff

essential nutrient but toxic at high levels;
neurological impacts; affects childrens’
cognitive development

0.08 mg/L [2,73]

manganese (Mn4+) oxidized water systems;
strong oxidants used in
water treatment; industrial
discharge

occurs as insoluble MnO2 in oxidized
waters, less toxic than Mn2+, elevated
Mn4+ particulates can cause discoloration,
turbidity, and deposition in pipes, and may
release Mn2+ under reducing conditions

0.08 mg/L for total
manganese

[2,73]

iron (Fe2+) natural soil/rock erosion;
corroded iron pipes;
groundwater under
reducing conditions

not highly toxic but causes aesthetic
issues, promotes bacteria, can cause
oxidative stress when very high

(Rec) 0.3 mg/L for
total iron

[2,66]

iron (Fe3+) oxidized water systems,
industrial discharge,
corroded infrastructure

less soluble than Fe2+ and tends to
precipitate as iron oxides; lower direct
toxicity, but excessive levels can cause
turbidity, pipe scaling, discoloration, and
ecological imbalance in aquatic systems

(Rec) 0.3 mg/L for
total iron

[2,66]

nickel (Ni2+) electroplating,
stainless-steel corrosion,
industrial discharge

dermatitis, respiratory problems, possible
carcinogenicity; toxic to aquatic organisms

0.07 mg/L [2,74]

copper (Cu2+) corroded copper pipes,
mining, industrial effluents

essential nutrient but harmful at high
levels; liver/kidney damage; toxic to fish
and aquatic life

2 mg/L [2,66,72]

changes via modulation of the polymer oxidation state.
Together, these mechanisms enable SC-ISEs to achieve stable,
Nernstian ion detection without an internal liquid junction.
These sensors are cost-effective and energy-efficient for contin-
uous field operation, although potential drift and water-layer
formation can affect long-term stability [79]. The requirement
for a reference electrode, however creates severe challenges in
stability, miniaturization, and long-term maintenance [13].

Solid-contact nitrate-selective electrodes and valinomycin-
based K+ ISEs integrated on chips for environmental waters are
some examples of ISEs [7].

As shown in Figure 1b, voltammetric and amperometric devices
share a three-electrode geometry, comprising a working, refer-
ence, and counter electrode, often implemented as planar
screen-printed electrodes suitable for integration in flow
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Figure 1: Schematic overview of major electrochemical and electrical sensor geometries for ion detection. (a) Solid-contact ion-selective electrodes
(SC-ISEs) with no internal filling solution in working electrode covered with a layer of ISM (ion-selective membrane in purple color; uses solid trans-
ducer, (b) amperometric/voltametric sensors, (c) metal-oxide-semiconductor FETs (MOSFETs) with back-gated geometry, (d) ion-sensitive FETs (IS-
FETs) which oxide surface directly exposed to electrolyte, (e) chemical FETs (ChemFETs) with ion-selective membrane on top of IS-FET, (f) electro-
chemical transistors (ECTs) that volumetric ion penetration modulates channel, (g) solution-gated FETs (SG-FETs) with EDL gating at channel–elec-
trolyte interface, (h) water-gated FETs (WG-FETs) in which thin water layer acts as gate dielectric, (i) extended-gate FETs (EG-FETs) with an external
sensing electrode connected to the MOSFET gate, and (j) chemiresistive sensors. Used symbols are S = source; D = drain; G = gate; Ag/AgCl = refer-
ence electrode; WE = working electrode; AE = auxiliary electrode; ISM = ion-selective membrane; EDL = electric double layer.

systems. In voltammetry, the applied potential is scanned, and
the resulting current response indicates the redox behavior of
the analyte [80]. Amperometric sensors, by contrast, operate at
a fixed potential and measure a steady-state current propor-
tional to analyte concentration [81]. These sensors are particu-
larly effective for redox-active species or, when coupled with
enzymatic films, for indirectly measuring ions such as nitrate or
phosphate. While they offer fast response times and high sensi-
tivity, electrode fouling and matrix interference can limit their
durability in continuous operation. Anodic stripping voltammet-
ry (ASV) sensors build upon this principle, employing thin-film
working electrodes (e.g., bismuth or gold films) that enable
preconcentration of trace metal ions before measurement [82].
The ASV process involves two stages: (1) deposition, where
metal ions are reduced and plated onto the electrode surface,
and (2) stripping, where oxidation peaks are recorded and quan-
tified [82,83]. This approach allows for detection at nanomolar
levels and is widely applied for Pb2+, Cd2+, and Cu2+ monitor-
ing in natural waters. The geometry is typically planar and
flow-through compatible, but periodic electrode renewal and
electrolyte control are necessary for consistent field use [82].
Pb2+ and Cd2+ determination in natural waters using bismuth-
based ASV electrodes is an example of this method for ion
detection [84].

Field-effect transistor (FET)-based sensors represent a different
class of solid-state devices in which the conductivity of a semi-
conductor channel is modulated by changes in the surface
potential at an electrolyte–gate interface [85]. FET platforms
can lead to fast, miniaturized, CMOS-compatible devices (com-
plementary metal-oxide-semiconductor, a common fabrication
process for integrated circuit chips) [8-10]. Figure 1c–i illus-
trates the major FET geometries, each differing in how the gate
potential is applied and how the analyte interacts with the
channel. It includes metal-oxide-semiconductor FETs
(MOSFETs), ion-sensitive FETs (IS-FETs), chemical FETs
(ChemFETs), electrochemical transistors (ECTs), solution-
gated FETs (SG-FETs), water-gated FETs (WG-FETs), and ex-
tended-gate FETs (EG-FETs). In MOSFET-based devices, the
gate terminal, typically a metal or another conductive material,
is coated with an insulating layer, often the corresponding metal
oxide, and the semiconductor channel is exposed to the solu-
tion. A gate voltage is externally applied perpendicular to the
channel and can be tuned or swept. Interactions between the
analyte and the channel modify the electrostatic environment of
the channel. This modification alters the channel conductance
and changes its dependence on the applied gate voltage. Conse-
quently, variations in the device transfer characteristics can be
correlated with the analyte concentration (Figure 1c). An ion-
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sensitive FET (ISFET) is a modified MOSFET designed so that
its insulator (often a metal oxide) on top of the channel is
directly exposed to the solution. The electrolyte and a reference
electrode form the gate (Figure 1d). The sensor directly
responds to surface chemical reactions (protonation/deproton-
ation of –OH groups) that change oxide surface potential and
shift the threshold voltage. Due to this mechanism, highly sensi-
tive and stable IS-FETs for pH monitoring are reported that are
CMOS-compatible and can be miniaturized, but this type of
FET suffers from poor selectivity to other ions present in water
[86-89]. Chemical FETs (ChemFETs or ISM-FETs) incorpo-
rate ISMs (containing ionophores) on top of the metal oxide of
IS-FETs to solve this problem (Figure 1e). Target ions bind to
ionophores in the membrane and generate a membrane poten-
tial relative to the fixed potential of a reference electrode, thus
modulating the underlying IS-FET threshold voltage. Chem-
FETs are selective and sensitive devices. For example, Joly et
al. developed a ChemFET microsensors to detect NO3

− and
NH4

+ achieving near-Nernstian slopes in liquid and soil phases
[90]. It should be considered that incorporating a membrane, as
opposed to allowing direct analyte interaction with the sensing
surface, tends to increase signal drift due to membrane aging
and ionophore leaching, while it can also reduce the sensor’s
response speed and its lifetime.

Electrochemical transistors (ECTs) are another type of FETs
that translate ionic activity in a solution directly into amplified
electronic signals. Their channels are commonly coated with
ISMs to increase their selectivity (Figure 1f). ECTs rely on
volumetric ion penetration into an active channel (often a mixed
ionic–electronic conductor), which modulates its conductivity
through redox or doping/de-doping processes. This typically
yields high transconductance, strong signal amplification, and
excellent sensitivity at low operating voltages, though it can
introduce slower response times and long-term drift due to ion
trapping or material swelling [91,92]. In contrast, solution-gated
FETs (SG-FETs) have a geometry that use an electrolyte as the
gate dielectric, and ions modulate the surface potential at the
semiconductor–electrolyte interface without penetrating the
channel. In these devices, the channel between the source and
drain is directly exposed to the analyte solution, and gating
occurs through the electric double layer (EDL) that forms at the
interface between the channel surface and the electrolyte
(Figure 1g). A reference electrode is required to apply the gate
voltage, which modulates the EDL capacitance for electrostatic
control of the channel. Due to their large EDL capacitance,
these devices work well with 2D materials and show ultrahigh
sensitivity; they are therefore suitable for determining trace con-
centrations of heavy metals. The drawback of this device geom-
etry is its susceptibility to contamination and drift as well as its
sensitivity to ionic strength fluctuations of the solution (Debye

screening) [93,94]. This interfacial gating enables fast, revers-
ible responses and good stability, especially with materials like
graphene or CNT networks, but the signal amplification is gen-
erally lower because modulation is confined to the surface
rather than the bulk. Water-gated FETs (WG-FETs) represent a
sub-type of SG-FETs in which a thin layer or droplet of water
or electrolyte covers the channel and acts as the gate insulator
(Figure 1h). Instead of a reference electrode, a metal electrode
is placed in contact with the water layer (or positioned above it)
as a gate electrode. This geometry allows for stable operation in
aqueous environments and enables continuous monitoring of
bulk solution properties, though it similarly faces challenges
with interference from electrolyte composition and long-term
stability.

Overall, to design a FET sensor for aqueous environments,
factors such as ionic strength, fouling, and long-term stability
dominate design choices. In electrolytes with realistic ionic
strengths, the Debye screening length shrinks to ≈1 nm, which
suppresses FET responses to charges located further from the
channel; this is the core challenge for liquid-phase FET sensing.
Practical routes include lowering ionic strength (when accept-
able), using small receptors (aptamers) and porous/charge-
excluding coatings (like ChemFETs), nano-confinement, or
device formats such as the extended-gate FET (EG-FET) con-
figuration. An EG-FET is a conventional MOSFET device with
the gate contact electrically connected to an external sensing
electrode, which may consist of glass, Ag/AgCl, or oxide mate-
rials, and can also be coated with an ion-selective membrane
(Figure 1i). The sensing element is physically separated from
the MOSFET, and the potential generated at the external elec-
trode modulates the transistor. A key advantage of the EG-FET
architecture is its ability to compensate for environment-in-
duced signal drift. With the EG-FET geometry, the MOSFET is
protected from corrosion, and the metal electrode can easily be
functionalized or replaced with another electrode. Thus, this
device is cost-effective, since it requires only a standard
MOSFET and a replaceable electrode, and it offers robustness
with the flexibility to easily exchange the sensing head. Howev-
er, drawbacks include increased parasitic capacitance and
higher noise levels due to additional wiring, and the design is
not well suited for nanoscale integration [95].

All ion-sensing FET devices inherently require a gate electrode,
which is implemented as a reference electrode in many geome-
tries to provide a stable and well-defined electrochemical poten-
tial. Incorporating such a reference element brings both advan-
tages and constraints. On the one hand, a stable reference elec-
trode helps decouple the transistor from fluctuations in the sam-
ple matrix, improving baseline stability, reducing drift, and
enabling more reproducible measurements in complex aqueous
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environments. This stability is especially valuable when dealing
with variable ionic strengths, biofouling, or long-term continu-
ous monitoring, where uncontrolled potential shifts would
otherwise dominate the signal [96]. On the other hand, inte-
grating a reference electrode into a compact sensor platform
introduces practical challenges. Maintaining a constant poten-
tial requires careful material choice, hydration control, and
sometimes bulky internal electrolyte reservoirs, all of which
complicate miniaturization and packaging. Additionally, adding
a separate reference element increases wiring, parasitic capaci-
tance, and mechanical complexity, making it harder to achieve
robust, field-deployable devices with consistent performance
[29,97].

Chemiresistive sensors, in contrast, use a simpler two-electrode
geometry, commonly interdigitated microelectrodes bridged by
a conductive sensing film composed of materials such as
graphene, reduced graphene oxide, CNTs or conducting poly-
mers (Figure 1j) [11,98-102]. Adsorption or complexation of
ions alters the film’s resistance, producing a measurable signal.
Selectivity arises from the chemical modification of the sensing
layer with specific functional groups or chelating agents [42].
These sensors offer low-cost fabrication, easy scalability, and
compatibility with printed and microfluidic systems, although
their performance can be affected by baseline drift, and cross-
sensitivity to ionic strength [11]. Chemiresistors easily inte-
grate with ISMs, as it was recently reported that membrane-
coated devices can achieve low-microgram-per-liter detection
of Pb2+ in water, hinting at practical continuous monitoring of
priority metals [11,103,104].

Each method of detection and sensor geometry has distinct
advantages and limitations. Membrane-coated sensors includ-
ing SC-ISEs, ChemFETs, ECT, and ion-selective chemiresis-
tive sensors are well-suited for long-term, continuous measure-
ments of ion activity due to their selectivity and compact inte-
gration. ASV provides high sensitivity for trace metal ions,
while amperometric and voltammetric sensors deliver rapid
kinetic responses for electroactive analytes [22]. Ongoing
advancements in material science and studies on nanostruc-
tured interfaces significantly improved the quality of these elec-
tronic sensors, which will be discussed in detail in the following
sections.

Active layer materials for electrodes, FETs,
and chemiresistors
For effective ion sensing in aqueous media, a channel material
for a FET sensor must combine several key attributes. First,
high interfacial sensitivity at low voltage, manifested as a large
transconductance (µ·C) for thin channels and strong coupling
through the EDL in electrolyte gating, is essential for detecting

small changes in the ion-induced surface potential. Second, for
accurate and reliable ion sensing, the transistor channel materi-
al must not chemically degrade or react with the aqueous envi-
ronment, must minimize charge-trapping-related noise and
hysteresis through clean and defect-controlled interfaces, and
must maintain stable electronic properties over time so that any
electrical signal change reflects only the analyte concentration,
not material instability. Third, the material’s surface must allow
for functionalization, enabling integration with chelators and/or
ion-selective membranes to create a selective binding layer for
analyte detection. Finally, processability and scalability of the
material are important considerations [105]. For practical ion-
sensing platforms, materials must be compatible with mass-
producible, reproducible, low-cost, and reliable fabrication
techniques. The material choice is therefore influenced not only
by performance metrics (sensitivity, limit of detection, selec-
tivity, stability) but also by how easily, inexpensively, and reli-
ably it can be produced, patterned, and integrated into devices at
scale. In the case of chemiresistors, the channel should also
offer a large accessible surface area to maximize adsorption-in-
duced conductance change. In addition, it should be engineered
to operate near the percolation threshold, where charge trans-
port is dominated by a small number of critical junctions,
thereby enabling high transduction gain from small adsorption
events [106]. The active layer of an electrochemical electrode
should provide high electrochemical activity with efficient ion
and electron transport, ensuring fast charge/discharge kinetics.
It must also maintain chemical stability and mechanical
integrity during repeated cycling to deliver long-term perfor-
mance [107].

Inorganic materials
Semiconducting metal oxides. Metal-oxide thin films (such as
ZnO, SnO2, IGZO, In2O3) are classified as classic inorganic
semiconductors with a wide bandgap (3–4 eV). The surface of a
semiconducting metal oxide is its most chemically active region
that can have a significant impact on the electronic structure of
the material. Because metal oxides combine metal cations and
oxygen anions with partly ionic bonding, their surfaces behave
very differently from covalent semiconductors like silicon. Sur-
face atoms tend to rearrange, react, or adsorb species to reduce
surface free energy, leading to non-ideal, defect-rich surfaces.
These defects often cause the film to be n-type doped and form
surface states inside the bandgap, affecting charge trapping, cat-
alytic activity, and sensing behavior. Due to their structure,
charge transfer in metal oxide semiconductor channels is
strongly influenced by their defect chemistry, surface adsor-
bates, and polaronic transport behavior. Charges primarily
transfer through defect-induced n-type conduction by a combi-
nation of band-like transport and polaron hopping. The charge
transfer gets heavily modulated by surface adsorbate interac-
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Figure 2: Design of a water-gated field effect transistor sensor. The inner “tap water” pool acts as a reference against the outer “sample” pool. Source
and drain transistor contacts are contacted by tungsten needles mounted on Karl Suss probeheads. A third probehead is used to immerse another
tungsten needle into the water in the sample pool to provide a gate contact. Inset: photograph of clinoptilolite-sensitised SnO2 WG-FET sensor plat-
form. Figure 2 was reproduced from [110] (© 2020 Z. Alqahtani et al., published by IWA Publishing, distributed under the terms of the Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

tions and grain boundary barriers. Metal oxides typically show
conductivities of 10−6–102 S/m, mobilities of 0.1–50 cm2/V·s,
and electron concentrations of 1016–1019 cm−3. These values
shift dramatically with oxygen vacancies, doping, and
microstructure. The specific surface area of sensing semicon-
ducting metal oxides (SMOs) is in a range of 20–200 m2/g
depending on their degree of porosity and nanostructuring
[108,109].

As an example of an SMO-based device, a WG-FET based on a
SnO2 thin-film channel was developed for the selective detec-
tion of Pb2+ and Cu2+ ions in water [110]. The device em-
ployed a clinoptilolite-filled, plasticized PVC membrane as an
ion-selective layer, which generates a potential difference be-
tween the sample and reference pools (Figure 2). This potential
modulates the threshold voltage (ΔVth) of the SnO2 transistor,
with the shift following a Langmuir–Freundlich isotherm that
reflects heterogeneous ion-binding behavior. The WG-FET
exhibited a rapid response at low ion concentrations and signal
saturation at higher levels, achieving detection limits of 0.9 nM
for Pb2+ and 14 nM for Cu2+, both well below the WHO regula-
tory limits [110]. Because metal-oxide thin films typically ex-
hibit lower conductivity, carrier mobility, and surface area than
2D materials such as graphene or CNTs, integrating them with a

highly conductive 2D component allows the hybrid structure to
leverage the superior electronic and interfacial properties of the
2D material for effective online ion sensing in electrochemical
and electronic devices. Arora et al. demonstrated that combin-
ing ZnO with graphene can result in a highly sensitive FET
device for Pb2+ detection [111]. Integration of conductive
graphene with semiconducting ZnO significantly reduces the
ZnO bandgap (from ≈3.7 eV to ≈2.2 eV), thereby enhancing
charge transfer and overall electrochemical activity. The homo-
geneous dispersion of nanoscale ZnO on graphene provides a
large active surface area for Pb2+ adsorption and reduction, re-
sulting in improved sensitivity. Cyclic voltammetry reveals that
the redox current varies linearly with the square root of the scan
rate, confirming a diffusion-controlled electrochemical process.
Additionally, the graphene–ZnO nanocomposite lowers the
reduction potential of Pb2+ compared to a bare glassy carbon
electrode, facilitating electron transfer. Collectively, these
effects, bandgap narrowing, increased surface area, and syner-
gistic catalytic activity, make the graphene–ZnO nanocompos-
ite a sensitive and selective film for detecting trace lead ions in
aqueous environments [111].

Although metal oxides have good chemical stability and exhib-
it robust semiconducting behavior with high transconductance,
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making them good candidates for gas and pH sensing
[112,113], their high density of surface states makes sensing in
aqueous environments challenging. A high density of surface
states can cause charge scattering effects, which decrease the
charge mobility while increasing contact resistance, noise, and
hysteresis. The FET device can be designed in a way that miti-
gates these issues, but at the cost of increased complexity.
Nonetheless, detection of trace concentrations of heavy-metal
ions in real water has already been practically demonstrated by
metal-oxide-based electrochemical methods in a much simpler
way than the design and fabrication process needed for metal-
oxide FET devices. ASV on inexpensive screen-printed
electrodes routinely achieves sub-parts-per-billion LODs and
has already been packaged for in situ and portable use. For
instance, a cost-effective electrochemical sensor based on
Fe3O4/MWCNTs/LSG composites functionalized with chitosan
was fabricated for the simultaneous detection of Cd2+ and Pb2+

using ASV. The in situ bismuth film deposition enabled
ultralow detection limits of 0.1 μg/L (Cd2+) and 0.07 μg/L
(Pb2+) [114]. That is why the field of ion sensing by metal-
oxide FETs has developed more slowly.

In terms of device fabrication, metal oxides often endure harsh
aqueous conditions (acidic and alkaline) better than many
organics, making them favorable for long‐term deployment.
They have well-established fabrication methods (thin films,
sputtering, ALD, solution deposition) [115]. They also face
some challenges in sensing; for instance, in high‐ionic‐strength
aqueous media, the Debye screening length can be very short
(<1 nm). Hence, ion‐to‐channel coupling often relies on an
ion‐selective membrane that will be in a ChemFET geometry or
a remote gate with a EG-FET geometry rather than direct ion
adsorption on the oxide. This complicates device architecture.
Fabrication and processing may need high temperatures or
vacuum deposition to achieve high‐quality films, which can
limit inexpensive, printed deployment [28].

Graphene. Single-layer graphene, few-layer graphene (FLG),
and bulk graphene differ in structure and properties, which
affect their sensing performance. Single layer graphene is
extremely surface sensitive because every atom is at the surface.
It has a low density of electronic states near its Dirac point;
thus, even minor changes in surface charge can shift its Fermi
level significantly, making it highly responsive to external stim-
uli. Molecules or ions with electric dipoles can therefore easily
shift the Fermi level electrostatically. However, its predomi-
nantly basal-plane surface, limited density of electrochemically
active edge sites, and susceptibility to chemical and mechanical
degradation often lead to signal instability in liquid-phase
sensing. In contrast, FLG, typically comprising two to five
stacked graphene layers, provides improved structural robust-

ness and reduced noise while retaining high electrical conduc-
tivity. The increased edge density and defect accessibility in
FLG facilitate faster electron transfer kinetics and enhanced
electrochemical activity, making it especially suitable for elec-
trochemical sensing platforms. Bulk (multilayer) graphene,
which approaches graphite-like behavior, offers excellent me-
chanical stability and ease of fabrication but suffers from
reduced surface accessibility, interlayer charge screening, and
slower charge-transfer processes, resulting in lower sensitivity.
Thus, it can be concluded that FLG represents the optimal
compromise between sensitivity, stability, and electrochemical
performance for practical sensing applications [116]. FLG
typically shows conductivities of 104–105 S/m, mobilities
of 1,000–50,000 cm2/V·s, and a sheet carrier density of
1012–1013 cm-2. Its specific surface area ranges from 300 to
800 m2/g. Graphene conducts via band-like transport of delocal-
ized π-electrons, with extremely high mobility. Charge transfer
from adsorbates or ions occurs by electron donation or with-
drawal, shifting the Fermi level and modulating carrier density.
Hopping transport only occurs if graphene is heavily defected
(e.g., reduced graphene oxide, rGO) [117]. Graphene is a strong
channel candidate for FET devices because its atomically thin,
all-surface conduction enables very good coupling to the elec-
tric double layer under electrolyte gating, yielding large
transconductance at low bias and high sensitivity to ion-in-
duced interfacial potential changes. In practice, graphene (and
rGO) integrates readily with ion-selective membranes, which
localize the recognition event within the Debye length and
translate ion activity into reproducible shifts in the Dirac point
[118].

Chen et al. developed a rGO-based FET sensor for detection of
nitrate ions in water. The device employs rGO nanosheets as the
conductive channel, functionalized with benzyltriethyl-
ammonium chloride (TEBAC), whose quaternary ammonium
groups exhibit strong electrostatic affinity for nitrate ions. The
TEBAC molecules are immobilized on rGO via π–π interac-
tions, forming a stable hybrid sensing layer. Upon exposure
to nitrate, electrostatic binding between NO3

− and the
–N+(CH2CH3)3 sites induces electron transfer and redistribu-
tion within the rGO/TEBAC interface (since nitrate ions have a
delocalized π bond due to the pz orbitals from nitrogen and
oxygen atoms, after adsorption onto the TEBAC probe, they
interact with the electron cloud of the rGO nanosheets), leading
to a modulation of carrier density and a measurable decrease in
channel conductance (due to the fact that rGO material is
p-doped). This transduction process enables the device to
rapidly (2–7 s) achieve an ultralow limit of detection (4.9 µg/L
NO3

−) with excellent selectivity against competing anions (Cl−,
SO4

2−, CO3
2−). The sensor’s performance, reusability through

simple NaCl regeneration, and enzyme-free design underscore
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Figure 3: Structure and fabrication of graphene ion-sensitive field-effect transistors (ISFETs). (a) Schematic illustration of the structure of the devices.
(b) Fabrication flow chart. Preparation of SiO2 substrate. E-beam deposition of Cr/Au source-drain electrodes. CVD graphene transfer. Device encap-
sulation via KMPR negative photoresist. Device dicing and a nitrate ion sensitive membrane deposition. (c) Chemical structure of nitrate ionophore.
(d) Optical image of an individual graphene ISFET beside of one cent coin. Figure 3 was reproduced from [17] (© 2024 Y. Xu et al., published by
Springer Nature, distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/
4.0).

its potential as a robust, low-cost platform for real-time nitrate
monitoring in water [119].

Also, ultratrace nitrate detection was proposed with an interdig-
ital graphene-FET integrated with a nitrate-sensitive membrane
(Figure 3). The sensing mechanism relies on selective complex-
ation of nitrate ions with ionophores within the ISM, which
generates a membrane potential proportional to the nitrate con-
centration according to the Nernst relation. This potential
modulates the graphene surface potential, shifting its Fermi
level and producing a measurable Dirac point displacement
(ΔVDirac) in the transfer characteristics. Optimization of
the graphene channel geometry and ISM thickness enhances
the device transconductance, amplifying its response to ionic
potential changes. The resulting electrical signal, expressed
as a linear Dirac point shift with logarithmic dependence on
nitrate concentration, enables precise quantitative detection
with a low limit of detection (0.041 ppt; 4.8 × 10−13 M), a
wide linear range (0.1 ppt to 100 ppm), and Nernstian sensi-
tivity (≈28 mV/decade), with excellent selectivity against

common anions and validated performance in real water sam-
ples [17].

Graphene’s processability as inks and large-area films also
supports scalable arrays and simple chemiresistive formats,
further underscoring its suitability for practical sensing applica-
tion [11]. Despite graphene’s advantages, it exhibits several
intrinsic limitations that can hinder its effectiveness as a FET
channel material. Its zero bandgap results in intrinsically
low on/off current ratios, high off-state leakage, and excessive
static power waste, preventing reliable digital switching
performance. Efforts to induce a bandgap, such as graphene
nanoribbons, bilayer gating, or strain engineering, inevitably
degrade mobility and increase scattering. Device performance is
further limited by strong sensitivity to substrate interactions
(e.g., charge traps, phonon scattering, and impurities on SiO2),
which introduce noise and variability. High and inconsistent
metal–graphene contact resistance, arising from Fermi-level
pinning and the absence of a semiconducting gap, also hampers
reproducible device operation. Moreover, fabrication processes

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0


Beilstein J. Nanotechnol. 2026, 17, 935–973.

947

often leave polymer residues and adsorbates that deteriorate
electronic quality, and large-area CVD graphene suffers from
structural non-uniformities, including grain boundaries, wrin-
kles, and non-uniform doping, that create substantial device-
to-device variability [120]. Beyond these limitations, studies
found how graphene’s high mobility, chemical functionaliz-
ability and compatibility with extended-gate layouts help
overcome screening and drift in complex electrolytes and make
it suitable for electrical and electrochemical sensing
[117,120,121].

Carbon nanotubes. Carbon nanotubes (CNTs) are one-dimen-
sional nanostructures composed of seamless cylinders of sp2-
bonded carbon atoms formed by rolling up graphene sheets,
with their material properties governed primarily by the num-
ber of walls, diameter, chirality, and defect structure. Single-
walled carbon nanotubes (SWCNTs) consist of a single
graphene cylinder with complete surface exposure and a highly
anisotropic, chirality-dependent electronic structure with either
metallic (zero bandgap) or semiconducting (a bandgap of
0.5–1.5 eV) character, resulting in favorable intrinsic electrical
and mechanical properties but relatively low robustness.
Double-walled carbon nanotubes (DWCNTs), comprising two
concentric graphene shells held together by van der Waals inter-
actions, exhibit a hierarchical architecture in which the outer
wall dictates surface chemistry while the inner wall enhances
mechanical integrity and stabilizes charge transport. Multi-
walled carbon nanotubes (MWCNTs) are composed of multiple
concentric shells or a scroll-like structure, display predominant-
ly metallic behavior, and outstanding mechanical strength and
chemical durability, though with reduced surface accessibility
of inner walls. Across all CNT types, SWCNTs are ideal for
ultrasensitive electrical detection, DWCNTs provide a balanced
combination of performance and stability, and MWCNTs
are particularly well-suited for robust, scalable electro-
chemical sensors and composite-based electrodes [122]. CNTs
typically show conductivities of 104–106 S/m, mobilities of
10,000–100,000 cm2/V·s, and charge carrier densities of
1015–1019 cm−3. CNTs possess high specific surface area (SSA;
generally in the range of 200–800 m2/g) and can be functionali-
zed with selective ionophores, membranes, or chelating ligands
[20]. In CNTs, charges move inside individual CNTs via band
conduction, then cross to another tube via tunneling/hopping,
forming a percolation network. Modulation of the carrier densi-
ty of CNTs can happen via direct charge transfer, dipole fields
(electrostatic gating effect), or Schottky-barrier changes caused
by interacting molecules or ions. CNTs are well suited as
channel materials for sensing in aqueous environments because
their high aspect ratio, one-dimensional structure, and excellent
electrical properties yield strong coupling to surface and interfa-
cial phenomena under electrolyte gating [123,124].

Melzer et al. reported the development of a membrane-coated
CNT-based electrochemical charge-transfer device for detecting
K+, Ca2+, and Cl− in complex sample matrices with high ionic
strength. Upon interaction of a membrane-coated CNT film
(semiconducting SWCNT) with the ion of interest, the ion-ac-
tivity-dependent electrochemical response of polymeric ion-
selective membranes modulate the effective gate potential and
produce threshold voltage (Vth) shifts in the FET transfer char-
acteristics. Potassium sensing using a valinomycin-based ISM
yielded a linear Vth shift of +39.3 mV per decade of K+ activity
from 10−1 to 10−7 M. A chloride-selective membrane incorpo-
rating tridodecylmethylammonium chloride produced a
−51.5 mV/decade shift between 10−1 and 10−5 M, while
calcium sensing using a diamide-based membrane achieved a
+21.7 mV/decade response from 10−1 to 10−6 M with good
selectivity over common interfering ions [125].

Although SWCNTs exhibit high intrinsic carrier mobility and
electrostatic gate control, they face several challenges. A major
challenge is the presence of mixed metallic and semicon-
ducting CNTs in as-grown films, which may degrade device
performance by lowering on/off ratios and causing leakage
pathways that are difficult to eliminate at scale. Even for semi-
conducting SWCNTs, electronic properties are highly sensitive
to chirality, diameter, and defects, leading to substantial device-
to-device variability [126]. CNT networks also suffer from high
contact resistance at metal–nanotube and tube–tube junctions,
which limits current drive and introduces nonuniform conduc-
tion pathways [127,128]. Moreover, environmental sensitivity,
particularly the adsorption of oxygen and other ambient conta-
minants, can lead to threshold-voltage instability and hysteresis,
thereby complicating biasing conditions and degrading long-
term reliability [129]. Despite these challenges, many CNT
sensors for water-based analytes have been reported, emphasiz-
ing that CNT films can deliver good stability, low baseline drift
and robust responses when properly engineered for aqueous
operation [20,130,131].

Silicon nanowires. Silicon nanowires (SiNWs) consist of
silicon confined to nanoscale diameters (10–100 nm) and elon-
gated to form high-aspect-ratio one-dimensional structures.
The bandgap of bulk silicon is 1.12 eV. Very thin SiNWs
(<5–10 nm) have a larger bandgap due to quantum confinement
(up to ≈2 eV) depending on their diameter. SiNWs behave simi-
larly to doped bulk silicon, but surface depletion and quantum
confinement decrease their conductivity (102–104 S/m) and
mobility (50–1500 cm2/V·s). Charge transport in SiNWs is
primarily band-like inside the crystalline core. Even though sur-
face effects reduce conductivity and mobility, they dramatically
enhance sensitivity since surface depletion means surface
charge changes control the entire wire. Quantum confinement
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results in strong current modulation by even small potential
changes. This is why SiNWs are among the most sensitive
FET-based chemical sensors. Their charge carrier density
is 1015–1018 cm−3 and their SSA falls in the range of
10–100 m2/g, depending on diameter and aspect ratio. Work on
silicon SiNW-FETs has shown that binding of charged ions at
the solid–liquid interface leads to measurable shifts in threshold
voltage or channel conductance, enabling label-free detection
and rapid responses [132-134]. Charge transfer between SiNWs
and analyte species occurs through electrostatic gating by
intrinsic charges, direct electron donation/withdrawal by the
analyte, and trap-mediated exchange at oxide surface states. The
native and engineered oxide surfaces on silicon allow for
precise functionalization (e.g., via silane chemistry and self-
assembled monolayers) to install ion-selective membranes
[135,136]. A study by Chen et al. demonstrates an integrated
sensing platform based on SiNW-ChemFETs capable of
detecting sodium ions. Selectivity toward Na+ is achieved
through a membrane deposited on the gate insulator, where the
Na-ionophore III selectively complexes Na+, generating a stable
interfacial potential at the membrane–electrolyte boundary
that modulates the SiNW channel and produces a poten-
tiometric response. This ion-coupled gating mechanism
enables the sensor to exhibit a near-Nernstian sensitivity of
57.9 ± 0.7 mV/decade across concentrations from 100 µM to
100 mM, with a detection limit of ≈60 µM, matching the perfor-
mance of conventional ion-selective electrodes employing the
same ionophore. Despite its strong intrinsic selectivity, the
membrane suffers from competitive binding effects, particular-
ly from K+, yielding a selectivity coefficient of 10−1.2 for Na+

over K+. This interference effects become pronounced in com-
plex matrices such as river water, though their influence dimin-
ishes at higher Na+ activities. Thus, further membrane optimiza-
tion is needed to mitigate molecular-ion partitioning and en-
hance performance in real-world environmental samples [137].

SiNWs offer good electrical stability and noise characteristics
when properly passivated and have attracted significant interest
as channel materials for FETs; however, several key limitations
hinder their broad practical adoption. The high surface-to-
volume ratio of SiNWs causes their electrical performance to be
heavily dominated by surface states and interface traps, result-
ing in degraded carrier mobility and pronounced hysteresis in
transfer characteristics [134,138,139]. Additionally, quantum
confinement and stochastic dopant distributions in extremely
thin SiNWs introduce variability in threshold voltages, making
reproducibility difficult across large arrays [140]. Similar to
other materials, when SiNW-based sensors are used in
high‐ionic‐strength environments, Debye screening and drift of
the reference electrode are possible, which further limit robust-
ness and real‐world applicability [141]. In terms of device fabri-

cation, SiNW-FETs are a commercially proven, industrially
scalable sensing technology, ideal for miniaturized, mass-pro-
duced, electronics-integrated ion sensors; however, achieving
uniform nanowire diameter, high crystalline quality, low-resis-
tance contacts, and conformal coating of the channel with a
highly dielectric insulating material in the fabrication process
still are of concern to researchers in this field [136,141].

Aluminium gallium nitride/gallium nitride heterostructures.
An aluminium gallium nitride/gallium nitride (AlGaN/GaN)
heterostructure is a layered semiconductor made by placing
AlGaN (with a bandgap of 3.4–6.2 eV) on GaN (with a bandgap
of 3.4 eV), creating a 2D electron gas (2DEG) at the interface
due to the strong spontaneous and piezoelectric polarization
fields inherent to the wurtzite crystal structure of group-III
nitrides. When a thin AlGaN barrier is grown on GaN, the
discontinuity in polarization charges creates an intense internal
electric field that bends the GaN conduction band downward,
forming a triangular quantum well at the heterojunction. As a
result, charge transport in AlGaN/GaN devices is dominated by
this 2DEG layer, which serves as the conductive channel in
high-electron-mobility transistors (HEMTs) with minimal
impurity scattering. 2DEG in AlGaN/GaN structures typi-
cally shows conductivities of 104–105 S/m, mobilities of
1000–2000 cm2/V·s, and electron densities of 1012–1013 cm−2

in the 2DEG. The 2DEG’s proximity to the surface (20–30 nm
below the AlGaN barrier) also makes it very sensitive to sur-
face charges, enabling strong field-effect modulation by adsor-
bates, ions, or electrochemical interactions. Charge transfer be-
tween analyte species and the channel occurs electrostatically;
external charges or dipoles modulate the 2DEG density by
changing the surface potential of AlGaN. Direct charge transfer
is weak because GaN is chemically inert, but surface traps can
capture or release charge, altering band bending and 2DEG
conductivity [142]. Zhao et al. introduced a differential extend-
ed-gate (DEG) AlGaN/GaN HEMT device (a type of EG-FET
geometry) for detection of Fe3+ ions in aqueous environments.
GaN (measuring gate) is capped with a layer of gold, which
serves as the surface for a self-assembled monolayer of
2-mercaptosuccinic acid. The thiol groups in 2-mercaptosuc-
cinic acid form Au–S linkages with the gate surface, while the
carboxyl groups selectively bind Fe3+ ions. Therefore, the sur-
face charge modulates at the measuring gate and generates
localized charge variations. These changes are capacitively
coupled to the HEMT channel, altering the density of the 2DEG
and producing a measurable shift in the output signal. The
differential configuration, comprising a reference and a sensing
gate, cancels common-mode noise from environmental
fluctuations such as light or vibration, thereby enhancing
detection precision. This device achieved a very low detection
limit of 10 fM, a broad dynamic range (10 fM–100 mM),
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and excellent linearity (R2 = 0.9955), outperforming conven-
tional AlGaN/GaN HEMT sensors and demonstrating strong
potential for real-time monitoring of trace concentration of ions
[95].

The 2DEG at the interface delivers high transconductance at
low bias while remaining chemically and physically stable in
aqueous electrolytes, resulting in low-noise AlGaN/GaN HEMT
devices [143-146]. Selective detection of PO4

3− using ion-
imprinted polymers (IIPs), as well as quantification of NO3

−,
Hg2+, Ca2+, and Pb2+ ions via ISMs have also been demon-
strated with AlGaN/GaN HEMT devices, illustrating the plat-
form’s compatibility with ion-selective layers for specificity
[147-151]. The architecture also supports water-gated and ex-
tended-gate formats [95,152]. In terms of scalability of these
transistors, GaN-on-Si or GaN-on-sapphire epitaxy allows for
full wafer-scale growth using metalorganic chemical vapor
deposition (MOCVD), compatible with power-electronics fabri-
cation workflows. Batch processing enables thousands of
devices per wafer. GaN HEMTs are already manufactured at
scale for radio frequency and power electronics, meaning the
industry infrastructure already exists. The wide bandgap and
chemical stability also make them suitable for aqueous ion
sensing directly in harsh environments without special lab-only
handling. Meanwhile, performance and reliability of AlGaN/
GaN transistors in sensing applications are hampered by several
device-level challenges, including self-heating effects, current
collapse, gate leakage, high electric field concentration,
elevated ohmic contact resistance, and threshold voltage insta-
bility. Excessive channel heating and charge trapping can
degrade sensitivity and stability, while gate leakage and high
contact resistance reduce power efficiency and transduction
accuracy. Moreover, threshold voltage drift and field-induced
trapping compromise long-term reliability and reproducibility
of sensor responses. To overcome these limitations, optimiza-
tion of thermal management, suppression of trapping effects,
and minimization of leakage and contact resistance are essen-
tial. Incorporating advanced structural strategies, such as field
plates, passivation layers, and refined gate architectures, can
further improve the stability, sensitivity, and overall perfor-
mance of AlGaN/GaN-based sensors [142].

MXenes. MXenes (e.g., Ti3C2Tx) are metallic 2D transition-
metal carbides/nitrides with abundant surface terminations (–O,
–OH, –F, generated during the etching process using hydro-
chloric acid and lithium fluoride), which are represented by Tx
with a fractional coverage of x. Their metal centers possess
partially filled d orbitals with a high density of states at the
Fermi level and strong M–C or M–N bonding, which leads to
delocalized electronic states, high electrical conductivity
(104–105 S/m), and small or zero bandgaps (0–0.3 eV). Elec-

trons move freely within the 2D basal plane, similar to a disor-
dered metal. MXenes are formed by wet-chemical etching.
They carry functional groups on their surfaces, which cause
electron scattering, local band bending, and modification of the
effective mass of the charge carriers. This limits mobility
(1–100 cm2/V·s) and prevents fully ballistic transport. In the
films, interflake transport occurs via tunneling and hopping,
which influences the conductivity of the film. Thus, thin flakes
conduct better than thick, restacked films. In MXenes, ions (H+,
Li+, Na+, K+, Ca2+) can enter the interlayer space and change
the charge distribution, resulting in mixed ionic–electronic
transport. Few-layer MXenes (delaminated form) typically
show a SSA of about 50–300 m2/g, which can be modified by
engineering the structure such as making it porous or pillared.
Due to the metallic d-band contribution from the transition
metal centers, MXenes exhibit very high charge carrier densi-
ties (1013–1015 cm−2) [153,154].

MXenes exchange charge with their environment via direct
chemical electron transfer, electrostatic gating by ions and
dipoles, redox reactions involving surface transition-metal sites,
and ion-intercalation-induced modulation of the Fermi level.
Their exposed metallic surfaces and tunable terminations make
them very sensitive to charge-transfer processes. In practice,
MXene channels have delivered selective heavy-metal detec-
tion in challenging matrices [155,156], for example, Hg2+

sensing in high-salinity water using Ti3C2Tx-based MOSFET
devices. The sensor employs Ti3C2Tx nanosheets as the conduc-
tive channel material deposited on interdigitated gold elec-
trodes. The sensing mechanism is governed by the strong
adsorption and subsequent reduction of Hg2+ to Hg+ on the
MXene surface, which perturbs the electronic structure.
Ti3C2Tx nanosheets are electron-rich, so when they donate elec-
trons to mercury ions, the channel conductivity decreases, re-
sulting a drop in current. This intrinsic adsorption–reduction
process enables high sensitivity and selectivity toward Hg2+,
with negligible interference from competing metal ions (As5+,
Cd2+, K+, Pb2+, Cu2+, Ca2+). Furthermore, the device main-
tains stable performance in 1 M NaCl, demonstrating robust-
ness against interfering species [157].

MXenes also interface well with ion-selective layers [12], and
MXene-based FETs can be fabricated via printing or solution-
based methods [158]. A limitation to the application of these
materials is their ease of oxidation in aqueous solutions, but
recently proposed chemistry and storage strategies (defect
passivation, polymer composites, controlled dispersions)
address this issue and extend operational lifetimes [153,154].
Therefore, the high conductivity, hydrophilicity, tunable sur-
face terminations, and processability of MXenes make them a
suitable choice for sensing applications.
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Transition metal dichalcogenides. Transition metal dichalco-
genides (TMDCs) are a broad class of layered materials with
the chemical formula MX2, where M is a transition metal (e.g.,
Mo, W, Nb, V, Ti) and X is a chalcogen (S, Se, Te). In their
bulk form, TMDCs consist of stacks of weakly bonded van der
Waals layers, each only a few angstroms thick, allowing indi-
vidual monolayers to be mechanically exfoliated or chemically
isolated. Each monolayer comprises a plane of metal atoms
sandwiched between two planes of chalcogen atoms, forming a
trigonal prismatic or octahedral coordination environment.
TMDCs show conductivities of 10−3–102 S/m, mobilities of
0.1–500 cm2/V·s, and SSAs in the range of 10–200 m2/g (few-
layer, exfoliated nanosheets) [159,160]. The electronic band
structure of TMDCs is strongly thickness-dependent. In the
bulk form, interlayer coupling leads to an indirect bandgap
(1.0–1.3 eV), whereas removal of interlayer interactions and en-
hanced quantum confinement in the monolayer shift the band
extrema to the same k-point, yielding a larger direct bandgap
(1.6–2.1 eV). This well-defined, thickness-tunable bandgap
allows for strong electrostatic gate control over carrier trans-
port, which is essential for efficient transistor switching
[161,162]. TMDCs conduct charge via band conduction in high-
quality monolayers, trap-limited transport in most practical
devices (made with CVD-grown TMDCs), and hopping/tunnel-
ing in defective or multilayer films (solution-processed TMDC
nanosheets, printed electronics, and thick films). Transport is
strongly influenced by defects, the dielectric environment, and
contact interfaces [163,164].

TMDCs undergo strong chemical charge transfer with adsor-
bates, electrostatic coupling with external charges, and trap-
mediated exchange at vacancies. Their atomic thickness makes
their conductivity extremely sensitive to molecular doping, con-
tact barriers, and ionic environments, enabling powerful sensing
capabilities [165]. An example of a sensing application of
TMDCs is an agent-free MoS2-based FET sensor that was de-
veloped for real-time and in situ monitoring of silver ions in
aqueous media. Agent-free means that MoS2 acted as active
layer and sensing layer without any additional recognition
agents. In MoS2, surface sulfur atoms interact with Ag+ ions;
Ag+ acts as a Lewis acid, accepting lone-pair electrons from S
atoms and inducing p-type doping. This adsorption decreases
electron concentration in the MoS2 channel, resulting in a posi-
tive threshold voltage shift, reduced carrier mobility, and lower
the channel current. The sensor achieved an ultralow detection
limit of 10−10 mol·L−1 and rapid response (≤5 min) with high
operational stability [166].

Another study reports the development of solid-state chemire-
sistors based on MoS2 nanosheets functionalized with
ʟ-cysteine (Cys) for real-time detection of cadmium ions (Cd2+)

in drinking water at ultralow concentrations (1–500 ppb)
(Figure 4). The MoS2-Cys films were fabricated via a simple
one-pot synthesis involving thioglycolic acid carboxylation and
amide coupling with ʟ-cysteine, deposited onto porous
poly(ether)sulfone membranes to enable continuous flow
sensing. The sensing mechanism is based on selective adsorp-
tion of Cd2+ ions to the ʟ-cysteine functional groups, followed
by charge transfer that alters the electronic gap states and modu-
lates MoS2 conductivity. This interaction results in a substan-
tial resistivity increase, up to 20× at 5 ppb Cd2+, with high
selectivity under neutral pH conditions. The devices exhibit
rapid response (≈1 s), reusability, and operational simplicity
without the need for external reagents or complex instrumenta-
tion [167].

From a practical perspective, 2D-TMDCs can be fabricated via
scalable methods (CVD, ALD, mechanical exfoliation) and
integrated into thin-film FET stacks, enabling compact, low-
voltage sensors suitable for remote or continuous monitoring of
water. They exhibit high mechanical flexibility, chemical
stability, and atomically clean surfaces without dangling bonds,
making them compatible with a wide variety of substrates, in-
cluding flexible and transparent electronics. While some chal-
lenges remain (such as managing aqueous degradation or
selecting optimal functionalization chemistry), the suite of mor-
phological, electrical, and chemical features makes 2D-TMDCs
a suitable material class for ion sensing [160].

Organic materials
Small organic molecules and conjugated polymers. Organic
channel materials for organic FETs (OFETs) include
conjugated small molecules (such as pentacene, rubrene),
and conjugated polymers (such as poly(3-hexylthiophene)
(P3HT)- and diketopyrrolopyrrole (DPP)-based polymers).
Charge transport in organic semiconductors is fundamentally
different from that inorganic materials. Charge transport in
organic systems arises from localized electronic states, where
carriers move through hopping or polaron mechanisms. Because
these materials are held together by weak van der Waals forces,
their π orbitals do not form extended bands, and transport is
strongly affected by intermolecular arrangement, variations in
local site energies, and electrolyte interactions in solution-gated
OFET geometry. Charge transport occurs via thermally
activated hopping between localized states, resulting in strong
temperature dependence, low mobility, and high sensitivity to
morphology and crystallinity. Charges in organic semiconduc-
tors also distort the surrounding molecular environment,
forming polarons that hop between sites at rates governed by
reorganization energy and π–π stacking, further limiting
mobility and making transport highly sensitive to structural
order [168-170].
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Figure 4: (a) MoS2−Cys preparation using thioglycolic acid (TGA) to add carboxyl groups followed by amide cross-linking for Cys functionalization
and fabrication of two-terminal chemiresistors. MoS2−Cys thin films can be prepared by vacuum filtration and incorporated in these devices. 2 keV
scanning electron microscopy (SEM) images of (b) MoS2−COOH and (c) MoS2−Cys (1:20 MoS2/Cys mass ratio), showing Cys functionalization as a
network of filaments on the surface of MoS2 aggregates. Figure 4 was reprinted from [167], P. Bazylewski et al., “Solid-State Chemiresistors from
Two-Dimensional MoS2 Nanosheets Functionalized with ʟ-Cysteine for In-Line Sensing of Part-Per-Billion Cd2+ Ions in Drinking Water”, ACS Omega,
Copyright © 2019 American Chemical Society, licensed under the Standard ACS Author Choice/Editors’ Choice Usage Agreement, https://
pubs.acs.org/page/policy/authorchoice_termsofuse.html. This content is not subject to CC BY 4.0.

Organic thin films are structurally heterogeneous, consisting of
crystalline π–π stacked domains, amorphous regions, and grain
boundaries. Charge transport therefore proceeds along percola-
tion pathways through ordered domains and incomplete perco-
lation leads to drastic drops in charge carrier mobility [168-
170]. As highlighted by Lamport et al., the choice of the organic
semiconductor strongly impacts charge carrier mobility, on/off
ratio, and threshold voltage behavior [168]. In practice, small
organic molecules and conjugated polymers used in ECT chan-
nels typically exhibit low conductivities (10−8–10−3 S/m), mod-
erate mobilities (10−3–10 cm2/V·s), and charge carrier densities
of 1013–1018 cm−3, reflecting their localized π electron struc-
ture and hopping-dominated transport. Their SSAs are relative-
ly small (1–20 m2/g), and their surface-to-volume ratios range
from 105 to 106 m−1, depending on film thickness and morphol-
ogy. Upon environmental exposure, charge transfer can occur
via electrostatic double-layer gating, electrochemical (Faradaic)
charge transfer at higher gate voltages, or trap-mediated
exchange [168-170]. For example, Schmoltner et al. presented a
modular solution-gated OFET platform for selective, low-
voltage ion sensing in aqueous environments. By directly inter-
facing a P3HT semiconductor with an electrolyte rather than a

solid dielectric, the device enables potentiometric detection
through a sodium-selective ISM that establishes a Nernstian
membrane potential dependent on analyte ion activity. The
sensor exhibits a linear, reversible response to Na+ concentra-
tions from 10−6 to 10−1 M with a sensitivity of ≈62 mV/decade
and minimal cross-interference from K+. The architecture
supports straightforward ion exchange for multianalyte detec-
tion and demonstrates good operational stability with low drift
[171].

Most small-molecule or polymeric organic semiconductors are
chosen as the active layer in OFET-based sensors because their
molecular structure can be tailored to interact with analytes, and
because their fabrication is compatible with flexible substrates
and low-cost manufacturing [170,172]. The key merits are ease
of chemical modification (to attach recognition groups),
compatibility with printable electronics, and sufficient elec-
tronic performance for transistors.

Organic mixed ionic–electronic conductors. Organic mixed
ionic–electronic conductors (OMIECs) are conjugated poly-
mers that enable both ionic and electronic transport, making
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them ideal for aqueous environments and organic electrochemi-
cal transistors (OECTs). Unlike solution-gated OFETs, which
rely on surface channels, OMIECs operate through volumetric
conduction where ions and electrons move together. Electronic
transport occurs via hopping, π–π percolation, and polaron drift,
with mobilities of 10−3–1 cm2/V·s and conductivities rising
from 10−6–10−2 S/m (undoped) to 1–100 S/m (doped) upon
electrochemical oxidation. Ionic transport, slower but essential,
involves ion diffusion through solvated sites and polymer free
volume, with mobilities of 10−8–10−6 cm2/V·s. Ions act as
dopants, dynamically modulating conductivity by activating or
deactivating electronic states. Because ions permeate the entire
film thickness, OMIECs exhibit high volumetric capacitance
and strong signal amplification at low voltages. Charge transfer
is governed by electrochemical doping, where ionic motion
maintains electroneutrality and couples directly with electronic
carriers, defining the key performance of OECTs [173].
OMIECs include poly(3,4-ethylenedioxythiophene) (PEDOT)
derivatives, glycolated conjugated polymers, DPP-based poly-
mers, redox-active polymers such as polyaniline (PANI),
polypyrrole (PPy), and side-chain-engineered polythiophenes.
These materials are intrinsically well-suited to aqueous sensing
because of their hydrated matrices, which enable volumetric ion
uptake and doping/de-doping, yielding large transconductance
at low voltage in solution-gated formats. Their ability to swell
in water allows for bulk channel participation [173,174].

Among them, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) is the most widely used in OECTs as
the combination of PEDOT with the polyanion PSS provides
solubility, mixed ionic–electronic conduction, and environ-
mental stability. While PEDOT is intrinsically conductive, it is
insoluble and requires the sulfonate groups of PSS to maintain
its oxidized, p-doped state and to enable dispersion into water,
yielding uniform, printable thin films. The resulting composite
supports simultaneous electronic transport through PEDOT
backbones and ionic transport through the hydrophilic PSS
matrix, giving rise to high volumetric capacitance and strong
ionic–electronic coupling essential for high-transconductance
sensing. PSS also promotes a favorable film morphology by
spacing PEDOT chains into a nanostructured network that im-
proves flexibility, mechanical robustness, and tunable conduc-
tivity. Furthermore, the PEDOT:PSS ratio can be adjusted to
modulate ion penetration, swelling, softness, and device perfor-
mance. The hydrophilicity and biocompatibility imparted by
PSS make PEDOT:PSS stable in aqueous and physiological
environments, in contrast to the hydrophobic and unstable pris-
tine PEDOT, thereby positioning it as an ideal material for elec-
tronic and aqueous sensing applications [173,175]. For instance,
ion-selective OECTs that couple PEDOT:PSS channels to ISMs
deliver selective K+ and Na+ sensing in real time and can be

multiplexed or even made on paper substrates for scalable,
in-line monitoring [176-178]. Materials innovations (such as
porous and foam PEDOT:PSS, as well as tailored side-chain
chemistries) further boost transconductance and speed for
aqueous detection [179]. Beyond transistors, PANI and PPy
offer robust, water-stable chemiresistive channels beneath
ISMs; their redox-active backbones and affinity for metal-ion
complexation have been leveraged for heavy-metal sensing in
water [180]. Finally, OECTs can serve as on-site amplifiers for
electrochemical ion sensors, improving sensitivity without com-
plex external electronics, useful for embedded, online analysis
in water networks [181].

Analyte detection in OECTs typically occurs through three
mechanisms: (1) electrochemical reactions, where analytes
oxidize or reduce the polymer; (2) ion uptake, which alters local
ion concentration and doping levels; and (3) pH or ion-specific
modulation, where species such as H+, Na+, K+, or Ca2+ affect
charge compensation and conductivity. Because ions penetrate
the polymer bulk, analytes can strongly influence doping,
giving OECTs exquisite sensitivity. In contrast, conventional
organic semiconductors interact only at the film surface, leading
to limited ion sensitivity, low transconductance, and the need
for higher operating voltages. Their hydrophobic nature also
reduces stability in aqueous environments, though they respond
faster since they do not swell during measurement. Overall,
OMIECs provide superior performance for continuous aqueous
monitoring due to their bulk ion–electron coupling and stable
operation in water [173,182-184].

Recognition elements
FETs, chemiresistors, and working electrodes in electrochemi-
cal setups are not inherently selective. The selectivity can be
built into the film or a separate material layered atop the film. In
this section we discuss the different strategies that can be
applied to make the film selective to specific targets: Intro-
ducing defects to the film, doping the film with nanoparticles,
functionalizing the surface of the film with organic molecules
or polymers, synthesizing nanocomposites of two or more mate-
rials, using biomaterials as sensing element, or coating the film
with ISMs are different ways to create the recognition element
in electrical and electrochemical sensing devices for ion detec-
tion.

Engineered structural nanoscale defect-rich films
Engineered structural nanoscale defects, such as atomic vacan-
cies, grain boundaries, adatoms, or substitution sites, can serve
as highly effective sensing sites in electronic and electrochemi-
cal ion sensors. In two-dimensional materials, for example, the
creation of S-vacancies in MoS2 or point defects in graphene
markedly enhance the chemical reactivity of the surface,
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allowing water-dissolved ions to adsorb or bind more strongly,
thereby modulating the channel conductance or surface poten-
tial [159,160,185]. These defect sites often induce localized
states in the bandgap or trap states that strongly couple to ionic
charge, improving sensitivity and lowering detection limits in
ion monitoring. Moreover, defects may enable preferential
binding of specific metal ions; thereby, they can be engineered
to tune sensing selectivity [185,186]. However, care must be
taken because such defects can also degrade carrier mobility
and increase noise or drift (especially in water where fouling or
oxidation may occur); thus, balancing defect introduction and
channel integrity is critical.

Defects can be introduced to the thin film with several tech-
niques including electron beam or ion irradiation, plasma, ozone
or chemical treatments, substitutional doping and ion implanta-
tion. These methods enable precise control over defect types
and distributions, allowing researchers to tailor the electronic,
and optoelectronic properties of thin films for advanced applica-
tions [186]. For instance, a MoS2-based electrochemical sensor
was developed by creating nanoscale incisions and sulfur
vacancies on MoS2 films by swift heavy ion (SHI) irradiation.
SHI irradiation produces molybdenum-rich edges and removes
sulfur atoms from the basal planes of MoS2, creating active
sites for catalytic reactions to detect hydrogen ions (H+) in
water. The irradiated MoS2 samples showed improved current
densities and lower onset values for electrochemical reactions
(i.e., lower LOD) [187]. Another study demonstrated that
graphene’s pH sensitivity can be tuned by controlling its defect
density. Different levels of defects (such as vacancies, dopants,
functional groups, and sp3-hybridized regions) were introduced
by sonication and chemical treatments. At high defect densities,
the sensing response is dominated by the protonation and depro-
tonation of pH-sensitive functional groups (e.g., carboxy,
hydroxy, and amino groups) on the graphene surface. These
groups act as active sites for acid–base interactions, modulating
graphene’s conductivity. The sensitivity of the chemiresistive
graphene-based pH sensor has been shown to increase
with higher defect density [188]. In summary, engineered struc-
tural defects provide a route to tailor-made high-sensitivity
sensing sites in both electrochemical and electrical sensor
formats.

Nanoparticle-doped films
Incorporating nanoparticles as dopants into sensor channel ma-
terials offers a powerful strategy to enhance sensing capability
by introducing high‐activity sites and boosting signal transduc-
tion. When nanoparticles (NPs) such as Au, Ag, Pt are embed-
ded within or on the surface of a channel material, they act as
ion‐capture and catalytic centers, improving the local binding
affinity for target ions, facilitating faster kinetics of ion–elec-

tron coupling, increasing the density of active sites, and
lowering baseline resistance [189,190]. As an example, in a
study done by Zhou et al., Au NPs play a central role in
enhancing the electronic and sensing performance of the rGO-
based sensor through their distinct electronic characteristics and
chemical functionality (Figure 5). The higher work function of
Au NPs (5.1–5.47 eV) relative to rGO (4.4–4.65 eV) drives
electron transfer from rGO to the Au NPs, thereby increasing
the hole concentration within the rGO channel and improving
its electrical conductivity. Although the incorporation of Au
NPs introduces scattering sites that can locally hinder charge-
carrier mobility, the dominant effect of charge transfer leads to
an overall increase in current flow through the device. Beyond
their electronic influence, Au NPs can serve as platform for
further functionalization due to their strong affinity for thio-
lated molecules. The immobilization of glutathione (GSH) onto
the Au NP surface enables selective coordination of Pb2+ ions,
thereby significantly enhancing both the sensitivity and speci-
ficity of the sensing interface [191].

Therefore, nanoparticle doping enhances sensor performance by
amplifying signals via high‐surface‐area nanostructures,
enabling tailored selectivity through functionalized NP dopants.
However, potential issues include NP agglomeration or leaching
during extended aqueous exposure, baseline noise or drift due to
complex NP–matrix interfaces, and added fabrication complexi-
ty or cost. Thus, critical design priorities involve stabilizing
NPs, controlling their distribution and size for reproducible
sensor responses, and ensuring long‐term durability in real
water matrices [29,192].

Molecularly functionalized films
Molecules such as ion‐chelating ligands, self-assembled mono-
layers, or crown ethers functionalized onto the electrode or tran-
sistor channel surface can create discrete recognition sites and
significantly enhance selectivity and sensitivity of ionic sensors
[29,193,194]. Such molecular layers also serve to position the
ionic binding event within the electrical double layer (EDL)
zone adjacent to the transducer surface, maximizing coupling
and signal transduction. Studies of EDL accumulation show
how ion binding at functionalized interfacial sites amplifies
charge modulation in solution‐gated devices [195]. Moreover,
surface functionalization can help mitigate non‐specific
adsorption and fouling in complex water matrices by
introducing hydrophilic groups that serve an antifouling
function. Indeed, hydrophilic groups bind water strongly
and create a hydration shell. This hydrated layer minimizes
hydrophobic interactions, reduces van der Waals attraction, and
increases steric repulsion. Therefore, biofouling and nonspecif-
ic adsorption can be suppressed by surface functionalization
[29].
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Figure 5: Schematic diagram of the rGO/GSH-Au NP hybrid sensor fabrication process. (a) A layer of AET coating on the bare interdigitated elec-
trode surface. (b) Self-assembly of GO monolayer sheets on the AET-modified electrodes, which is followed by the thermal reduction of GO to rGO.
(c) The assembly of Au NPs onto the rGO film. (d) GSH-modification of Au NPs on the rGO sheet surface to form specific recognition groups to detect
Pb2+. Figure 5 was reprinted with permission from [191]. Copyright 2014 American Chemical Society. This content is not subject to CC BY 4.0.

Molecules can be bound covalently or noncovalently onto the
active layer. As an example of covalent functionalization, Kaur
et al. fabricated an electrode by electro-copolymerizing PEDOT
and 2-(anthracen-9-yl)benzo[d]thiazole (AA-BTZ) and then
drop-casting Au NPs to create receptor sites for Hg2+ ions. The
sulfur atoms in the benzothiazole moiety of AA-BTZ provide a
soft base environment that complements the soft acid nature of
Hg2+ ions, following the hard–soft acid–base (HSAB) principle.
AuNPs further enhanced selectivity and sensitivity of the sensor
due to their strong binding affinity with Hg2+ ions, resulting in
a low detection limit of 0.60 nM [196].

Dalmieda et al. reported a chemiresistive Ag+ sensor based on
FLG that was noncovalently functionalized with bathocuproine
via π–π stacking [99]. It is a noncovalent strategy that preserves
the intrinsic electronic properties of graphene while introducing
controlled n-doping through electron donation from the
adsorbed molecules. The sensing mechanism is governed by the
selective formation of a silver–bathocuproine complex upon
exposure to Ag+ ions, which alters the electronic structure of
the ligand and creates electron-trapping sites at the graphene
interface. This induces charge transfer from the FLG surface to
the complex, increasing the hole density within the graphene
film and producing a measurable decrease in resistance propor-
tional to the Ag+ concentration. This strategy of sensing is
limited to ions that are willing to form planar complexes, such
as Ag+ and Cu2+(/Cu+) [197]. The chelation process is fully re-
versible since protonation of the bathocuproine imine groups

under mildly acidic conditions (pH 3) disrupts complex forma-
tion and restores the baseline conductance, enabling sensor
regeneration. Through this charge-transfer-driven modulation of
film resistance, the platform achieves sensitive and selective
Ag+ detection across a range of 3 ppb to 1 ppm in aqueous
media [99].

Polymer-functionalized films
Engineered porous materials such as metal–organic frame-
works (MOFs), covalent organic frameworks (COFs), and IIPs
can directly incorporate sensing sites for ion detection in water
via electrochemical or electrical devices. These frameworks
combine high surface area, tunable pore structures, and specific
binding chemistries that enhance ion uptake and transduction.

Metal–organic frameworks. MOFs are crystalline materials
with highly ordered pores and channels. This uniform network
structure provides controlled pathways for electron and ion
transport; so, ion diffusion pathways are predictable. Ions travel
through well-defined pores rather than random spaces, which
results in faster diffusion, reproducible sensor responses, and
better signal stability. Also, pore size and chemistry of MOFs
can be precisely tuned. They can be hydrophilic or hydro-
phobic pores with selective coordinative sites, specific electro-
static charges, specific pore diameters. Moreover, MOFs have
large specific surface areas (1000–7000 m2/g) with many active
sites for adsorbing analytes or creating redox-active centers that
are accessible, resulting in signal amplification and high sensi-
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tivity. MOFs can also be further functionalized, and due to their
large surface area, a higher loading of catalytic or recognition
molecules is possible. Furthermore, many MOFs contain metal
nodes that are not fully coordinated. These unsaturated metal
sites act like Lewis acid sites and bind analytes, act as redox-
active centers, or catalyze electrochemical reactions [198,199].
Selvaraj et al. reported a UiO-67–modified electrode for
cadmium detection using differential pulse voltammetry. The
highly mesoporous UiO-67 structure (998 m2/g specific surface
area, 0.70 cm3/g specific pore volume) efficiently adsorbs and
concentrates Cd2+ ions from solution. This accumulation
enhances the interfacial electron transfer kinetics, evidenced by
a marked decrease in redox peak separation compared with the
bare electrode, enabling efficient electrooxidation of Cd2+. The
natural affinity of UiO-67 for cadmium ions, adsorption capa-
bility, electrostatic enrichment, and electrocatalytic activity
allow UiO-67 to function as a sensitive (with a LOD of
1.43 nM/µA) and low-cost platform for trace-level Cd2+ moni-
toring in aqueous media [200].

Most MOFs are made of electrically insulating organic linkers
and metal clusters that are not in direct electronic communica-
tion. As a result, typical MOFs have very low conductivities of
around 10−10–10−15 S/cm. Nevertheless, there have been efforts
to specifically develop conductive MOFs, enabling their use in
FET sensors. Shen et al. synthesized a conductive Ni3(HITP)2
membrane via a one-step hydrothermal process, subsequently
functionalizing it with glutaraldehyde and single-stranded
DNA probes and measuring Hg2+ selectively through
thymine–Hg2+–thymine coordination within the SG-FET con-
figuration. The Ni3(HITP)2 membrane was structurally opti-
mized by regulating the ammonia–water ratio to improve its
carrier mobility and strengthen its transduction efficiency. This
combination of conductive MOF architecture and specific
nucleic-acid-based binding afforded a highly sensitive and
selective sensor capable of detecting Hg2+ over a wide dynamic
range from 10 pM to 100 nM [201]. Several challenges remain
in the use of MOFs, such as their instability in aqueous environ-
ments. This is particularly true for carboxylate-based MOFs,
which undergo hydrolysis because metal–ligand bonds such as
Zn–O and Cu–O are not resistant to water or humidity. Another
limitation is their poor adhesion to electrode surfaces, as MOFs
are inherently crystalline powders with limited chemical
affinity, covalent bonding, or mechanical compatibility with
substrates. As a result, particles often detach during rinsing,
cycling, or sonication. These drawbacks can be mitigated by
designing MOF-based composites that enhance surface adhe-
sion, water stability, and electrical conductivity [198,199].

Covalent organic frameworks. COFs likewise offer robust,
crystalline, covalently bonded porous networks that permit fast

mass transport of water and ions as well as functionalization of
binding sites [202]. Unlike MOFs, COFs bind through organic
donor groups, not metal clusters. Ion sensing in COFs operates
through four main mechanisms: (1) coordination binding, where
donor atoms in the framework form bonds or strong interac-
tions with incoming ions, guided by HSAB principles and ge-
ometry matching; (2) π-interaction and charge transfer, in which
ions interact with the extended π-conjugated planes, leading to
electron redistribution, charge transfer, and changes in conduc-
tivity; (3) size-selective pore sieving, as the rigid, periodic pores
discriminate ions based on size, shape, and diffusion pathways;
and (4) electrostatic attraction or repulsion, where charged
pores enhance selectivity by drawing in or excluding specific
ions. COFs are suitable for sensing due to their fast ion diffu-
sion through ordered pores and high density of accessible
binding sites (a large specific surface area of 1000–3000 m2/g).
In contrast to the metal–ligand bonds in MOFs, COFs rely on
organic covalent bonds, which can be highly water-stable if
chosen appropriately. At the molecular level, COFs can be de-
signed with selective chelators, redox-responsive groups,
proton-binding moieties, and ion-exchange functionalities
[202].

Hou et al. developed a flexible electrochemical sensor for ultra-
trace mercury detection that utilizes a COF-based AuNPs-modi-
fied carbon fiber cloth to achieve highly efficient signal trans-
duction. The electrode was subsequently functionalized with
methylene blue (MB) and rDNA to selectively interact with
Hg2+ ions. In this scenario Hg2+ acts as a specific bivalent
linker between thymidine bases on the rDNA probe, thus
shifting the electroactivity of MB. The COF/Au/MB/rDNA
probe architecture significantly enhances sensitivity through the
high surface area and biocompatibility of the COF, efficient
electron transfer pathways provided by Au NPs, and the MB
signaling moiety. This synergistic design enables a broad linear
detection range from 0.1 pM to 100 nM and a very low detec-
tion limit of 45.2 fM. The proposed sensor also demonstrates
good stability (given the use of rDNA), reproducibility, and
practical applicability, achieving high recovery rates in diverse
real water samples, including tap, lake, drinking, and seawater
[203]. In another study, Wang et al. developed a screen-printed
COFDATA-TP-based electrochemical sensor for multiplex
heavy-metal detection using the ASV method. The COFDATA-
TP framework contains abundant carboxyl (–COOH) and sec-
ondary amino (–NH) functional groups, which serve as high-
affinity binding sites, enabling efficient enrichment of Hg2+,
Cu2+, Pb2+, and Cd2+ from solution and directing them to the
electrode interface. The π-conjugated backbone of COFDATA-
TP enhances electrical conductivity, while its ordered porous
architecture promotes mass transport and facilitates rapid ion
diffusion, collectively improving signal strength and sensitivity.
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Figure 6: Schematic representation of the fabrication of Hg(II)-IIP. Figure 6 was reproduced from [205] (© 2024 E. Shamsabadi et al., published by
Springer Nature, distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, https://
creativecommons.org/licenses/by-nc-nd/4.0/). This content is not subject to CC BY 4.0.

The detection limits of the sensor to detect Hg2+, Cu2+, Pb2+,
and Cd2+ are calculated to be 2.80, 5.01, 1.83, and 2.91 nM, re-
spectively [204]. Similar to MOFs, COFs also tend to suffer
from low intrinsic conductivity. They are often electrically insu-
lating unless they are doped, prepared as composites with car-
bon materials or made with fully π-conjugated linkers. Also,
their stability depends on linkage chemistry, for example imine
COFs may undergo hydrolysis but ketoenamine COFs are more
stable [202]. They may also suffer from weak adhesion to sur-
faces of substrates. Overall, COFs represent a promising plat-
form for ion sensing, though advances in conductivity, stability,
and surface adhesion remain essential for their widespread ap-
plication.

Ion-imprinted polymers. IIPs are synthesized to create “mo-
lecular memory” cavities that match a target ion in size and
coordination environment, enabling highly selective recogni-
tion, even in complex water matrices, with demonstrated
nanomolar detection limits [205,206]. IIPs are highly selective
because binding pockets are pre-organized around divalent or
monovalent ions, they can discriminate different geometries and
coordination numbers (octahedral (e.g., Co2+), tetrahedral (e.g.,
Zn2+), linear (e.g., Ag+)). Moreover, they do donor-atom
matching based on HSAB theory (soft S donors to Hg2+ and
Ag+, hard O donors to Ca2+and Mg2+). In addition, polymer
cavities reject ions that are too large or ions with mismatched
hydration radius or incorrect geometry due to their steric
constraints. During sensing, ions migrate through the aqueous
medium into the polymer’s surface pores where electrostatic
forces guide them toward donor atoms. Within these cavities,
the ions coordinate with donor sites to form stable complexes.

This interaction induces subtle conformational adjustments in
the polymer, such as localized movements of chain segments or
side groups, that help secure the ion within the binding pocket.
As a result, the sensor generates a measurable transduction
signal. The IIP-based sensing is fast (because cavities are pre-
formed), highly selective (due to geometry and donor atom
matching), and stable (chelation-like binding) [150].

As an example, Zhang et al. synthesized Ni(II)-imprinted poly-
mers on a magnetic MWCNT substrate using a surface
imprinting technique and selectively detected Ni2+ ions with a
LOD of 0.27 µg/L. These imprinting cavities are tailored in
size, geometry, and charge distribution to match Ni2+, which
enables selective adsorption. When an applied potential drives
Ni2+ ions into the binding sites, they coordinate with functional
monomer groups through electrostatic and ligand–metal interac-
tions. Incorporation of Fe3O4@MWCNTs into the electrode
matrix substantially enhances electron-transfer kinetics and in-
creases the effective electroactive surface area approximately
fourteen-fold compared with a bare electrode, yielding a
markedly amplified electrochemical response [207].

Shamsabadi et al. developed a novel IIP–modified carbon paste
electrode through a simple bulk polymerisation process, which
was able to selectively measure Hg2+ ions with a LOD of
0.2 nM (Figure 6). The sensing mechanism proceeds through
sequential preconcentration, reduction, and stripping steps.
During the open-circuit preconcentration stage, Hg2+ ions in
solution selectively bind to morpholine-4-carbodithioic acid
phenyl ester (MCP) sites within the imprinted polymer matrix,
forming Hg2+–MCP complexes that accumulate at the elec-
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trode surface. Upon applying a potential of −0.5 V, the precon-
centrated Hg2+ is electrochemically reduced to elemental
mercury (Hg0), regenerating the MCP ligand in the process. In
the subsequent differential pulse anodic stripping voltammetry
(DPASV) step, the deposited Hg0 is reoxidized to Hg2+, pro-
ducing a well-defined anodic peak that serves as the quantita-
tive analytical signal [205].

In summary, MOFs, COFs, and IIPs can act as pre-concentra-
tion and binding layers at the interface of a sensor such that ion
binding causes modulation of surface potential, ionic flux, or
channel conductivity. Despite their promise, several challenges
persist: MOFs and COFs often face stability issues in aqueous
environments, IIPs require careful management of fouling and
regeneration, and seamless integration with electronic trans-
ducers must be achieved without introducing drift or baseline
noise. Even so, their porous architectures, rapid response, and
very high selectivity and sensitivity establish these materials as
leading candidates for robust, real-time ion sensing in water.

Nanocomposite films
Engineered nanocomposites, hybrid materials composed of two
or more nanoscale phases (e.g., carbon nanostructures + metal/
metal-oxide nanoparticles or conjugated polymers) offer power-
ful advantages as ion sensing sites. By combining the high sur-
face area of 2D materials and nanotubes (e.g., graphene,
MXenes, CNTs) with functional modifiers (ionophore poly-
mers, metal-oxide nanostructures), these composites can
provide enhanced ion adsorption/binding, accelerated charge
transfer, and stable aqueous operation [107,208]. When the den-
sity of active sites increases, the sensitivity of the sensor im-
proves. Moreover, enhanced electron and ion transport path-
ways lead to faster kinetics, and the underlying conductive
framework prevents agglomeration or leaching, which results in
more stable devices [107]. Zhang et al. developed a one-step
fabricated electrochemical sensor for highly selective Pb2+

detection using an integrated TCPP-MWCNTs@Fe3O4 nano-
composite probe, in which the sensing mechanism is governed
by the selective chelation of lead ions by meso-tetra(4-
carboxyphenyl)porphyrin (TCPP). The tetrapyrrolic cavity of
TCPP provides electron-rich nitrogen coordination sites that
selectively accommodate Pb2+, forming a stable chelate that
enables highly discriminative recognition over competing metal
ions. Aminated MWCNTs serve as a conductive scaffold for
covalent immobilization of TCPP through amidation, creating a
high-surface-area interface that promotes Pb2+ adsorption while
facilitating efficient electron transport during electrochemical
transduction. The incorporation of Fe3O4 nanoparticles imparts
magnetic responsiveness, allowing for rapid magnetic separa-
tion and direct assembly of the nanocomposite onto a magnetic
glassy carbon electrode, thereby integrating pre-concentration,

probe immobilization, and detection into a single streamlined
step. Together, selective porphyrin–Pb2+ chelation, enhanced
conductivity of the MWCNT network, and magnetic fixation of
the sensing interface result in a stable, regenerable, and highly
sensitive platform capable of detecting Pb2+ with a LOD of
0.067 ppt [209].

Sharma et al. reported a highly sensitive platform for real-time
mercury ion detection based on an Ag nanowire–MoS2 nano-
composite integrated onto the gate region of an AlGaN/GaN
HEMT. The sensing mechanism arises from the interaction of
Hg2+ ions with the MoS2 surface within the nanocomposite,
which modulates the gate potential and, consequently, the drain-
to-source current (IDS) of the HEMT. At low Hg2+ concentra-
tions, strong chemisorption and the formation of Hg–S com-
plexes dominate, increasing the gate potential and producing a
corresponding rise in IDS. As the concentration increases and
MoS2 binding sites become saturated, additional Hg2+ uptake
occurs primarily through electrostatic attraction, leading to a
reduction in surface potential and a subsequent decrease in IDS.
This dual-stage response enables highly discriminative elec-
trical transduction. Combining AgNWs with MoS2 results in a
nanocomposite with superior electron transport properties and
more adsorption sites, enabling the sensor to achieve a sensi-
tivity of 1.604 mA/ppb and a very low detection limit of 20 ppt,
which is the best reported for AlGaN/GaN HEMT-based
sensors for Hg2+ detection [210]. Another group of researchers
reported a 3D flower-like nickel oxide-decorated poly(diallyl-
dimethylammonium chloride) (PDDA)-functionalized rGO
nanocomposite (Figure 7). The NiO/PDDA-rGO electrochemi-
cal sensor detects nitrite through a diffusion-controlled catalyt-
ic oxidation process facilitated by the synergistic properties of
the nanocomposite. Nitrite ions are first adsorbed onto the
NiO/PDDA-rGO surface, forming a transient NiO/PDDA-
rGO–NO2

− complex through electrostatic interactions. This
interfacial complex undergoes electron transfer, yielding
nitrogen dioxide (NO2), which subsequently disproportionates
to generate additional nitrite (NO2

−) and nitrate (NO3
−). The

newly formed nitrite is further electrooxidized to nitrate as the
final product, producing the characteristic oxidation current
used for quantitative detection. The high sensitivity of the
sensor arises from the combination of flower-like NiO
nanostructures that offer abundant catalytic sites and the
PDDA-functionalized rGO matrix that enhances charge trans-
port and adsorption, collectively enabling an operating range of
5 μM−8 mM and a detection limit of 0.98 μM [211]. Despite
the benefits of nanocomposites, some new challenges arise such
as achieving robust dispersion and a uniform interface between
components (to avoid baseline drift or noise) or fabricating
reproducible and scalable sensors, which require careful consid-
eration in sensor development [208].
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Figure 7: Scheme of the preparation route for the NiO/PDDA-RGO composite and its electrochemical application for nitrite detection. Figure 7 was
reprinted with permission from [211]. Copyright 2022 American Chemical Society. This content is not subject to CC BY 4.0.

Biomolecule-functionalized films
Biomolecules such as enzymes, DNA, aptamers, antibodies, and
DNAzymes can serve as precise recognition elements for
sensing applications. Aptamers or single‐strand nucleic acids
selected via systematic ligand evolution by exponential enrich-
ment can bind specific metal ions with high affinity and be inte-
grated into electrical and electrochemical sensors [212,213].
DNAzymes (catalytic nucleic acids) can change their conforma-
tion or activity in response to specific ions, generating a
measurable electrical signal when immobilized on an electrode
[214]. Enzymes and antibodies provide complementary func-
tionality. Enzymes can catalyze ion‐related reactions (for
instance, urease producing NH4

+ from urea, leading to pH
changes), while antibodies bind specifically to ion complexes
(not free ions because free metal ions are very small and hard
for antibodies to recognize) and enable high‐selectivity
immunosensors [215]. Zhang et al. designed an ultrasensitive
electrochemical aptasensor for Pb2+ detection. Ti3C2Tx as a
substrate has outstanding metallic conductivity for efficient
electron transfer, good biocompatibility, and a high surface area
with abundant reactive surface sites to facilitate stable immobi-
lization of biomolecular probes. When combined with polypyr-
role and gold nanoparticles, Ti3C2Tx also exhibits improved ox-
idative stability, resulting in a robust platform for constructing
high-performance aptasensing interfaces. After preparation of
the Ti3C2Tx/PPy/AuNPs nanocomposite, the capture probe

immobilized on the electrode hybridizes with the lead-specific
aptamer probe to form a duplex DNA structure that anchors MB
as the electrochemical indicator. Upon exposure to Pb2+, the
aptamer undergoes a selective conformational switch from the
double helix to a Pb2+-stabilized G-quadruplex, triggering the
release of MB from the electrode surface and producing a
measurable decrease in current proportional to the Pb2+ concen-
tration. Collectively, the Pb2+-responsive G-quadruplex transi-
tion and the MXene-based conductive architecture enabled
a highly sensitive measurement of Pb2+ ions in a range from
5 × 10−14 to 1 × 10−8 M with a low LOD of 1 × 10−14 M [216].

Nanozymes are synthetic nanomaterials that mimic the catalyt-
ic activity of natural enzymes. They offer relatively high
stability, low cost, and tunable surface properties, enabling en-
zyme-like functions without the fragility of biological catalysts
[217]. Wen et al. utilized cobalt oxyhydroxide (CoOOH)
nanoflakes as a nanozyme to detect arsenate ions (As5+)
(Figure 8). The sensing mechanism relies on the strong electro-
static and surface-complexation interactions between As(V) and
CoOOH, where the formation of As–O coordination complexes
inhibits the intrinsic peroxidase-like activity of the nanozyme.
This suppression reduces the catalytic oxidation of 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to ABTSox,
resulting in a measurable decrease in the electrochemical reduc-
tion current of ABTSox during transduction. The degree of
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s igna l  inh ib i t ion  co r re l a t e s  d i r ec t ly  wi th  As(V)
concentration, enabling ultrasensitive detection with a limit of
56.1 ppt [218]. The advantages of biomaterials in ion sensing
include excellent selectivity, potential for regeneration, compat-
ibility with miniaturized electronics, and adaptability to
real‐time, in‐line measurements in flowing water. However,
challenges arise in terms of their long‐term stability in complex
water matrices (biofouling, denaturation, drift), and the need to
interface them effectively with solid‐state transducers (elec-
trode functionalization, stable immobilization) to maintain
signal accuracy. Proper integration of biomaterial recognition
layers with electrical and electrochemical surfaces thus enables
high‐performance ion sensing platforms for water quality moni-
toring [215].

Figure 8: Schematic illustration of the dual-mode assay of arsenate
based on CoOOH nanoflakes with peroxidase-like activity: (A) Illustra-
tion of the colorimetric method of CoOOH nanoflakes as probe for
arsenate detection; (B) Illustration of the electrochemical strategy of
CoOOH nanoflakes modified glassy carbon electrode for arsenate
detection. Figure 8 was reprinted with permission from [218]. Copy-
right 2019 American Chemical Society. This content is not subject to
CC BY 4.0.

Ion-selective membrane-coated films
Throughout the review, the prominent role of ISMs has been
emphasized repeatedly. These membranes act as recognition
layers, enabling the selective conversion of ion activity in the
aqueous phase into measurable electrical signals. Typically, an
ISM consists of a plasticized polymer matrix incorporating an
appropriate ionophore, often supplemented with a lipophilic ad-
ditive that enhances ionophore performance through electro-
static interactions, thereby improving ion selectivity. In ISEs,
the membrane binds specifically to the target ion and generates
a phase boundary potential, which is detected by a transducer.
Within the field of SC-ISEs, extensive research has focused on
optimizing ISM composition and refining membrane deposi-
tion techniques to create sensing platforms with high repro-
ducibility and minimal signal drift [75,76,219]. A recent study
by Yu et al. reported an all-solid-state potassium ISE. Potas-
sium ions in solution are selectively complexed by the cyclo-

dodecapeptide (CP12) ionophore embedded in the K+-selective
carrier membrane, generating a transmembrane ion-activity
gradient that produces a diffusion potential consistent with
Nernstian behavior. This ionic potential is converted into a
stable electronic signal by an underlying layer of egg-shell
hollow carbon nanospheres, whose high capacitance facilitates
rapid charge transfer while the hydrophobic carbon surface
suppresses water-layer formation between the membrane and
electrode substrate. Together, these features yield fast response
kinetics, high sensitivity, and excellent potential stability,
enabling reliable K+ detection over a range of concentration
from 5.0 µM to 10 mM even in complex sample matrices [220].

Although ISMs are fundamental components of potentiometric
ISEs, they are also employed, albeit less frequently, in ampero-
metric, voltammetric, and FET-based sensors to improve selec-
tivity, facilitate ion preconcentration, minimize interference,
and protect surfaces. When positioned over a transistor channel,
as in ChemFET configurations, ISMs establish ionic gating or
ion-specific accumulation layers that modulate the channel’s
surface potential. Unlike potentiometric ISEs, where the mem-
brane generates a measurable phase boundary potential, detec-
tion in this geometry arises from changes in channel conduc-
tance governed by ion access to the semiconductor surface. Liu
et al. developed an ISM-ISFET sensor for Cr6+detection. Under
mildly acidic conditions, Cr6+ exists primarily as Cr2O7

2−,
which binds to quinaldine red ionophores in the membrane, trig-
gering a proton-releasing reaction that alters the membrane-
solution interfacial potential. This potential modulation directly
affects the ISFET gate surface, producing a measurable change
in drain current corresponding to Cr6+ concentration. To
suppress background noise and eliminate signal drift from non-
specific ions or pH fluctuations, a differential sensing architec-
ture is used in which ISFET pixels coated with the ISM are
compared against uncoated reference pixels, and the resulting
differential current (ΔID) isolates the Cr6+-specific response. A
microfluidic control system further stabilizes the pH and
ensures precise solution mixing, enhancing signal accuracy and
the overall reliability of Cr6+ quantification in complex aqueous
samples [221].

In potentiometric systems, ISM-coated electrodes form part of
the electrochemical cell. In other sensing approaches, however,
membranes may be less advantageous, as they can impede elec-
tron transfer, introduce diffusion barriers, or reduce catalytic
efficiency. Moreover, incorporating membranes increases fabri-
cation complexity. In many cases, selectivity can instead be
achieved through direct surface modification strategies, such as
self-assembled monolayers, chelating agents, polymers, or
nanomaterials. Consequently, ISMs are most valuable when
high selectivity is required, interfering ions are prevalent, ion
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Figure 9: Initial EMF response (squares) and response after 6 months (circles) to pH for an ISE with a PDMA membrane (doped with ionophore and
ionic sites) photografted onto a polypropylene-based electrode body and nanographite solid contact, relative to a free-flowing double-junction refer-
ence electrode. The pH was adjusted by the addition of 1.0 M HCl or 1.0 M NaOH to 10 mM sodium phosphate buffer solution (pH 7.1). The pH value
shown on the x-axis was measured using a pH glass electrode. Figure 9 was reproduced from [219] (© 2023 K. R. Choi et al., Angewandte Chemie,
International Edition published by Wiley-VCH GmbH, distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, https://creativecommons.org/licenses/by-nc-nd/4.0/). This content is not subject to CC BY 4.0.

preconcentration is beneficial, or surface fouling must be miti-
gated. Nonetheless, their use presents challenges, including
membrane drift, ion interference, fouling, and ionophore
leaching in complex water matrices, that demand robust mem-
brane formulations and carefully designed transducers. Choi et
al. recently introduced a durable ISE platform in which
ionophore-doped poly(decyl methacrylate) (PDMA) sensing
membranes are covalently anchored to both inert polymeric
supports and conductive carbon contacts, overcoming long-
standing issues of membrane delamination, water-layer forma-
tion, and signal drift common in conventional ISEs (Figure 9).
Using a two-step photo-induced graft polymerization method, a
robust chemical bonding between the sensing membrane and
electrode substrates was achieved, thereby stabilizing the inter-
facial structure essential for reliable potentiometric transduc-
tion. The resulting electrodes exhibited excellent performance
metrics, including highly reproducible standard potentials (elec-
trode-E0 SD = 0.2 mV), minimal long-term drift (7 μV/h over
260 h), and full retention of sensing capability following harsh
autoclave sterilization (121 °C, 2 atm). Furthermore, the devices

maintained stable operation after six months of storage and
exposure to elevated temperatures and organic solvents. Al-
though demonstrated using pH-selective membranes, the ap-
proach is readily extendable to other target ions through appro-
priate ionophore incorporation, representing a significant
advance toward robust, miniaturizable, and long-lived ISEs
suitable for wearable, implantable, and industrial sensing envi-
ronments [219].

Sensor arrays
Sensor arrays are groups of multiple sensors arranged to simul-
taneously measure different ions or improve sensitivity and
selectivity. Instead of using one sensor that is perfectly selec-
tive for a single ion, an array of sensors can be used in which
each sensor has a different binding chemistry and responds dif-
ferently to each ion in the sample. By analyzing all responses
together, the array can identify or quantify ions with higher
specificity. There are two types of arrays which are developed,
namely, arrays of single-analyte sensors and cross-reactive
arrays (electronic tongue).

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 10: IS-FET sensitivities with respect to their target ions. a) The channel current, Ids, of an Na+ IS-FET versus Vref, for different Na+ molar con-
centrations. b) Continuous real-time measurement of Ids for the same Na+ IS-FET when increasing Na+ molar concentrations by half decade steps
while keeping Vref = 0 V. c) The changes in Vnp (neutrality point voltage, it is the gate voltage at which the channel has minimum conductance) for the
different IS-FETs with respect to concentrations of their respective target ions, with a linear fit to extract their voltage sensitivities. d) The changes in
Ids for the different IS-FETs with respect to concentrations of their respective target ions, with a linear fit to extract their current sensitivities. Figure 10
was reproduced from [10] (© 2020 I. Fakih et al., published by Springer Nature, distributed under the terms of the Creative Commons Attribution 4.0
International License, https://creativecommons.org/licenses/by/4.0).

Arrays of single-analyte sensors
These types of sensor arrays consist of multiple sensing units,
each engineered to detect a single ionic species. The outputs
from these sensors can be directly interpreted without reliance
on advanced chemometric methods. Such arrays are typically
constructed using ion-selective membranes or molecular recog-
nition components such as ionophores, crown ethers, or IIPs.
They enable the simultaneous measurement of several ions,
with each channel functioning independently and providing or-
thogonal chemical selectivity. These arrays deliver high accu-
racy and allow for straightforward quantification, minimizing
the need for computational correction or pattern recognition.
Their reliability makes them particularly valuable in contexts
requiring precise ion determination, including blood electrolyte
analysis and water quality monitoring [222,223].

Fakih et al. reported a graphene-based IS-FET array capable of
real-time, high-resolution, and simultaneous detection of
multiple cations (K+, Na+, NH4

+) and anions (NO3
−, SO4

2−,
HPO4

2−, Cl−) (Figure 10). The device was fabricated by
growing a monolayer of graphene via CVD, which was then
transferred onto a fused silica substrate. Source and drain
contacts (Ti/Au) were deposited, after which the wafer was
diced into individual chips, mounted on printed circuit boards,
and encapsulated with epoxy to prevent direct contact with the
electrolyte. ISMs tailored to specific ions were drop-cast onto
the graphene surface to enable selective sensing. The array
achieved a resolution of 2 × 10−3 log concentration units, with
sensitivities ranging from 22.6 to 58.6 mV/decade. Detection
limits were approximately 10−5 M for all analytes. Performance
was validated in multi-ion solutions and in an aquarium envi-

https://creativecommons.org/licenses/by/4.0
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Figure 11: Experimental setup for continuously acquiring water quality data. The ISFET array was deployed in a custom probe connected to readout
electronics fabricated in house at the Instituto de Microelectronica de Barcelona. A laptop received raw ISFET measurements via USB, for storage
and wireless transmission. Figure 11 was reproduced from [226] (© 2021 J. M. Margarit-Taulé et al., published by Elsevier B.V., distributed under the
terms of the Creative Commons Attribution-NonCommercial- NoDerivatives 4.0 International License, https://creativecommons.org/licenses/by-nc-nd/
4.0/). This content is not subject to CC BY 4.0.

ronment over a three-week period. As expected, the IS-FETs
exhibited some cross-sensitivity to non-target ions, necessi-
tating calibration via the Nikolskii–Eisenman method, which
compensates for interference by solving nonlinear equations to
accurately determine ion concentrations in complex mixtures.
Overall, this graphene IS-FET array combines high resolution,
accuracy, and scalability for diverse real-world applications
[10].

Cross-reactive arrays (electronic tongues)
In complex environments, selectivity is low, interfering ions
distort readings, biofouling and drift affect single sensors, and
multiple ions interact nonlinearly. An electronic tongue is a
system consisting of a sensor array made of multiple partially
selective sensors, a transduction system (such as potentiometric,
voltammetric, FET, and chemiresistive sensors), and a pattern
recognition engine (machine learning or statistical models). All
the sensors in the array overlap in their responses, together
creating a fingerprint for each ion. Selectivity then emerges
from the pattern of responses, not from the individual sensors
[222,224,225].

Machine learning algorithms can be employed to interpret how
ions influence the response patterns of sensor arrays. The
typical workflow begins with the collection of training data,
where the array is exposed to known concentrations of ions.
Each sensor generates a multidimensional signal (for example, a
12-sensor array yields a 12-channel response vector), which
serves as the input for computational analysis. Machine learning

methods include principal component analysis for dimension-
ality reduction, linear discriminant analysis for classification,
support vector machines, random forests, neural networks, and
regression approaches such as partial least squares or principal
component regression. One of these methods is applied to
extract discriminative patterns that differentiate individual ions.
Through this process, the model learns a mapping between
sensor response profiles and ion concentrations. During actual
sensing, the array produces a new response pattern that the
trained model can decode to predict which ions are present,
their concentrations, and even resolve complex mixtures in
heterogeneous matrices. Machine learning compensates for
sensor drift, temperature variations, baseline offsets, overlap-
ping sensitivity, and nonlinear sensor behavior. Machine
learning models can update or self-calibrate. In other words,
instead of requiring each sensor to behave perfectly, machine
learning finds the statistically relevant features [224,225].

Margarit-Taulé et al. introduced an innovative strategy to miti-
gate common limitations of ISFET sensors in pH monitoring,
including temporal drift, cross-sensitivity, and aging effects.
Their approach integrates an array of ISFETs selective to H+

ions as well as interfering ions (Na+ and K+) with machine
learning models (Figure 11). A range of ML algorithms, linear
regression, support vector regression, multilayer perceptron,
and deep neural networks (DNNs), were evaluated using sensor
data collected over 90 days from a drinking water treatment
facility. Among these, DNNs delivered the highest predictive
accuracy. Incorporating signals from ISFETs targeting inter-

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 3: Comparison of the electronic properties and specific surface area of classified materials.

Material Bandgap (eV) Electrical conductivity
(S/m)

Charge mobility (cm2/(V·s)) Specific surface area
(m2/g)

Ref.

SMOs 3.0–4.0 10−6–102 0.1–50 20–200 (nanostructured) [229]
FLG ≈0 (semi-metal) 104–105 1000–50000 (high-quality) 300–800 [230]
SWCNTs 0.5–1.5 104–106 10000–100000 200–800 [20]
SiNWs 1.1–2.0 (bulk to

strongly confined)
102–104 50–1500 10–100 [28]

AlGaN/GaN
heterostructures

— 104–105 (2DEG sheet
conductivity)

1000–2000 — [142]

MXenes 0–0.3 104–105 1–100 50–300 [154]
TMDCs 1.6–2.1 10−3–102 0.1–500 10–200 [159]
organic
semiconductors

1.5–3.0 10−8–10−3 10−3–10 1–20 [170]

OMIECs 1.3–2.5 1–100 (doped) 10−3–1 not typically reported [173]
COFs 1.5–3.0 10−8–1 (increases if

doped)
0.1–10 (reported for some
2D COFs)

1000–3000 [202]

MOFs 2–5 10−12–1 (increases if
doped)

very low–few 1000–7000 [198]

IIPs 3–5 10−10–10−6 very low 10–200 [205]

fering ions significantly enhanced both stability and precision,
with DNNs achieving a 73% reduction in root-mean-square
error compared to conventional two-point calibration. This
work highlights the promise of DNN-based sensor fusion in im-
proving the robustness and operational lifespan of FET sensors
for real-world applications such as water quality assessment.
Moreover, the methodology can be extended to other poten-
tiometric sensors for analyte detection in complex environ-
ments [226].

Systematic evaluation of active materials for
ion sensing in water
Table 3 provides a concise comparison of the electronic proper-
ties and specific surface areas of the active material classes
reviewed in this work. Figure 12 complements this by summa-
rizing each material category through representative structures
or mesoscopic film morphologies, their key advantages and
dominant challenges in aqueous media, the device geometries
they are most compatible with, and their demonstrated sensing
applications. Table 4 further evaluates the performance of
sensors fabricated with these materials, including sensitivity,
selectivity, water stability, response time, scalability, and fabri-
cation cost. Overall, most active materials used for electrochem-
ical and electronic ion detection are inorganic, owing to their
intrinsically higher conductivity, charge mobility, and surface
area relative to their organic counterparts (Table 3). As shown
in Table 4, organic thin films generally exhibit lower sensi-
tivity, selectivity, and long-term stability in water, despite their
fast response time and low-cost fabrication, whereas OMIECs-

based channels offer more practical performance for ion
sensing. However, OMIECs in OECTs typically suffer from
slower ion transport (leading to longer response times), poten-
tial issues with long-term chemical stability in harsh aqueous
media, and often lower mobility compared to inorganic semi-
conductors. In contrast, inorganic channel materials deliver
higher carrier mobilities, sharper gating behavior (higher on/off
ratios), better chemical and thermal stability under aggressive
conditions, and well-established microfabrication/integration
through semiconductor processing. The trade-off for inorganic
materials is often that ion-to-electronic coupling must rely on
surface gating (rather than bulk volumetric coupling), which
places constraints due to Debye screening in high-ionic-strength
water; also, fabrication can be more complex and costlier when
scaling to large-area or flexible platforms. In summary, organic
channels offer excellent integration and low-voltage operation
but face durability and speed challenges, while inorganic chan-
nels deliver high performance and robustness but may require
more complex gating architectures and fabrication to function
optimally in real-world aqueous ion sensing. Regarding
stability, most inorganic semiconductors (except metal oxides
and MXenes) maintain their properties in water while organic
semiconductors, metal oxides and MXenes may gradually
change due to hydration, oxidation, or ion intercalation, causing
baseline drift. High-quality and well-passivated graphene, CNT,
SiNW, MXene, TMDC FETs, and AlGaN/GaN HEMTs show
low hysteresis, but amorphous metal oxides in IS-FET geome-
try, or conducting polymer channels in OECTs can show higher
noise and hysteresis unless surface/interface engineering is
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Figure 12: Summary of the properties of classified active-layer materials, highlighting their representative structures, key advantages, challenges spe-
cific to aqueous environments, compatible device types and geometries, and demonstrated applications in ion sensing. Images of material structures
were generated using CrystalMaker®: a crystal and molecular structures program for Mac and Windows. CrystalMaker Software Ltd, Oxford, England
(https://www.crystalmaker.com). This content is not subject to CC BY 4.0.

applied. Between all introduced channel materials, AlGaN/GaN
heterostructures and SiNWs are the most electrically robust and
stable channels under continuous gating [105,173,227]. In

conclusion, the choice of an appropriate sensing material
depends on the intended detection mechanism, the practical
constraints of the fabrication process, and the specific require-

https://www.crystalmaker.com
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Table 4: Performance of classified materials for ion sensing in water, accompanied by an analysis of their device-fabrication considerations.

Material Sensitivity Selectivity Water stability Response time Scalability Fabrication cost Ref.

SMOs high low (improves
with surface
ligands or
composites)

high moderate to fast high low (sol–gel,
hydrothermal,
screen-printing)

[229]

FLGs high low (improves
with surface
modification)

moderate (GO
more
hydrophilic, rGO
more stable)

fast high moderate–high
(CVD, transfer,
functionalization)

[230]

SWCNTs high low (improves
with surface
modification)

high fast high moderate
(purification,
dispersion,
functionalization)

[20]

SiNWs high high with
appropriate
surface
chemistry

high (native
oxide stable in
water)

fast moderate to high
(CMOS-compatible
but
cleanroom-intensive)

high
(lithography,
doping,
passivation)

[28]

AlGaN/GaN high moderate to
high with ISMs
or receptors

high (chemically
robust
wide-bandgap
surface)

fast high (III–V wafer
tech)

high (epitaxy,
device
processing)

[142]

MXenes high high low (oxidation
and structural
degradation in
water if not
protected)

fast high moderate
(etching,
delamination,
stabilization)

[154]

TMDCs moderate
to high

high if
functionalized

moderate
(surface
oxidation/defects
in aqueous
media)

moderate to fast moderate to high moderate to high
(CVD,
exfoliation,
printing)

[159]

organic thin
films

moderate moderate to
high with
specific ligands

low–moderate
(swelling,
fouling,
degradation)

fast high low [170]

OMIECs high moderate to
high (depends
on receptor
design)

high if built on
robust
substrates and
encapsulation

slow to
moderate (often
diffusion-limited
through layers)

high moderate
(molecular
design and
device
integration)

[173]

COFs high high low to moderate
(many COFs
hydrolyze; some
are water-stable)

moderate moderate moderate to high
(synthesis and
crystallinity
control)

[202]

MOFs high high low (many MOFs
unstable in
water; some
water-stable
variants exist

slow to
moderate
(diffusion into
pores)

moderate moderate [198]

IIPs high high high
(cross-linked
polymer
networks stable
in water)

moderate
(binding and
diffusion-limited)

high low [205]

ments of the target application. The advantages of both organic
and inorganic materials can be combined by fabricating chan-
nels from hybrid materials for instance OMIEC–CNT compos-
ites. Using this strategy, mobility or electronic conduction via

conductive fillers can be improved, ion uptake via polymer
matrix can be enhanced, and the morphology can be tuned for
balancing ion access vs. electronic conduction [173,228].
Devices can also be integrated with advanced materials such as
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COFs, MOFs, and IIPs to simultaneously achieve high conduc-
tivity and high selectivity. Their intrinsic properties are summa-
rized in Table 3, and their sensing performance is evaluated in
Table 4. Notably, IIPs meet many criteria of an ideal ion sensor,
that is, high sensitivity, strong selectivity, excellent water
stability, scalability, cost-effectiveness, and reproducibility,
highlighting their potential for practical deployment.

Operating continuously in aqueous environments poses distinc-
tive challenges. Biofouling of membranes, FET gates, channel
materials, and chemiresistive films can impede mass transport,
change surface charge, or add parasitic potentials, resulting in
drift, hysteresis, and sluggish responses. The use of antifouling
polymer coatings or flow-through cells, or the application of
self-cleaning strategies can mitigate fouling-induced degrada-
tion [16]. For instance, robust solid-contact ISEs designed with
antifouling layers and advanced transduction have improved
stability for chloride, nitrate, ammonium, and heavy-metal mon-
itoring in natural waters and treatment streams [12,16]. Another
issue is that variations in the supporting electrolyte can change
the solution ionic strength, alter the analyte activity coefficient,
and may introduce competing ionic species to the system that
interact with the sensor. To mitigate these effects, matrix-
matched calibration or algorithm-based compensation strate-
gies are required such as potentially leveraging ISFET arrays
and machine-learning models [8,10]. Moreover, variations in
temperature and flow rate change both thermodynamics and
kinetics, perturbing the ion transport and reference electrode
stability. Using multiparameter sensing and algorithmic
compensation can help to stabilize outputs [17]. Flow-through
ISFET systems for automated ammonium monitoring and high-
transconductance nitrate ISFETs further highlight progress
toward deployments that couple microfabrication with rugged
fluidic packaging [11,231]. Furthermore, the requirement for
stable reference electrodes remains a critical challenge in con-
tinuous sensing platforms, particularly when miniaturized. In
response, significant research is directed toward solid-state
reference technologies and reference-free or self-calibrating
sensing methodologies [7,13,15]. As an example, ion-selective-
membrane-coated chemiresistive devices have achieved LODs
around 1–2 µg/L for Pb2+ in water during continuous operation,
indicating a viable path for low-cost monitoring of trace con-
centration of heavy metals [103]. In addition, many sensing ma-
terials suffer from significant contact-resistance issues at the
terminals, and/or require proper passivation layers to remain
stable. These factors demand careful materials selection and
precise engineering strategies to ensure reliable device perfor-
mance. Last, long-term drift from material aging, membrane
leaching, or interfacial redox phenomena remains a major
barrier, making self-diagnostics and autonomous recalibration
highly valuable in multiweek monitoring [14,15,17].

Conclusion
This review highlights the diverse landscape of materials and
strategies employed in solid-state ion sensing, emphasizing both
their potential and limitations. As the field advances, it is
increasingly clear that no single material system will dominate
all sensing scenarios. Instead, progress will depend on smart
choices of channel material, interfacial chemistry, and sensing
architecture, which is dictated by the target analyte, operating
environment, and required performance metrics such as sensi-
tivity, selectivity, stability, and response time. Metal oxides,
while not commonly used as FET channel materials due to their
wide bandgap and abundance of surface states, remain valuable
as redox-active components in nanocomposites that enhance
electrochemical signal transduction. Their catalytic activity and
chemical robustness make them particularly well suited for
oxidizing or reducing analytes such as heavy-metal ions, reac-
tive oxygen species, and disinfectants. Carbon-based materials
such as graphene and carbon nanotubes and their functionali-
zed derivatives offer high sensitivity owing to their high
transconductance and strong surface-charge coupling. These
materials are well suited for detecting low-concentration
analytes such as trace metal ions or biologically relevant ions in
buffered systems. However, future efforts must prioritize im-
proved control over synthesis, surface chemistry, and device
fabrication to overcome reproducibility challenges that current-
ly limit large-scale deployment and commercialization. In
contrast, silicon nanowires and AlGaN/GaN channels demon-
strate excellent stability. For applications requiring long-term
stability and minimal drift, such as continuous water quality
monitoring or implantable and wearable biosensors, semicon-
ductor platforms like silicon nanowires and AlGaN/GaN hetero-
structures are likely to remain dominant. Their inherent robust-
ness, mature fabrication processes, and compatibility with
existing electronics infrastructure make them particularly
appealing for commercialization and field deployment although
their device-fabrication workflows remain relatively complex
and costly. MXenes provide high electrical conductivity and
high surface activity, making them attractive for rapid and
highly sensitive ion detection. However, they suffer from insta-
bility in aqueous environments due to surface terminations.
Future research must focus on surface passivation strategies,
compositional tuning, or hybridization with stabilizing matrices
to unlock their full potential for real-world sensing applications.
TMDCs stand out as a versatile class of semiconductors whose
tunable bandgap and atomically thin structure, enable stable and
sensitive electrical sensing platforms, most commonly imple-
mented in SG-FET geometries.

Conventional organic FETs, based on small molecules or conju-
gated polymers, generally exhibit lower sensitivity compared to
inorganic materials, which limits their use in ultratrace detec-
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tion. However, they offer a number of advantages such as rapid
response times, mechanical flexibility and biocompatibility,
making them attractive for transient sensing, wearable plat-
forms, and low-cost disposable devices. OMIECs attempt to
overcome the weaker performance of conventional OFETs by
incorporating volumetric electrochemical interactions, thereby
significantly enhancing sensitivity. This improvement in sensi-
tivity, however, comes at the expense of response speed, which
highlights a broader challenge in OMIECs, that is, the need to
decouple ion transport kinetics from electronic response. Future
material design efforts should aim to optimize polymer mor-
phology, ion mobility, and device architecture to achieve both
high sensitivity and rapid temporal resolution. Looking ahead,
application-specific material selection will become increasingly
important. For example, environmental monitoring of pH,
heavy metals, and nutrients benefits from stable inorganic chan-
nels (SiNWs, GaN) or robust carbon-based materials functional-
ized with chelating ligands. Biomedical sensing of electrolytes
is well served by OMIECs, TMDCs, and CNT-based FETs
functionalized with biomolecular receptors. Industrial process
control, which often involves harsh chemical environments,
may rely on metal-oxide nanocomposites or protected MXene-
based architectures. Wearable and flexible sensing aligns natu-
rally with organic semiconductors, and hybrid polymer–nano-
material composites.

Beyond channel materials, surface engineering plays a critical
role in optimizing sensor performance. The deliberate introduc-
tion of defects and nanoparticle dopants enhances ion diffusion,
charge transfer, and signal amplification. At the same time,
covalent or noncovalent functionalization with organic
molecules can improve operational stability and selectivity.
However, lack of tight control over interfacial structure
and defects remains a major source of noise, hysteresis, and
drift. A deeper mechanistic understanding of ion–interface
interactions, supported by in situ characterization and modeling,
will be essential to rationally designing stable and low-
noise sensor interfaces. Nanocomposites offer an alternative
to surface functionalization, with the potential to either
mitigate or exacerbate interface issues depending on their
phase distribution, percolation pathways, and interfacial
compatibility. As such, future work should focus on predictive
design rules that link nanocomposite structure to sensing perfor-
mance.

Advanced porous materials including MOFs, COFs, and IIPs
are expected to play an increasingly important role in achieving
high selectivity. Their well-defined pore structures, large sur-
face areas, tunable chemistry, and predictable sensing mecha-
nisms make them particularly attractive for discriminating
among chemically similar ions. Given their intrinsically low

electrical conductivity, these materials are best deployed as
functional layers or composite components integrated with
conductive or semiconductive channels. Biomolecular recogni-
tion elements deliver excellent selectivity. However, their
limited operational lifetime, susceptibility to denaturation, and
high cost constrain their widespread adoption. Future directions
may include the development of biomimetic or synthetic ana-
logues that retain selectivity while improving robustness and
shelf life. Ion-selective membranes remain one of the most
effective strategies for achieving stable and selective ion
sensing, particularly in long-term or fouling-prone environ-
ments. They are necessary when film protection and ion
buffering are required such as in physiological matrices or
wastewater monitoring. However, in applications where direct
channel–analyte interactions are essential for sensitivity or
response speed, membrane integration may be unnecessary or
even detrimental. A more detailed understanding of when and
how to deploy membranes will be critical for optimal sensor
design.

At the system level, sensor arrays represent a powerful ap-
proach for multiplexed detection and signal amplification.
Arrays of single-analyte sensors are powerful when absolute
accuracy and direct readouts are required, such as in clinical
diagnostics or regulatory water monitoring. Conversely, cross-
reactive arrays are more flexible for complex mixtures where
single-analyte selectivity is neither feasible nor necessary,
though they rely on computational models such as machine
learning, chemometric analysis, and pattern-recognition algo-
rithms for interpretation. In summary, the future of solid-state
ion sensing lies in the convergence of tailored material selec-
tion, sophisticated interface engineering, and intelligent system
integration. Continued progress will require interdisciplinary
collaboration across chemistry, material engineering, electrical
engineering, and data science. By embracing application-specif-
ic design principles and leveraging the complementary strengths
of diverse material classes, the field is well positioned to deliver
robust, real-time, and scalable ion sensors capable of operating
in complex aqueous environments.
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