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New concepts

Given phosphate’s importance to biological systems, rapid in-situ phosphate monitoring
is highly desirable across various fields, from health diagnostics to environmental
sustainability. Whereas conventional spectroscopic assays have been lacking in
portability, this work introduces a point-of-use electrochemical sensor with
electrodeposited mixed-valence molybdenum oxide on flexible electrodes, enabling
selective phosphate detection in complex aqueous environments. The molybdate-
phosphate coordination complexes generate robust, stable redox signals without issues
of dissolution and degradation in prior sensors. Integrated with a wireless potentiostat,
the sensor is validated to accurately track phosphate levels in environmental and
health-related samples, demonstrating a promising low-cost platform for portable
phosphate sensing.
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The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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Abstract

To enable in-situ phosphate monitoring for healthcare and environmental
sustainability, this work demonstrates an electrochemical sensor based on
electrodeposited mixed-valence molybdenum oxide (MoOy) for selective phosphate
sensing in complex aqueous media. The MoOy film induces strong, specific detection
through coordination between Mo centers and phosphate anions, generating well-defined
redox signals under square wave voltammetry. The sensor exhibits a broad linear
dynamic range between 10-1000 uM, a sensitive detection limit of 8 yM, and high
specificity against competing anions including CI-, SO42-, NO3~, CO32-, and SiO32~. The
sensors accurately measure phosphate levels in artificial saliva and influent wastewater
field samples, with results validated to match those of standard molybdenum blue assays.
The compact, flexible system achieves stable performance across varying ionic strengths,
proving its robustness as a low-cost point-of-use monitoring platform for phosphate.
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Introduction

Phosphate plays a vital role in the health of individuals to entire ecological systems.":2
Dysregulation of phosphate levels in the human body is linked to various diseases.3-®
Excessive phosphate accumulation in the environment leads to pollution of water sources
and eutrophication.5-° The capability to conduct in-situ monitoring of phosphate anions is
critical for timely intervention to address imbalances and mitigate health and
environmental impacts.

Various phosphate recognition strategies ranging from supramolecular
receptors10.11 to metal ion coordination assays'?-'4 have been demonstrated, but they
often rely on spectrophotometric methods that require ex-situ sample preparation and
restrict measurement portability. For example, the standard for orthophosphate (PO4%-)
detection is a colorimetric approach based on molybdate reaction in solution. Phosphate
reacts with molybdate under acidic conditions to form phosphomolybdic acid, which is
further reduced into phosphomolybdenum blue compounds with strong absorbance,
following the equation PO43~ + 12 MoO4%~ + 27 H*— H3PO4(M003)1, + 12 H,0.1516 The
detailed reaction mechanisms are strongly influenced by the reaction pH, the
concentrations and ratios of the reactants, and the order in which the reagents are
introduced.This reaction combines strong metal-phosphate coordination with
polyoxometalate cluster formation, offering high selectivity and minimal binding
interference from other anions. However, this classic molybdate method requires multiple
reagent addition steps and many fluid transfers,’6:'7 making it unsuitable for portable
detection.

To enable point-of-use monitoring, researchers are developing electrochemical
sensors'®27 for phosphate detection, mostly by transducing redox activities of
phosphomolybdate species into electrical signals. Previously the sensor electrodes were
made selective to phosphate by depositing molybdate on nanowires or polymer matrices.
In contrast, this work shows that direct electrodeposition of molybdate precursors onto
graphite carbon electrodes improves sensitivity while simplifying the fabrication process.
The electrodes are patterned by low-cost printing28-33 on flexible substrates that enable
compact, conformal placement inside fluidic systems and integration with wireless
potentiostat for convenient readout. Careful calibration examines how reaction kinetics
and operating conditions such as the temperature and ionic strength of the sample affect
measurement accuracy, consistency across sensors, and selectivity against non-
phosphate anions.

To demonstrate relevance in practical applications, our sensors are used to detect
phosphate levels in complex samples including artificial saliva and real-world wastewater
influent. These two use-cases represent biomedical and environmental samples covering
a broad range of ion concentrations. The results are validated through the standard
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colorimetric molybdenum blue assay, confirming the accuracy of our sensors. This work
bridges the well-established molybdate-phosphate recognition chemistry with device
processing and operational insights to deliver a sensitive, portable, economical
phosphate sensing platform for bioanalytical and environmental monitoring applications.

Results and discussion

We fabricated the sensor electrodes by stencil-printing conductive inks onto flexible
polyethylene terephthalate (PET) substrates. The fabrication details are presented in the
Materials and Methods section; in brief, the working electrode and counter electrode were
patterned with a graphite ink, while the exposed surface of the reference electrode was
printed with a Ag/AgCl ink as shown in Figure 1a.

A MoOy film was electrodeposited onto the working electrode via cyclic voltammetry
(CV) in an aqueous solution of 50 mM Na,SO4 and 5 mM (NH,4)sMo70,4 at a pH of 5. The
deposition potential was selected to cycle between —-0.6 V and 0.2V versus Ag/AgCl to
facilitate the partial reduction of Mo(VI) to Mo(V), forming a film of mixed-valence state3

MoO, where x < 3 with both MoV/Mo ", from the ammonium molybdate precursor. This

mixed-valence state was confirmed by x-ray photoelectron spectroscopy on the Mo 3d
peak in Supplemental Figure S1. The Raman spectrum of MoOx in Supplemental Figure
S2 further supports that the electrodeposited MoOx is not a physical mixture of MoO3; and

MoO,, but rather a disordered molybdenum oxide with mixed valence (Mo¥! and MoV). In

Figure 1b, the cathodic current gradually decreased with more CV cycles, due to the
growth of the MoOy layer which limited further electron transfer at the electrode-electrolyte
interface. The electrodeposition was carried out for 11 CV cycles, which consistently
yielded a MoOy film with a thickness of ~5 um.

Following electrodeposition, the optical and scanning electron microscopy (SEM)
images of the working electrode (Figure 1c and 1d, respectively) revealed clear contrasts
between the bare graphite surface and the region coated with MoO,. Energy-dispersive
x-ray spectroscopy (EDS) in Supplemental Figure S3 mapped the distribution of Mo and
O across the electrode surface, confirming the elemental composition of the deposited
film and its uniform coverage. After immersing the sensor electrode in an electrolyte with
orthophosphate H3PO, (hereafter shortened to phosphate), the electrode was washed in
deionized water and dried for another round of EDS analysis, which detected the
presence of phosphorus associated with the MoOy-phosphate complex.

The electrodeposited MoO, interacted with phosphate through coordination between

Mo centers (MoV/MoV) and H3PQO,. This interaction led to the formation of redox-active

MoO,-phosphate complexes, which were most abundant in acidic conditions;'53% thus,
subsequent measurements were conducted in aqueous electrolytes adjusted to a pH of
1 using ~0.1 M H,SO,. In Figure 2a, the square wave voltammetry (SWV) measurements
display well-defined, reversible redox peaks in the presence of 100 uM phosphate (solid

3
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blue line), compared to the featureless background current in the blank solution (dotted
black line). The four redox peaks of MoOy-phosphate complexes were centered around
-0.18V, 0.04V, 0.17V, and 0.32 V. It should be noted that the redox peak assignments
for molybdate-based materials vary across different studies, as summarized in
Supplemental Table S1. Due to the pH-dependent species and complex multiple electron
transfer processes,2034 the detailed electrochemical mechanisms are still uncertain. But
according to the XPS and Raman results, the peaks likely originated from oxidation of
diverse Mo (V) centers in different redox environments associated with various
crystallographic sites and ligands. Similar peak multiplicity has been observed in both
polyoxomolybdates and amorphous MoO, systems due to sequential electron transfer
across non-equivalent Mo sites.3536 The symmetric peaks observed in forward and
reverse scans confirmed the electrochemical stability even in harsh acidic environment,
demonstrating that the mixed-valence MoO, film provided robust phosphate recognition
and reliable electrochemical signal transduction.

Characterizing sensitivity to phosphate under various operating conditions

Figure 2b shows a zoomed-in view of the forward SWV scan; in the following analyses,
the sensor response was defined as the current difference (A/) between the redox peak
at 0.17V and the baseline level at 0.55 V. In comparing Figure 2a and 2b, where both
scans were under the same 100 uM phosphate concentration, we noticed that the A/
amplitudes were different due to the timing of the measurements, with the former
recorded at 3 min and the latter at 13 min after adding the analyte solution onto the sensor.
This observation pointed to the need for evaluating the sensor response as a function of
time and temperature. As shown in Figure 2c, the A/ responses initially increased with
time and then reached a plateau around 10 minutes. Thus, upon sample exposure to the
sensor, at least ten minutes was needed to establish equilibrium for the formation of
MoOy-phosphate complexes. Nonetheless, this waiting period was still much shorter than
that of the standard molybdenum blue assay, which typically requires an hour.'® The A/
signals slightly increased at 37°C compared to room temperature, due to the enhanced
kinetics with higher temperature. The kinetics measurements at 37 °C in Figure 2c were
carried out to evaluate the sensor performance under physiological conditions, relevant
for potential wearable or biomedical applications. All the measurements below were
conducted at 25°C and recorded around 13 min after sample contact.

The sensor SWV redox current in Figure 2d increased with higher phosphate
concentrations in the sample. Because of a small drift in baseline current level over time,
as shown in Supplemental Figure S4, the SWV responses were baseline-corrected by
subtraction, to align all curves to the baseline current at 0.55 V (lyank) Of the blank
electrolyte without any phosphate (an aqueous solution of 0.1 M KCl and 0.1 M H,SO,).
The corresponding calibration curve of Al versus phosphate analyte concentration in
Figure 2e showed linearity over a wide dynamic range from 10 to 1000 uM. The linear
response region was fitted to a logarithmic scale, resulting in the following best-fit values:

Al'in yA = 5.1 pA/decade x logo[phosphate concentration in uM] — 3.9 pYA.

Page 6 of 20
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Thus the sensitivity slope was 5.1 yA/decade. Using the s-shaped calibration curve®” and
extrapolating from the intersection of the background A/ level and the sensitivity slope,
the detection limit was estimated to be 8 uM, equivalent to 800 parts per billion. Our MoO,
sensor shows a broader linear detection range compared to prior molybdate methods for
phosphate detection listed in Supplemental Table S2. Earlier molybdate sensors were
mostly made by drop-casting mixtures of ammonium heptamolybdate with different host
materials. With this approach, while the initial sensitivity could be high, the molybdate was
observed to redissolve during measurement, and the degree of dissolution would depend
on the film thicknesses, drying conditions, and electrolyte compositions, which led to
signal instability and poor reproducibility. While this work also used ammonium
heptamolydate as a precursor, our improved performance is attributed to the
electrodeposition that formed a MoO, film more robust against dissolution than molybdate
ions. Furthermore, previous works did not report on the effects of equilibration time on
sensor signals and did not show stability over time. Future efforts on our MoO, sensor
may focus on optimizing the electrodeposition parameters for better sensitivity and
detection limit.

To assess sensor stability, the device was tested by alternately exposing it to
solutions with and without phosphate, as shown in Figure 2f. After the MoO, electrode
was exposed to 20 uM phosphate and then immersed in a blank electrolyte, the SWV
responses were comparable (light blue solid and dotted lines, respectively), indicating
that the MoO,-phosphate complexes remained on the electrode and were not displaced
by the blank electrolyte flow. With a second exposure to 20 uM phosphate followed by a
blank electrolyte, the cumulative phosphate concentration on the sensor reached 40 uM,
resulting in higher SWV peak currents (dark blue solid and dotted lines). The
corresponding Al from these four scans are denoted by triangle symbols in Figure 2e and
aligned with the calibration curve from another device. This consistency further confirmed
the sensor-to-sensor reproducibility and measurement stability of single MoO, sensor as
Supplemental Figure S5, as well as the capability of MoO, films to monitor cumulative
phosphate exposure until the sensor reaches saturation. The strong retention of MoOy-
phosphate complexes on the electrode also suggests potential for phosphate recovery
applications.6-8

Characterizing selectivity to phosphate over competing anions

The selectivity of the MoO, sensor toward phosphate was assessed by examining
possible interference by other anions commonly present in environmental and biological
samples, including NO3~, CO3%7, and SiO32". At the measurement pH ~1, the anions may
exist in various protonation states depending on their respective pKa values. For
simplicity, below we denote the anion species by their basic anionic forms. Figure 3a
compares the SWV responses before (black lines) and after the addition of 1 mM of
sodium nitrate (red lines) to the sample solutions. The responses before and after NO3~
addition were comparable. Even as the concentration of 1 mM NO3;~ was at a ten-fold
excess relative to 100 uM phosphate in the sample, the MoO,-phosphate redox peaks

5
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were not interfered by the nitrate anions. Comparisons of SWV responses before and
after adding 1 mM CO3? and SiO3? anions are shown in Supplemental Figure S6,
showing negligible difference. These anions also did not interfere with phosphate
detection, indicating that the redox signals were highly specific to the MoO,-phosphate
complex.

Figure 3b summarizes Al values for sample solutions without phosphate (left) and
with 100 uM phosphate (right). The signal strength in the presence of additional 1 mM
anions (color bars) was within measurement standard deviations of the original electrolyte
(black/gray bars, with 0.1 M ClI~ and SO,4%°). We note that among the tested anions, SiO32~
was an interference in conventional molybdenum blue assays because of its propensity
to form heteropoly acids reducible to molybdenum blue species. However, in our MoO,
sensor, SiO3%™ interference was effectively suppressed by sufficiently acidic conditions
(pH ~1) and a short equilibration time (~13 min after sample exposure). In Figure 3c, the
sensor calibration curves remained the same and unaffected by the additional anions,
and the MoO, sensor successfully distinguished phosphate in solutions containing
background CI~, SO42-, NO5~, CO32, and SiO32~ anions. The superior selectivity toward
phosphate originated from its strong affinity to coordinate with molybdenum centers,
enabling phosphate-specific redox response from MoO,-phosphate complexes. The
stable sensor performance in mixed-anion environment provided a strong basis for
phosphate detection in complex samples.

Measuring phosphate levels in artificial saliva and real-world wastewater influent

To demonstrate their applicability in health diagnostics and environmental
monitoring, the MoO, sensors were used to determine phosphate concentrations in a
sample of artificial human saliva purchased from Biochemazone (item# BZ323) and a
field sample from a wastewater treatment plant located in St. Paul, Minnesota. These
applications are relevant to public health, because abnormal phosphate levels in
saliva3839 are a biomarker for kidney and oral diseases. The treatment of wastewater
involves monitoring to remove excess phosphate.

As seen in Figure 4a, the flexible MoO, sensor was integrated with a compact
potentiostat (Zensor) with wireless data transmission. This configuration would be
adaptable to microfluidic setups for measuring biofluids such as saliva or sweat, offering
a path toward wearable health monitoring like on a mouthguard or a patch. Figure 4b
shows the phosphate calibration curves of the sensor in two electrolytes with different
ionic strengths: 0.1 M KCI (same data as in Figure 2e) and 1 M KCI. The 1 M KCI was
included to simulate sample matrices with higher ionic strength such as urine and
seawater. Compared to the 0.1 M KCI electrolyte, the use of 1 M KCI resulted in slightly
lower signal intensity, likely due to stronger ionic shielding and a decrease in effective ion
mobility with higher ionic strength. Nonetheless, since ionic strength correlates to
conductivity measurable by printed electrodes,*?#! the calibration curve can be adjusted
accordingly to account for background variations.

6
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Since typical phosphate concentrations in human saliva range between 0.8-2 mM,
which is approaching the saturation limit of the sensor calibration curve, the artificial saliva
sample was diluted to 1% by volume with a blank electrolyte, which was either the 0.1 M
or 1 M KCI (both with 0.1 M H,SO4 for adjusting pH to 1). As shown in Figure 4c, the
diluted sample was measured using three independently prepared MoO, electrodes in
each electrolyte. The redox peaks observed in 1 M KCI were shifted relative to those in
the 0.1 M KCI electrolyte, and the Al values were extracted using the peak at 0.17 V for
0.1 M KCI, and the peak at 0.28 V for 1 M KCI. The Al values obtained from these
measurements were marked by triangle symbols in the Figure 4b inset to determine the
concentration of phosphate. The extrapolated concentrations from the inset were
multiplied by a factor of 100 to account for the sample dilution. Thus, the phosphate levels
in the artificial saliva sample were 1.59 + 0.11mM in 0.1 M KCI, and 1.73 £ 0.18 mM in
1 M KCI, closely matching the reported physiological value in healthy human saliva.

Phosphate detection was successfully achieved in complex biological matrices.
Despite the difference in ionic strengths between 0.1 M and 1 M KCI backgrounds, the
extracted phosphate concentrations were consistent when the appropriate calibration
curve was applied. This consistency across different electrodes and electrolyte conditions
underscored the sensor reliability and wide operational window, enabling convenient,
point-of-use monitoring across diverse samples with varying ionic strengths.

For the field sample of wastewater influent, we determined its phosphate
concentration using the standard addition method, which avoided the dilution of samples
anticipated to have a low analyte concentration. The supporting electrolyte salts KCI and
H,SO, were directly added to the sample at 0.1 M each. As a concept illustrated in
Figure 4d, the flexible MoO, sensor could be placed inside a pipe for in-situ measurement
during water treatment. Figure 4e shows the SWV responses of a representative
electrode in the standard addition process. The sequence of measurements was first on
the wastewater sample as collected (dashed brown line), which did not show redox
response yet due to the lack of pH adjustment. After the sample was mixed with KCI and
H,SO, salts at 0.1 M each to achieve pH ~1, (i) the redox peaks were apparent (solid
yellow line), indicating the presence of phosphate in the sample. The sensor response in
a control electrolyte without phosphate served as the /..« baseline (dotted black line).
Following the measurement in step (i), successive additions of phosphate amounts
(NaH,PO, salts) were mixed into the sample, at a concentration of (ii) 50 uM (light blue
line), then (iii) another 25 yM (medium blue line), and lastly (iv) another 25 uM (dark blue
line). The Al of measurements (i)—(iv) were plotted in Figure 4f as a function of the total
amount of added phosphate into the sample. The data were fitted to a linear trend line,
and the x-intercept was obtained to infer the phosphate concentration in the sample.
Using three independent sensors, the phosphate concentration of the wastewater influent
was determined to be 68, 72, and 61 uM, yielding an average of 67 £ 5.7 uM of phosphate,
corresponding to 2.1 £ 0.2 parts per million (ppm) of phosphorus. This value is in excellent
agreement with the result of 2.3 ppm obtained using the conventional molybdenum blue

7
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colorimetric assay as validation (Supplemental Figure S7), confirming the accuracy and
reproducibility of the MoO, electrochemical sensor for phosphate detection in complex
environmental samples.

Conclusion

In this work, we developed a sensitive electrochemical sensor based on mixed-
valence MoOy for selective phosphate detection in complex aqueous environments. By
integrating classic molybdate-phosphate coordination chemistry into a robust solid-state
interface, the sensor enables electrochemical phosphate recognition with strong
selectivity and operational robustness. The device exhibited linearity across a broad
concentration range between 10 pyM to 1 mM relevant to biological fluids and
environmental samples and showed a phosphate detection limit of 8 uM. Direct detection
was achieved in samples such as artificial saliva and wastewater influent, demonstrating
tolerance to common background anions and varying ionic conditions. The prototype,
combining stencil-printed electrodes and wireless signal acquisition, presents a promising
route toward low-cost distributed sensing systems for phosphate.

Materials and methods
Sensor fabrication

For the fabrication of the stencil-printed electrodes,*%4! 1 g of graphite powder (Alfa
Aesar, particle size 1-2 ym) and 0.1 g of poly(vinylidene fluoride) (PVDF, Arkema Kynar
HSV 900) were mixed in 2 mL of N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and stirred
overnight at room temperature to obtain a graphite-PVDF slurry. Then the slurry was
deposited onto a flexible PET substrate (Immuson) via stencil printing to pattern the
working electrode (WE) and counter electrode (CE). The WE diameter was 3 mm and the
electrode design were shown in Supplemental Figure S8. The electrode stencil masks
were cut using a digital blade-cutter (Silhouette Cameo). Ag/AgClink (Ercon, part#E2414)
was deposited as the reference electrode (RE) using the same stencil printing technique.
The printed electrodes were dried at 85 °C for 20 minutes on a hot plate in air. SWV
measurements were conducted on screen-printed electrodes (Zensor SPE), which
featured identical WE and CE geometries as the stencil-printed electrodes, ensuring that
the electrochemical results obtained from both platforms were comparable with the same
electrode surface area.

Electrodeposition of the mixed valence MoOy film was carried out in an electrolyte
containing 50mM Na,SO, and 5mM (NH4)sMo;024 (pH~5) by applying cyclic
voltammetry waveform via a potentiostat (BioLogic SP-200). The potential was scanned
from —0.6 V to 0.2 V at a scan rate of 50 mV/s for 11 cycles. The electrode color became
darker after MoO, deposition.

Page 10 of 20
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Measurement methods

The MoO, electrodes were rinsed with deionized water and air-dried at room
temperature before morphological, compositional, and electrochemical characterization
via SEM (FEI Apreo), XPS (Kratos AXIS-Supra), Raman (Renishaw inVia upright
microscope) and SWV tests (BioLogic SP-200). Solutions with different phosphate
concentrations were prepared by dissolving NaH,PO, in aqueous electrolytes with 0.1 M
H,SO, and KCI either at 0.1 M or 1 M concentrations.

All SWV measurements were performed with a pulse height of 25 mV, a step height
of 1 mV, and a pulse width of 10 ms, scanned from -0.27V to 0.57V in 0.1 M KCI or
-0.14V 10 0.67 V in 1 M KCI. The error bars represent the standard deviations (SD) from
3 measurements and are drawn as + SD of the data average. The SWV waveform is
illustrated in Supplemental Figure S9. During each square wave cycle, the current was
recorded at two times, one was at the end of the forward pulse (/.4) and another at the
end of the reverse pulse (/ey). The difference between these two measurements (fsyq —
ley) would yield the net current correlated to the analyte concentration. This differential
approach suppressed background currents from capacitive contributions and enhanced
detection sensitivity compared to steady-state techniques like CV or chronoamperometry.

Sample preparations

The artificial human saliva sample was used as received without any
pretreatment. The wastewater influent samples were collected from a wastewater
treatment plant in St. Paul, Minnesota in April 2024. After collection, the samples were
stored at —20 °C, then thawed and filtered through a 0.22 ym nylon membrane prior to
analysis.
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Fig. 1 Sensor design and fabrication. (a) Photograph of the sensor electrodes on a
flexible plastic substrate. (b) Deposition cycles at a scan rate of 50 mV/s to form MoOy
from an aqueous solution of 5 mM (NH4)eM070,4 and 50 mM Na,SO,4. The gray line
indicates the final 11t cycle. (c) Photograph and (d) scanning electron microscopy image
of a MoOy-coated electrode. The bare graphite surface was exposed on the left side and
the MoO, film on the right side.
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Fig. 2 Sensor response to phosphate. (a) Square wave voltammetry (SWV) of the
MoOx electrode in the absence (black dotted line) and presence (blue solid line) of 100
MM phosphate. Arrows indicate the direction of the voltage sweep. (b) Zoom-in view of
the SWV responses under positive voltage sweep, with the current adjusted with respect
to the baseline value at 0.55 V. (c) Current change versus time, at 25°C (solid circles)
and 37°C (open circles), with (blue) and without (black) 100 uM phosphate. (d) SWV
responses and (e) the calibration curve of the MoOx electrode corresponding to
phosphate concentrations ranging from 0.1 yM to 10 mM. (f) SWV responses across
sequential scans: (1) first sample with 20 uM phosphate (light blue solid line); (2) then
blank without phosphate (light blue dotted line); (3) second sample with 20 uM phosphate,
leading to a cumulative exposure of 40 uM (dark blue solid line); and (4) blank again (dark
blue dotted line). The corresponding Al from these four scans are denoted by triangle
symbols in panel (e).
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Fig. 3 Selectivity of the MoOx sensor for phosphate compared to other anions. The
same color legends apply to all panels. (a) SWV responses in the presence (solid lines)
and absence (dotted lines) of 100 uM phosphate, without (black) and with (red) 1 mM
NaHNO; in the sample electrolyte. (b) Al values for samples without or with 1 mM
additional anions. (c) Calibration curves of the MoOx electrode in an aqueous solution
with 0.1 M KCI, 0.1 M H,SO,4, and 1 mM anions as denoted by the color legend. The error
bars represent the standard deviation (SD) from 3 measurements. Data are expressed
as the mean £ SD.
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Fig. 4 Detection of phosphate in real-world samples. (a) Photograph of the point-of-
use MoOx sensor connected to a wireless potentiostat. (b) Calibration curves of the
sensor in aqueous solutions with 0.1 M H,SO,4 and 0.1 M (black) or 1 M KCI (purple). The
inset zooms in on the samples measured in panel (c). (c) SWV responses for phosphate
detection in artificial saliva samples. The same sample was diluted to 1% by volume in
electrolytes of varying ionic strengths and measured using three individual sensors to
demonstrate reproducibility. (d) Photograph of the flexible sensor, allowing easy
integration inside a pipe or in fluidic systems. (e) SWV responses for an influent
wastewater sample measured via the standard addition method. The sequence of
measurements was the wastewater sample as collected (dashed brown line), (1) the
sample mixed with KCI and H,SO, salts at 0.1 M each (solid yellow line), followed by
successive additions of phosphate into the mixture (2) at 50 uM (light blue line), then (3)
another 25 yM (medium blue line), and lastly (4) another 25 uM PQO43- (dark blue line).
The sensor response in the aqueous electrolyte without phosphate (black dotted line,
0.1 MKCland 0.1 M H,SO,) served as the I,.n« baseline. (f) The corresponding calibration
curves derived from (e), repeated using three individual sensors on the same sample.

18

Page 20 of 20



