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Microfluidic-Electrochemical Sensor utilizing Statistical Modeling 
for Enhanced Nitrate Detection in Surface Water towards 
Environmental Monitoring   

Sai Kiran Mani†a, Revati Kadolkar†a,b, Tithi Prajapatia,d, Preety Ahujaa, Mesha Shajahana,d, JungHun 
Leea,b, Michael Tolosaa, Mary McWilliamsc, Claire Weltyb,c, Douglas D. Freya,b, Venkatesh Srinivasana, 
Sanjeev Kumar Ujjain*a and Govind Rao*a,b  

Nitrate (NO3
−) presence in surface water and groundwater used for potable supply needs to be closely monitored since 

elevated amounts can adversely affect the aquatic life and human health by causing hypoxia and methemoglobinemia. Many 

of the existing EPA-certified sensors used for environmental monitoring are expensive, bulky, and labor-intensive. To address 

these concerns, we have successfully developed a low-cost microfluidic electrochemical impedimetric sensor, consisting of 

a nitrate-binding nickel complex within a polyaniline/carbon nanocomposite (Ni@Pani/C) enabling nitrate monitoring in 

field. Under optimized conditions, our sensor demonstrated a high sensitivity of 2.31±0.09 Ω/ppm/cm2 across a wide nitrate 

concentration range (0.6-10 ppm). It also showed a desirable low detection limit of 0.015 ppm and a swift response time 

under 20 seconds. It maintained repeatability over a wide temperature range (5-65°C) and exhibited consistent performance 

over an extended period (~1 month). The sensor displayed high specificity towards nitrate when tested against potential 

interferences (SO4
2-, C2H3O2

-, HCO3
-, NH4

+, Cl-) and showed good reproducibility for test water samples collected from various 

streams in Maryland, U.S.A. A statistical model was used to confirm the sensor’s accuracy, which yielded a maximum 

standard deviation of ±0.6 ppm (absolute value). Our sensor was also benchmarked against a commercial SUNA device 

resulting in comparable performance. 

Introduction 

The availability of high-quality drinking water is the 6th out of 17 

Sustainable Development Goal (SDG) global indicators listed by 

the United Nations.1 Continuous monitoring of water quality is 

increasingly becoming a necessity due to the constant release 

of toxic effluents to surface water and groundwater. Nitrate 

(NO3
-) is one such contaminant that is released into the 

environment through synthetic and agricultural fertilizers, 

livestock manure discharge, atmospheric deposition, septic 

system discharge, and sanitary sewer leaks.2 Nitrate 

contamination is a global concern owing to reliance on surface 

water and groundwater sources for potable water supply. High 

nitrate contamination can lead to algal blooms in lakes, rivers 

and estuaries, resulting in oxygen-depleted zones causing 

hypoxia in aquatic life.3 In humans, nitrate can lead to gastric 

cancer as nitrites form carcinogenic N-nitrosamines upon 

interaction with amines/amides in the stomach3-8. Prolonged 

nitrate exposure may result in birth defects, spontaneous 

abortion, intrauterine growth restriction, and 

methemoglobinemia, also called the blue baby syndrome, 

which results from binding of nitrate to haemoglobin, thereby 

causing depletion of oxygen in body tissues9,10.  To address 

these concerns, the World Health Organization (WHO) has 

established a maximum allowable concentration of 10 mg/L or 

10 ppm of nitrate-nitrogen (equivalent to 50 mg/L of nitrate ion) 

in drinking water.11 However, there is a lack of low-cost and 

sensitive real-time commercial sensors for the continuous 

monitoring of nitrate contamination through frequent testing12-

14. 

One of the reasons for unavailability of such sensors is the 

inherent complexities in direct and indirect measurement 

techniques of nitrate, namely electrophoresis and 

polarography.15 Typically, nitrate (NO3
-) is first reduced to nitrite 

ions (NO2
-) and then quantified using spectrophotometry. This 

approach has multiple steps, large interferences and a limited 

detection range.17 Various alternative laboratory techniques 

used for nitrate detection, such as colorimetry18,19, molecular 

imprinting20, ion chromatography21,22 and field-effect transistor 

technology23 involve labor-intensive sampling, require 

advanced instrumentation, and are time-consuming.13 

Commercially available sensors that are highly selective for 

nitrate typically need frequent calibration.24 
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In contrast to these sensing methodologies, potentiometric and 

electrochemical techniques are simple, rapid, cost-effective and 

offer a direct quantitative analysis of targeted ions in field 

samples13,14. Nanomaterial-based electrochemical sensors have 

emerged as powerful analytical tools, characterized by their 

reduced over-potential and high sensitivity. Usage of transition 

metals like copper, silver, palladium, cobalt, nickel, rhodium, 

gold and platinum, has further demonstrated electroreduction 

capabilities for nitrate.25 However, nitrate can contaminate the 

surfaces of these metallic substrates leading to unsatisfactory 

sensing performance.26 Electrochemical nitrate sensing that 

relies on oxidation reactions of such materials and primarily 

composed of copper or silver, usually encounters interference 

from other oxidizable species.13 One effective approach to 

enhance the selectivity of metallic nanoparticles towards 

nitrate involves the use of modified functional materials aimed 

at minimizing operational electrode potential.27 Among such 

functional materials, conducting polymers like polyaniline (Pani) 

have shown promise for electrochemical sensing due to their 

bio compatibility, low toxicity, facile synthesis, cost-effective 

large-scale production, electro-active redox potentials, high 

capacity to stabilize enzymes, and the ability to anchor metal 

nanoparticles with the aid of amino groups9,28. 

Pani can store electrical energy during redox transition, 

namely the transition between fully reduced leucoemeraldine 

base (LB) ↔ semi-oxidized emeraldine salt (ES) and ES ↔ fully 

oxidized pernigraniline base (PB), depending on the sensing 

mechanism (i.e., oxidation or reduction)29,30. Pani has shown 

the ability to adsorb and electrocatalytically reduce nitrate 

within a low potential range, without causing electrode 

fouling.31 Indirect measurement of nitrate is thus possible based 

on the electrochemical oxidation current generated during the 

ES↔PB redox transition of Pani.32 

Pani-carbon composites, in this context, are frequently 

preferred due to carbon’s (graphene or CNT) versatility as an 

electrode modifier and the ability to facilitate an enhanced 

electron transfer between the electroactive analytes and 

electrode surfaces.32 A carbon matrix helps to improve the 

electrical conductivity of Pani by creating a porous structure 

with highly accessible surface area that enhances mass 

transport of the target analyte resulting in a direct redox 

reaction.33 Pani/CNT electrodes have been recently explored for 

the electrochemical detection of nitrate in tap water, where the 

oxygen functional groups in CNT adsorb radical cations in the ES 

form of Pani, thereby making it thermodynamically more 

favourable for nitrate complex formation.34 However, the 

sensing performance of Pani still depends on the synthesis 

method, morphology, and loading amount.35 While graphene 

and CNT-based nanocomposites offer high electrical 

conductivity, their practical applications in electrochemical 

sensors can be hindered by issues such as production scalability 

and functionalization complexities. Amorphous carbon-based 

nanocomposites, on the other hand, overcome these concerns 

making them more suitable for sensor applications despite 

having lower conductivity and mechanical strength36-38. Such 

carbon materials with established safety profiles can streamline 

regulatory approvals and gain greater market acceptance. 

Given this background, we have chosen to integrate these 

concepts by utilizing a Pani-carbon (Pani/C) composite with the 

well-established nickel (Ni2+) and nitriloacetic acid (NTA) 

complexation system39,40. Ni2+ has been proven to be a 

multifunctional and low-cost nanoparticle for nitrate binding41, 

while NTA-functionalized polymers can be easily adsorbed on 

amorphous carbon. NTA is a tetradentate ligand that forms a 

hexagonal complex with a divalent metal ion (here Ni2+) without 

affecting the electrochemical performance of Pani.42 

Additionally, the Ni2+/Pani composite has been proven to be 

thermodynamically stable for the electrochemical sensing of 

nitrite, with anti-interference ability in the presence of several 

metal ions.43 Doping of NTA in the upper layers of Pani has also 

shown enhanced electrochemical properties by increasing the 

anodic peak potential (or oxidation peak current).42 However, 

the use of Ni-NTA incorporated Pani/C for the detection of 

nitrate in water has not been reported yet, and this study aims 

to explore that application. Based on Pani’s demonstrated 

ability for nitrate reduction and indirect detection at low 

potentials without electrode fouling, as well as the 

multifunctional role of Ni2+ in nitrate binding and NTA’s metal 

complexation ability for easy adsorption on carbon materials, 

we have developed a Ni-NTA embedded Pani/C nanocomposite 

in this study (Ni@Pani/C).  

This paper presents the development of an electrochemical 

impedimetric sensor integrated into a cost-effective polymethyl 

methacrylate (PMMA) microfluidic cassette (Figure 1). The 

objective of this work is to develop a miniaturized, low-cost, 

low-carbon footprint and field-deployable nitrate sensor. The 

microfluidic sensor developed in this study was tested for its 

measurement equivalency with a commercial SUNA V2 nitrate 

sensor while assessing water samples collected from various 

streams in Maryland, U.S.A. Additionally, the accuracy of our 

sensor’s measurements was investigated with a statistical 

model developed in MATLAB that explores regression analysis 

and provides a three-dimensional (3D) calibration plot. Based 

on the charge transfer resistance (RCT) obtained from 

experimental electrochemical data, the model can directly 

predict nitrate concentrations (ppm) in corresponding field 

water samples. Overall, in this paper it can be observed that our 

sensor offers several advantages such as a vast detection range, 

high sensitivity, fast response rate, temperature durability, 

long-term consistency, reliability against potential 

interferences, precision, simple analysis supported by a 

computational model, scalable fabrication, affordability, and 

environmental sustainability as opposed to the commonly 

observed challenges with portable sensors12-14,24-26 

Results and Discussion 

Morphology and Functionality  

Figure 1A-F illustrates a schematic representation of 

Ni@Pani/C, coated graphite electrode, microfluidic cassette 

and nitrate sensing data. Surface morphology of the Ni@Pani/C 

nanocomposite investigated by SEM showed pseudo-spherical 

and interconnected granular nanoparticles (Figures 1B and 
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S1A). Elemental mapping performed using EDX showed uniform 

and continuous distribution of carbon (C), oxygen (O) and 

nitrogen (N) with spatially distributed nickel (Ni) (Figure S1B). 

The TEM image demonstrated inter-woven circular structure of 

carbon with uniformly distributed, non-aggregated Pani 

nanoparticles on carbon (Pani/C) (Figure S1C). Pani seemed to 

be selectively deposited on the surface of carbon. 

 

Optimization and Electrochemical Methods   

Optimization of experimental conditions was performed in a 

three-electrode cell setup as presented in Figure S2.44 A 3D 

schematic of this well-established setup used extensively for 

electrochemical sensing is shown in Figure 2A inset. This setup 

laid the groundwork for validating our sensing electrode’s 

performance and for scaling down the device into a microfluidic 

chip, which shall eventually be used for field analysis. 

Impedance results from Nyquist plots observed in the magnified 

image in Figure 2A outset show a smaller semi-circle in the high 

frequency region, as well as a lower RCT value (RCT ≈ 8 Ω) 

compared to Pani/C (RCT ≈ 44 Ω) and bare graphite electrode 

(RCT ≈ 210 Ω). 

These findings suggest that Ni@Pani/C may enhance the 

transport of the ferricyanide/ferrocyanide redox couple.44 

Ni@Pani/C has also shown a three times higher diffusion 

coefficient (Da) of ions (5.0x10-7 cm2 sec-1) compared to Pani/C 

(1.7x10-7 cm2 sec-1) (Figure 2B). This indicates an enhanced 

diffusion and transport of electrolytic ions in both vertical and 

horizontal directions within the Ni@Pani/C film. A combination 

of low RCT, high conductivity and increased Da in Ni@Pani/C 

indicates the possibility of an enhanced electron transfer 

between the electrochemical probe and base graphite 

electrode. The impact of scan rate on electrochemical behavior 

of the Ni@Pani/C electrode can be observed in Figure S3A. With 

increasing scan rates, CV graphs show a slight shift in the 

positive direction for the anodic peak (Ea) and in negative 

direction for the cathodic peak (Ec). Broadening of distances 

between the anodic and cathodic peaks signifies a quasi-

reversible transition between ES↔PB states of Pani.34 

Additionally, anodic (Ia) and cathodic (Ic) peak currents have also 

shown a linear and proportional increase with increasing scan 

rates (Figure S3B) at various pHs of the same electrolyte, 

thereby indicating a surface-controlled reversible process.44 In 

the presence of nitrate, the ES↔PB redox transition has been 

proven to be controlled by both diffusion and adsorption 

mechanisms in the range of 30-50 mV/s scan rates.33 Hence, a 

faster scan rate of 50 mV/s was chosen for all electrochemical 

CV sensing experiments in this study. CV graphs in Figure 2C 

display the three redox pairs of Pani corresponding to (i) 

LB↔ES transition, (ii) by-products and intermediates of the 

redox reaction, and (iii) ES↔PB transition of Pani.29  

Moreover, two anodic peaks were observed at -0.18 V and -

0.48 V, and the Ia at these peaks showed an increasing trend at 

higher pH (side image in Figure 2C). A shift in peak potentials 

and separation of the redox couples was also observed with 

increasing pH (Figure S4A), thereby indicating a high 

electrochemical reversibility of ES. Upon addition of 5 ppm 

nitrate to the same matrix, a reduction in the oxidation peak 

currents was observed (dotted traces in Figure 2C) for each of 

the three respective pHs. This decrease in current was 

comparable for both pH 6.0 and pH 7.0. Further, CV studies 

were performed with different electrolytes, since the 

protonation / deprotonation of Pani responsible for a complex 

Fig. 1 Schematic showing (A) the custom fabricated microfluidic cassette; (B) an expanded view of the PMMA layers of the microfluidic cassette; (C) a 3D rendering of the nickel 

complex polyaniline carbon (Ni@Pani/C) nanocomposite showing adsorbed nitrate ions, and corresponding charge transfer resistance (RCT) observed in electrochemical impedance 

spectroscopy (EIS). 
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formation with nitrate is largely influenced by the electrolyte 

composition.34 The 0.1 M KCl + 50 mM PBS + 100 mM K3Fe(CN)6 

electrolyte demonstrated the most stable redox peaks (Figure 

S4B). 

To understand the nitrate sensing behavior of this 

electrolyte, different pH conditions were tested45 over a wide 

nitrate concentration ranging from 1-50 ppm using EIS (Figure 

2D). The sensor was tested under different pH conditions to 

understand its behavior and performance. The sensor was 

sensitive to nitrate at all three pH conditions. However, a higher 

change in ∆RCT was observed for pH 6.0, as compared to pH 4.5 

and pH 7.0. At low pH, disruption of the coordination bond of 

the transition metal between NO3
- and Ni2+ chelated by NTA can  

be responsible for inferior sensing behaviour.46 It is also 

important to note that in highly acidic environments, nitrate 

reduces to other nitrogen containing species. While at neutral 

or slightly basic conditions, Pani transitions into its less 

conductive ES form and a sudden drop in ∆RCT at pH 7.0 in Figure 

2D can be attributed to various reasons. 20,32 A partial 

reprotonation of Pani could occur at higher nitrate 

concentrations at pH 7.0 from ion pairing, electrostatic 

screening or charge redistribution, thereby affecting the 

electrical double layer formation and resulting in a restoration 

of Pani’s conductivity.14,19,22,23 Overall, sensing at pH 6.0 showed 

consistent results and helped to avoid performance diminishing 

effects at slightly basic conditions. In the environment, since 

surface waters rarely have extreme acidic and basic pH 

conditions, our chosen pH 6.0 is ideal for field usage. Moreover, 

our field samples from the Patapsco region of the Piedmont 

physiographic province were expected to have a pH of 6.0-8.0.47 

Based on all of the above considerations, a buffer composition 

of 0.1 M KCl + 50 mM PBS + 100 mM K3Fe(CN)6 electrolyte with 

pH 6.0 was chosen for nitrate sensing in the CAST microfluidic 

(CAST-MF) electrochemical cassette. 

 

Microfluidic Electrochemical Sensing   

Miniaturization of the conventional 75 mL three-electrode 

electrochemical setup into a 500 µL microfluidic cassette 

significantly helped (i) to reduce the reagents used and waste 

generated, (ii) to lower the operational costs by minimizing 

resource consumption and waste disposal expenses, as well as 

(iii) to enhance sustainability by lowering the overall 

environmental footprint. In addition, the microfluidic system 

helps reduce the electrolyte volume to 500 µL and to enable a 

closer placement of the electrodes (0.5 mm). This provides high 

local ion density that leads to faster ionic interactions. Hence, 

the diffusion of ions from the bulk in a conventional 

macrosystem (75 mL) is slow and limited compared to that in a 

microfluidic system leading to sensitivity at higher nitrate 

concentrations in the latter. Figure 3A illustrates a 3D schematic 

and the corresponding experimental setup of the CAST-MF 

sensor. In addition to our fabricated working electrode (1cm2), 

we utilized a pseudo-reference electrode and counter electrode 

from CAULYS to complete the three-electrode microfluidic 

Fig. 2 (A) EIS Nyquist plot of bare graphite electrode (black), Pani/C (red) and Ni@Pani/C nanocomposite (blue) in 0.1 M PBS (pH 7.0) containing 5 mM [K3Fe(CN)6] and 0.1 M KCl. 

Outset: 3D schematic representation of the 75 mL conventional three electrode cell assembly;  (B) Plot of |Z| vs. ω -1/2 from impedance data for Pani/C and Ni@Pani/C 

nanocomposite; (C) CV of Ni@Pani/C sensing electrode at 50 mV/s in the absence and presence of 5 ppm nitrate at electrolyte pH 4.5, 6.0 and 7.0, Outset: Plot showing change in 

current with pH; (D) Calibration curve of change in charge transfer resistance (∆RCT) in the Nyquist plot with increasing concentration of nitrate from 0-50 ppm for Ni@Pani/C sensor. 
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electrochemical setup, with its sensing electrode unused as 

observed in Figure 3B. Electrochemical analysis was conducted 

using 0.5 mL of electrolyte injected through the top slit (sample 

channel). CV studies showed a decrease in current upon adding 

a 5 ppm aliquot of nitrate at 50 mV/s (Figure 3B), which was also 

supported by a continuous increase in RCT upon successive 

addition of nitrate during EIS (Figure 3C). An inclined line in the 

lower frequency region of Nyquist plots was maintained at 45°, 

indicating the penetration of electroactive NO3
- species into the 

active Ni@Pani/C nanocomposite.29  

The calibration curve for nitrate sensing in Figure 3D, shows 

two different sensitivities with RCT ≈ 2.31 ± 0.09 Ω cm-2 ppm-1 in 

the lower concentration range (0.6–10 ppm) and RCT ≈ 0.36 ± 

0.043 Ω cm-2 ppm-1 in the higher concentration range (15–50 

ppm), with a low detection limit (LDL) of 0.015 ppm. The varying 

sensitivities can be attributed to the saturation of active sites on 

the electrode’s surface at higher nitrate concentrations 

resulting in a slower binding rate. At lower nitrate 

concentrations, the binding is rapid due to an abundance of 

active sites and showed a sixfold higher sensitivity. Both linear 

slopes could be used for sensing nitrate concentration based on 

ΔRCT in unknown water samples. However, the sensor’s dual 

linear ranges overlap between 10-15 ppm, which may result in 

lower sensitivity and accuracy in this range and can be 

addressed by using the statistical model presented as an 

orthogonal method to analyze the sensor’s data within this 

range. The observed variation in the background RCT values 

between the two systems presented namely the 75 mL 

macrosystem in Figure 2D and the 500 µL microsystem in Figure 

3D can be due to various reasons such as the difference in 

electrolyte volume, electrode surface area, type and size of 

electrodes, proximity of electrodes to name a few. However, 

since this aspect does not impact the overall nitrate sensing 

trend which remains consistent, it can be overlooked in this 

study. In the future studies, we aim to develop a machine 

learning approach to effectively remove background noise for 

each system and normalize their responses enabling better 

comparison. Figure 3D inset shows an adsorption binding 

isotherm derived from a Langmuir-fitted curve of the EIS 

sensing response. The mathematical expression for our model 

is given by the following Langmuir equation48: 
𝐶

𝜃
=
1

𝐾𝐴
+ 𝐶 

 

In this equation, θ is the surface coverage on the Ni@Pani/C 

sensing electrode based on RCT in the absence and presence of 

nitrate (θ = 1 – RCT,0/RCT), while C represents the concentration 

of nitrate and KA denotes the equilibrium constant of 

adsorption48. The isotherm (Figure 3D inset) displayed a sharp 

rise in the surface area coverage even at lower nitrate 

concentrations based on the RCT values from the calibration 

curve, thereby indicating high affinity and saturation on the 

sensor surface as nitrate concentration increases. The sensor’s 

Fig. 3 (A) (Left) Schematic representation of the microfluidic cassette. (Right) PMMA-based microfluidic electrochemical sensor setup with Ni@Pani/C nanocomposite coated on 1 

cm2 graphite plate, screen-printed conducting carbon and Ag/AgCl working, counter and reference electrodes, respectively. Sample and reagents were pipetted through the top 

inlet slit. Description shows dimensions and weight of the microfluidic cassette; (B) CV plots of Ni@Pani/C CAST-MF sensor at 50 mV/s in the absence and presence of 5 ppm nitrate; 

(C) EIS Nyquist plots of Ni@Pani/C CAST-MF sensor upon successive injection of different concentrations of nitrate (0-10 ppm) in N2 saturated 0.1 M PBS and pH 6.0 electrolyte at -

0.45 V. Inset: Equivalent Randles circuit for fitting EIS results to analyze Nyquist plots, where solution resistance (RS) is in series with a parallel combination of double-layer 

capacitance (CPE1), charge transfer resistance (RCT) and Warburg coefficient (Ws1); (D) Calibration curve with increasing molar concentrations of nitrate from 0.6-50 ppm obtained 

from the CAST-MF sensor. Inset: Binding isotherm representing the correlation between surface coverage (θ) obtained from RCT (Ω) and the respective nitrate concentrations.  (E) 

Amperometry sensing performed at -0.45 V with repeated additions of 0.4 ppm and 1 ppm of nitrate in 0.1 M PBS and pH 6.0 electrolyte. 
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behavior showed a moderately good fit to the Langmuir curve 

with a KA value of 0.0696 and an R2 value of 0.8057 indicating a 

possible mix of monolayer and multilayer adsorption at higher 

nitrate concentrations. Overall, across both ranges together we 

obtained an RMSE value of 0.0432 indicating high accuracy with 

small deviation and a reliable model fit. Moreover, a plot of 

C/θ as a function of C provided an R2 value of 0.9330 

demonstrating a stable and robust nitrate adsorption on the 

Ni@Pani/C sensing electrode surface48. 

Previously, Pani has been used with MWCNT and Gum 

Arabic to adsorb and electrocatalytically reduce nitrate as a 

sensing method.34 In this study, we focus on enhancing the 

adsorption dynamics by introducing Ni2+ onto the surface of 

Pani. Ni2+ serves as an active site for nitrate ion adsorption 

through electrostatic interactions following Langmuir-type 

monolayer adsorption. These Ni2+-NO3
- surface complexes form 

an insulating layer that impedes electron transfer at the 

electrode interface, leading to higher charge transfer resistance 

(RCT) as nitrate ion availability increases. Consistent with this 

mechanism, our results show that RCT increases with increase in 

nitrate concentration, and the sensor response aligns well with 

the Langmuir adsorption isotherm (Figure 3D inset). This 

understanding also helps explain the sensor’s selectivity 

towards nitrate ions in the presence of interfering ions. The 

selectivity primarily depends on the binding interactions with 

Ni2+ and their impact on RCT. While interfering ions may adsorb 

onto the electrode surface and block nitrate-binding sites 

leading to reduced sensitivity, they do not replicate the binding 

dynamics of nitrate or its RCT response. 

Figure 3E shows an amperometric study using the CAST-MF 

sensor with repeated 0.4 ppm and 1 ppm nitrate 

concentrations. The response time of the CAST-MF sensor upon 

changing nitrate concentration was observed to be 20 seconds, 

which is quite rapid for a first-generation prototype and is 

comparable with the previously reported nitrate and nitrite 

based electrochemical sensors13,31,43,49-51. The response time of 

the CAST-MF sensor was calculated based on the time required 

for the sensor to reach 90% of its stable peak current from the 

point of analyte injection. For example, for the first 0.4 ppm and 

1 ppm nitrate injections (Figure 3E) the sensor needed 11.17 

seconds and 26.36 seconds respectively to attain 90% of the 

initial signal. This was followed by 28.88 seconds for the next 1 

ppm and 13.24 seconds for the next 0.4 ppm nitrate injections 

respectively, attributing the decrease in the sensor’s response 

rate to the saturation of binding sites with each consecutive 

injection. Overall, the average response time of the sensor was 

calculated to be 20 seconds. 

The initial electrochemical sensing tests with the CAST-MF 

sensor were conducted in N₂-saturated electrolytes to establish 

a controlled baseline and to understand the sensor’s 

performance without interference from oxygen. This allowed us 

to isolate and study the sensor’s response to nitrate under ideal 

conditions. However, we recognize that environmental 

monitoring often occurs in the presence of oxygen, which can 

indeed influence nitrate measurements.  

To address this concern, we conducted additional tests 

using field water samples without N₂ saturation, and it was 

observed that the sensor performed reliably in the presence of 

oxygen, indicating its robustness and applicability for 

environmental monitoring. While oxygen can influence 

measurements, our field water tests confirmed that the CAST-

MF sensor remained effective in sensing nitrate under typical 

environmental conditions. We believe this dual approach of 

controlled lab tests followed by real-world validation provides a 

comprehensive understanding of the CAST-MF sensor’s nitrate 

sensing capabilities. 

Fig. 4 (A) The CAST-MF sensor’s EIS response for 4 ppm nitrate and 4 ppm of interfering 

ions: sulphate, bicarbonate, acetate, ammonium and chloride; (B) CAST-MF sensor 

performance at different temperatures maintaining a fixed 2 ppm nitrate 

concentration; (C) Comparative performance of our CAST-MF electrochemical sensor vs 

commercial SUNA V2 with stream samples from the Gwynns Falls watershed in 

Maryland, U.S.A (1 mg N/L = 4.18 ppm). 
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Specificity, Stability, Reproducibility and Reusability   

The CAST-MF sensor demonstrated good selectivity, stability, 

reproducibility, and reusability thereby showing potential for 

commercial usage. Commonly found interfering ions in water 

such as bicarbonate (HCO3
-), ammonium (NH4

+), and chloride 

(Cl-) were chosen for this study; along with sulphate (SO4
2-) and 

acetate (C2H3O2
-) that are known to cause interference due to 

electrostatic interactions and hydrogen bonding with Pani. In 

the presence of these interfering ions, Ni@Pani/C showed a 

distinct selectivity towards nitrate ions (Figure 4A). A 

concentration of 4 ppm (equivalent to ~1 mg N/L) was chosen 

for this study to evaluate the sensitivity of our sensor towards 

nitrate detection at a low concentration, despite the presence 

of other interfering ions at the same concentration. An addition 

of 4 ppm of each interfering ion caused minimal hindrance to 

nitrate ion detection (±26% ΔRCT), except in the case of acetate 

(±34% ΔRCT). However, inhibition of the electrochemical signal 

upon the interaction of Pani with acetic acid has already been 

reported47, and addressing this issue is beyond the scope of our 

study. The adsorption mechanism presented for sensing with 

Ni2+ is selective for nitrate ions, and we anticipate nitrite will 

exhibit lower adsorption and charge transfer resistance in 

comparison. While this manuscript focuses on nitrate sensing, 

it would be interesting to explore further sensor modifications 

or machine learning analytics for nitrite detection in the future 

work. We are further developing a signal processing approach 

using machine learning to filter out the interfering responses of 

coexisting substances in field samples based on their specific 

signal patterns and shapes, thereby enabling us to accurately 

measure the true response of nitrate. The CAST-MF sensor 

demonstrated stable nitrate sensing performance over a wide 

temperature range of 5°-65°C (Figure 4B). This temperature 

range was chosen based on the reported thermal durability of 

PMMA which forms the framework of the cassette52,53. 

Reusability of the sensing electrode was studied by 

recording an EIS response for 26 days (~1 month) with a fixed 1 

ppm nitrate concentration (Figure S6A). For this study, the 

sensor was rinsed with DI water after each study and dried at 

room temperature before and after each use. Different batches 

of electrodes exhibited comparable results yielding an average 

of 1.1-1.5 mg/cm2 of Ni@Pani/C mass loading in more than 50 

electrodes fabricated over multiple batches. These electrodes 

were stored in ambient air conditions when not in use. The 

sensor retained an average of 89% of its initial response to 

nitrate over a prolonged storage time of 26 days, indicating 

excellent long-term stability and good reproducibility of the 

sensor’s activity. The PMMA cassette also demonstrated 

significant durability, by remaining recyclable over a period of 

two months (67 days) (Figure S6B). 

 

Nitrate Monitoring for Field Water Samples  

One of the primary objectives of this study was to ensure that 

the CAST-MF sensor maintained high accuracy in testing water 

samples prepared in the laboratory and those obtained from 

surface water streams. We aimed to ensure that the sensor 

could effectively withstand varying pH conditions, the presence 

of numerous unknown sediments, and interfering ions in field 

water samples. To test the practical applicability of the CAST-

MF sensor, we conducted tests with water samples collected 

from local field sites. Samples were collected from streams in 

the Gwynns Falls watershed near Baltimore, Maryland, U.S.A. 

(location details provided in Table S1). For comparison, nitrate 

concentrations of these stream samples were measured using 

the commercially available SUNA device54, which reports them 

as nitrate-nitrogen mg/L (mg N/L). For the ease of comparison, 

nitrate concentrations obtained from SUNA were converted 

from ‘mg N/L’ into ‘ppm’ (1 mg N/L = 4.18 ppm) in this study. 

Samples collected were stored by freezing at -4°C in cases 

where they could not be filtered immediately after collection on 

the field. They were later thawed and analysed within the first 

24-48 hours.  

Results obtained from the CAST-MF electrochemical sensor 

showed good agreement with those obtained from the SUNA 

V2 device (Figure 4C) with an absolute error of ±2.5 ppm (~0.6 

mg N/L) and an average recovery of 91.8%, thereby confirming 

the accuracy of the CAST-MF sensor for nitrate detection in field 

samples and its potential for commercialization. Additionally, in 

comparison to SUNA V2 device, our CAST-MF sensor is more 

sensitive towards nitrate detection with a low detection limit 

(LDL) of 0.015 ppm against SUNA V2’s LDL of 0.04 ppm (nitrate-

nitrogen). Our sensor is a low-cost and portable alternative that 

has similar potential use as SUNA V2 with future addition of 

automation and remote data logging that could enable multi-

point installation and monitoring the movement of nitrate 

contamination across the entire stream length. The affordability 

of our sensor also makes it easily available for agricultural, 

academic and citizen science applications. 

 

Statistical Model for Prediction of Nitrate Concentration  

We utilized the collected data to develop a 3D statistical model 

that can predict nitrate concentrations in field water samples (Z 

axis) based on their corresponding RCT values obtained from the 

CAST-MF sensor. Our objective was to develop a simple and 

scalable data-driven model that can be used by untrained 

operators on-site. To further avoid complex post data-

acquisition analysis, the Warburg coefficient was eliminated as 

an independent input variable, since elaborate curve fittings in 

a spectrum analyzer were needed for its implementation. 

Instead, RS (X axis) was chosen as the second independent input 

variable along with RCT (Y axis), since it accounts for the variable 

salt concentrations present in field samples that potentially 

affect ionic activity coefficients and measurement noise, which 

in turn may affect the measured RCT values. RS can also be easily 

obtained from a single impedimetric scan using the CAST-MF 

sensor. Our exploratory studies of incorporating RS in the 

predictive model (Figure 5A) showed that it helped to minimize 

background noise and bias in model predictions and improved 

the R2 value by 6.15% and reduced the RMSE value by 20.59%. 

Performance of the model or its prediction accuracy can be 

further enhanced by testing additional field water samples 

varying in nitrate concentration and background geochemistry.  
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Table 1. Test data set to confirm the statistical model’s accuracy in predicting nitrate concentrations in comparison to the readings obtained from CAST-MF microfluidic sensor for 

stream water samples mentioned in Table S1. The samples were diluted and blinded for this study. (Further details can be found in the supporting information.) 

Our 3D multiple regression model can generate thousands 

of Z predictions between two X and Y experimental values and 

holds potential as a better extrapolation tool compared to a 

traditional 2D calibration curve. It (i) accounts for non-linearity 

between input variables, making it applicable for different data 

sets; (ii) handles two independent variables at a time and 

accommodates variation in the sensing environment; (iii) 

reduces bias by eliminating manual adjustments; (iv) provides 

calibration stability due to minimal sensitivity towards minor 

outliers, (v) facilitates a simultaneous visualization of the impact 

of both variables on the model’s response, and (vi) provides a 

direct readout of the predicted value to the user within seconds. 

Table S1 represents the various field samples collected as 

described above. Table S2 depicts the training data set prepared 

from dilutions of these samples to obtain a wide range of nitrate 

concentrations (ppm). Various second-order non-linear terms 

were tested using this data to identify the most effective term 

for enhancing the goodness of the fit (Table S2, Figures S7 and 

S8). Figure S9 shows the trend of the dependence of predicted 

nitrate concentration values on RCT.  

To investigate the performance of our model, a two-point 

cross-validation was performed. Four stream samples were 

randomly selected from Table S1 and diluted to create blinded 

concentrations, which were then utilized in the test data set as 

shown in Table 1. Their respective RS and RCT output values 

obtained from the EIS experiments of CAST-MF sensor were 

substituted in the model’s plot to extrapolate predicted nitrate 

concentrations (Z), highlighted in Figures 5A and S10. The 

model’s predictions were highly comparable with the readings 

obtained from the CAST-MF sensor and showed an absolute 

error of ±0.6 ppm as observed in Table 1. Overall, an R2 value of 

0.9101 was obtained (Figure 5B) indicating a high correlation or 

a good fit of the model’s predictions to the actual observed 

data. This means our model can explain up to 91% of the 

variation in its predicted nitrate concentrations around their 

mean value, thereby providing a significant interpretation of the 

experimental data55-57. 

In this study, we have shown the potential of leveraging the 

empirical correlations between RS and RCT as input parameters 

and the nitrate concentration (ppm) in samples as the response; 

to develop a simple data-driven multiple regression model that 

can mathematically confirm the precision in our sensor’s 

readings with reference to experimental results. In future 

studies, we will explore the potential of machine learning using 

neural networks or deep learning for recognizing patterns in the 

sensor’s response with respect to changes in pH, sample 

composition, storage duration, temperature, etc. to increase 

the reliability in the model’s predictions.56-57 A classifier neural 

network  will be used to sort the predicted nitrate 

concentrations within a hazard range (good / bad / alarming) 

and supported with a digital read-out system.  

 

Sample 

Number 

Sample #ID / 

Collection Location  

Solution Resistance 

(RS) (Ω) 

Charge Transfer 

Resistance (RCT) (Ω) 

Nitrate Concentration (ppm) 

CAST-MF Sensor 

Measurement 

Statistical Model 

Prediction 

Absolute Error in 

Model Prediction 

Sample 1 Rutherford 19.67 3.73 0.00 0.61 ±0.61 

Sample 2 Franklintown 17.15 8.46 2.00 1.89 ±0.11 

Sample 3 Tributary 16.05 12.96 3.00 3.54 ±0.54 

Sample 4 Kent Run 19.86 23.02 5.00 4.39 ±0.61 

Fig. 5 (A) A 3D mesh plot showing output of the statistical model obtained from 

multiple regression analysis. RS (X axis) and RCT (Y axis) represent experimental 

values obtained from the CAST-MF sensor for stream water samples (Table S2), 

and Z axis represents their corresponding predicted nitrate concentrations. 

Extrapolated points for two of the four unknown samples (Table 1) have been 

highlighted. (B) A 2D regression plot of the predicted nitrate concentrations by the 

statistical model (Y axis) versus test nitrate concentrations from the CAST-MF 

sensor (X axis) (Table S2). Regression analysis performed with a non-linear cross-

product term (x1.*x2) of RS (x1) and RCT (x2) to reduce error in predictions. 
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Conclusions 

In summary, our study presents a microfluidic electrochemical 

sensor that provides a cost-effective and environment friendly 

approach for rapid detection of nitrate using Ni@Pani/C 

nanocomposite. The microfluidic cassette design, scalable 

electrode fabrication, and the presence of Pani enabling high 

selectivity, collectively contribute to the development of a 

highly sensitive nitrate sensor. A proportional increase in RCT 

was observed, establishing a clear relationship between the 

electrochemical signals and increasing nitrate concentration 

even at sub-ppm levels. Importantly, our sensor showed 

comparable results with the SUNA V2 commercial device 

(~91.8% recovery) for determining nitrate concentrations in 

stream samples from the Baltimore region, Maryland, U.S.A. 

The sensor could also operate with negligible interference from 

other ions in the field water samples. It demonstrated 

remarkable stability over a wide temperature range (5°-65°C) 

and showed good repeatability in nitrate sensing over several 

days (~1 month). Having a portable setup, rapid one-step 

analysis method, and ease of operation by non-trained 

personnel, the CAST-MF sensor exhibits high potential for 

commercial application as an on-site nitrate analyzer. With this 

study, we have also shown that a statistical model using 

experimentally obtained electrochemical parameters can be 

used to mathematically confirm the accuracy of our sensor’s 

readings (observed absolute error of ±0.6 ppm). Overall, we 

have developed a microfluidic (500 µL) sensor that is competent 

in terms of cost (affordability per sample), dimensions (light, 

compact and hand-held: 40*4*4 mm, 9.2 g), performance range 

(low detection limit: 0.015 ppm of nitrate), reliability 

(reproducible with least possible standard deviation), high 

precision and a rapid response rate (20 seconds). It has thus 

demonstrated the potential to be further developed into a flow-

cell prototype suitable for automated58, continuous and real-

time monitoring of nitrate59 at various locations, which is 

imperative to environmental protection and public health. 
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