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A B S T R A C T

Non-invasive biomarker assessment in saliva offers a promising route for early detection of bovine respiratory 
disease and scour in calves. However, accurate electrochemical sensing in this complex matrix remains chal
lenging due to variable pH, viscosity, and interfering species. Here, we report an integrated dual-function 
interdigitated microelectrode (IDE) platform capable of simultaneous detection of lactate and pH, operating 
under an in-situ electrochemical pH control strategy to regulate the local sensing microenvironment and improve 
operational stability. Microband Au IDEs were fabricated using multilayer photolithography and metal deposi
tion, followed by sequential surface modification with platinum black, o-phenylenediamine/β-cyclodextrin and 
lactate oxidase to enable selective and sensitive lactate detection. Finite element simulations confirmed rapid 
local acidification and oxygen generation at the protonator electrodes, enabling precise pH tuning at the sensing 
interface. The pH sensor exhibited a linear super Nernstian response from pH 3-9 in buffer (− 66.0 mV.pH-1, 
R2 = 0.999), while the lactate biosensor demonstrated a linear range of 0.02-7 mM in artificial saliva, achieving a 
limit of detection of 0.6 μM with pH control. A portable, battery-powered electronics interface with wireless data 
transmission was developed and benchmarked against laboratory instrumentation, achieving comparable sen
sitivities for lactate (− 0.47 nA mM-1) and pH (− 117 mV.pH-1) in artificial saliva. In calf saliva, the platform 
accurately distinguished healthy vs. sick animals, consistent with clinical health scoring. This multiplexed, pH- 
regulated sensing system offers a robust pathway toward field-deployable, non-invasive diagnostic tools for rapid 
monitoring of animal health and welfare.

1. Introduction

Early and accurate diagnosis of disease in livestock is essential for 
improving animal welfare, ensuring sustainable food production, and 
minimizing economic losses within the agricultural sector 
(Blakebrough-Hall et al., 2020; Bonilla-Cedrez et al., 2023; Kappes et al., 
2023; Lorenz et al., 2011; Singh et al., 2024). In young calves, illnesses 
such as bovine respiratory disease (BRD) and neonatal diarrhoea (scour) 
account for a substantial proportion of morbidity and mortality during 
the pre-weaning period (“All-Island Animal Disease Surveillance Report, 
” 2022; “Department of Agriculture, Food, and the Marine Report,” 
2022; Attree et al., 2024; Roblin et al., 2023). These conditions often 
develop rapidly and can progress before overt clinical signs appear, 
making timely detection crucial for effective intervention. Conventional 

diagnostic strategies frequently rely on invasive sampling (Doyle et al., 
2017; Pardon and Buczinski, 2020), intermittent clinical observations 
(Berman, 2024; Otten et al., 2023), or laboratory-based biochemical 
analysis (Li et al., 2022; Shehta et al., 2022), all of which can delay 
decision-making and may not capture the dynamic physiological 
changes occurring during disease onset. Consequently, there is a 
growing need for non-invasive, real-time biosensing platforms capable 
of continuous or repeated monitoring of health-relevant biomarkers 
directly at the point of care.

Saliva has emerged as an attractive medium for non-invasive phys
iological assessment in both humans and animals. It contains a diverse 
panel of biomarkers including enzymes, metabolites, electrolytes, hor
mones, inflammatory mediators, DNA, RNA, and microorganisms that 
together reflect systemic health status (d’Amone et al., 2021; 
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Dongiovanni et al., 2023; Song et al., 2023; Zhou and Liu, 2023). Among 
these, lactate has become a key biomarker for assessing metabolic stress, 
tissue oxygenation, immune response, and the onset of infectious dis
eases (Ghimenti et al., 2020). Elevated salivary lactate concentrations 
have been associated with systemic inflammation, respiratory distress, 
dehydration, and impaired energy metabolism (Contreras-Aguilar et al., 
2019). Salivary pH is also highly informative: fluctuations in pH reflect 
alterations in microbial load, metabolic acidosis, digestive disturbances, 
and hydration status, all of which accompany BRD and scour 
(Castillo-Lopez et al., 2021; Riley et al., 2024). Combined measurement 
of lactate and pH therefore provides an enhanced diagnostic picture, 
offering a more robust assessment of calf health than either parameter 
alone. Despite these opportunities, the direct electrochemical measure
ment of lactate and pH in saliva is technically challenging. Saliva is a 
complex, heterogeneous fluid whose viscosity, protein content, pH, and 
ionic strength can negatively influence sensor stability and accuracy. 
The intrinsic viscosity of saliva slows diffusion of electroactive species 
toward the electrode surface, suppressing faradaic currents and 
degrading analytical sensitivity (Chang et al., 2023). pH variability 
directly alters enzyme activity, particularly that of lactate oxidase (LOx), 
which exhibits optimal catalytic performance near neutral pH (Ike et al., 
2025). Additionally, common salivary interferents such as ascorbic acid 
(AA), uric acid (UA), D-fructose (D-Fruc), D-glucose (D-Glu), and acet
aminophen (Ace) can be oxidized at similar potentials to hydrogen 
peroxide (H2O2), generating false-positive or distorted signals in 
first-generation enzymatic sensors. (Arakawa et al., 2016; Barrett et al., 
2015; Pietraforte et al., 2006; Stoytcheva et al., 2025). These challenges 
severely restrict the deployment of conventional amperometric lactate 
sensors in saliva without additional processing steps or chemical 
pretreatment.

Beyond matrix-related complexity, the physicochemical character
istics of both salivary lactate and pH create additional sensing chal
lenges. Salivary lactate concentrations in calves generally fall within 
0.15-0.78 mmol.L-1, markedly lower and more variable than circulating 
blood lactate levels, which typically range from 0.5 to 2.0 mmol.L-1 

(Contreras-Aguilar et al., 2021; Omole et al., 2001). Current clinical 
approaches for lactate measurement rely on invasive procedures: blood 
is typically drawn and analyzed using blood analyzers, or via benchtop 
commercial systems capable of measuring lactate in blood, serum, or 
plasma (Joseph et al., 2025; Mentzoni et al., 2024). These methods are 
unsuitable for repeated or on-farm monitoring due to the need for blood 
extraction, sample handling, trained personnel, and centralized analysis. 
Non-enzymatic lactate sensors have been explored, but they generally 
suffer from poor selectivity, narrow linear ranges, and pronounced 
surface fouling in mucin- and protein-rich saliva (Dokur et al., 2025; 
Sapurta and Karim, 2025). LOx-based enzymatic sensors, while more 
selective, rely heavily on the local biochemical environment. Oxygen is 
required to regenerate the oxidized enzyme during catalysis, and limited 
oxygen availability can constrain the maximum enzymatic turnover rate 
in viscous or poorly aerated media such as saliva, making sensor re
sponses more variable (Malon et al., 2014; Yang and Yan, 2025). 
Furthermore, deviations in local pH at the electrode interface rather 
than bulk salivary pH alone can alter LOx catalytic efficiency and shift 
electrode kinetics, leading to variability in sensor response and false 
positives/negatives. Collectively, these factors underscore the need for 
sensor architectures that can stabilize enzymatic function, regulate local 
pH, and minimize interference within complex salivary matrices. 
Alternative strategies for lactate and pH analysis have included colori
metric assays, wearable optical platforms, microfluidic paper-based 
systems, and potentiometric probes (Bandodkar et al., 2019; Booth 
et al., 2021; Ibupoto et al., 2012; Li et al., 2023; Nguyen et al., 2022; 
Schyrr et al., 2014; Shitanda et al., 2023; Zheng et al., 2024). Although 
these methods offer interesting routes toward non-invasive monitoring, 
many suffer from inadequate sensitivity, slow response times, or limited 
stability in complex biofluids. Electrochemical sensing (lactate and pH) 
remains one of the most promising because of its scalability, low power 

requirements, inherent sensitivity, and compatibility with miniaturized, 
point-of-care platforms (Adib et al., 2025a; Saha et al., 2022; Seymour 
et al., 2021; Uchayash et al., 2025). However, critical limitations 
persist in the translation of existing electrochemical platforms to com
plex biological matrices. Recently reported amperometric lactate bio
sensors including Nafion-membrane-based LOx platforms and flexible 
wearable patches, have advanced sensitivity and miniaturization, but 
operate under fixed, pre-calibrated pH conditions and rely on passive 
permselective membranes to manage interfering species 
(García-Guzmán et al., 2024; Xuan et al., 2021; Yang and Yan, 2025). 
Crucially, none of these platforms incorporates active, 
feedback-controlled regulation of the local electrochemical microenvi
ronment, leaving LOx catalytic efficiency vulnerable to the dynamic pH 
fluctuations intrinsic to saliva, a limitation explicitly acknowledged 
even in the most advanced wearable platforms, where passive polymeric 
outer layers represent the current state-of-the-art for pH compensation 
(Rind et al., 2025). Furthermore, antifouling strategies in reported 
lactate biosensors have predominantly relied on perfluorinated mem
branes such as Nafion (Reza et al., 2024), which raise significant envi
ronmental and regulatory concerns as per- and polyfluoroalkyl 
substances (PFAS) (Lohmann et al., 2020). Most reported platforms also 
address lactate or pH detection independently, without co-integrated 
sensing and active pH control on a single chip, limiting their utility in 
dynamic biological settings.

In this work, we present a fully integrated multiplexed interdigitated 
microelectrode (IDE)-based biosensor capable of simultaneous lactate 
and pH detection with in-situ electrochemical pH control (Fig. 1). 
Building on our previous IDE platform for glucose sensing with localized 
pH modulation (Adib et al., 2025a), this study extends the approach to 
lactate detection, which presents distinct kinetic behavior and oxygen 
dependence compared to glucose oxidase-based systems. The differing 
optimal pH window and stability characteristics of LOx required 
re-optimization of the protonator parameters and enzymatic interface. 
Given that salivary lactate is a stress- and hypoxia-associated biomarker 
in calves, this work advances the platform toward analyte-specific 
optimization and real-sample validation for livestock monitoring. Un
like commercial lactate meters designed for invasive blood testing and 
single-point analysis, the proposed system is tailored for operation in 
complex biofluids such as saliva and for repeated on-animal measure
ments. Gold IDEs were fabricated using multilayer photolithography 
and modified with platinum black (Pt-B), o-phenylenediamine (o-PD), 
β-cyclodextrin (β-CD), and LOx to form a selective lactate sensing 
interface. Finite element simulations guided optimization of proton 
transport and localized pH gradients, while electrochemical and struc
tural characterization (SEM, EDX, AFM, CV, CA, EIS) confirmed stable 
platform performance. The use of β-CD as a PFAS-free permselective 
layer exploiting host-guest molecular recognition for selective exclusion 
of small electroactive interferents represents a conceptual departure 
from the conventional fluorinated polymer membranes such as Nafion 
employed in recently reported electrochemical lactate sensors (Reza 
et al., 2024; Xuan et al., 2021), while in-situ electrochemical pH con
trol is adapted here to actively regulate the local sensing microenvi
ronment in a salivary lactate biosensing context, rather than passively 
tolerating pH variability as in existing platforms (Rind et al., 2025; Yang 
and Yan, 2025). Together, these two features constitute the principal 
conceptual advancement of the present work over the current state of 
the art. β-CD enhanced anti-interference capability through selective 
host-guest interactions (Zhu et al., 2020). To enable field deployment, a 
portable, battery-powered electronics interface supporting CV, CA, and 
pH control with wireless data transmission was developed. The portable 
system produced results comparable to benchtop instrumentation and 
was validated using saliva from healthy and clinically unwell calves. The 
platform successfully differentiated animals based on lactate and pH 
signatures, demonstrating its potential as a non-invasive tool for longi
tudinal, on-farm health monitoring. Together, this work establishes a 
multiplexed, pH-regulated sensing platform for practical livestock 
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diagnostics.

2. Materials and methods

2.1. Materials and reagents

Experimental details, including materials, instrumentation, and 
electrochemical setup, are provided in the Supplementary data.

2.2. Sensor fabrication

The fabrication of IDE array chips was carried out using standard 
microfabrication techniques, including photolithography, metal depo
sition, lift-off, and etching. The overall process was adapted from pre
viously reported methods (Adib et al., 2020, 2025b; Dawson et al., 2013; 
Juska et al., 2023; Schuller et al., 2019). Detailed fabrication proced
ures, numerical simulation methodology for local pH modulation, and 
additional characterization protocols are provided in the Supplemen
tary data.

2.3. Electrochemical measurements

All electrochemical measurements were performed using a custom- 
designed chip holder equipped with a sample well sealed to the chip 
via a fluoroelastomer O-ring. A top lid, secured with screws, ensured 
stable and leak-free contact during measurements. In this study, lactate 
detection was achieved indirectly by quantifying the H2O2 generated as 
a by-product of the enzymatic reactions of lactate. To confirm the 
electrode's ability to detect H2O2, the modified electrode surface (Pt-B/ 
o-PD/β-CD) was first tested with varying concentrations of H2O2 in the 
absence of LOx. Electrochemical experiments, including CV and CA, 
were then conducted to evaluate both pH sensing and lactate detection. 
The bare Au electrodes were used to monitor pH variations from pH 3 to 
9, while the Pt-B/o-PD/β-CD/LOx-modified electrodes were employed 
to measure known concentrations of lactate within physiologically 
relevant ranges in 10 mM PB (pH 7.4). Electrochemical pH control was 
further examined through sequential CV and CA experiments for both 

the pH and lactate biosensing platforms. The LOD for each analyte was 
calculated as three times the standard deviation (σ) of the blank (PB 
solution) divided by the slope (S) of the calibration curve: 

LOD=3.3 ×
σ
S

(1) 

For calibration plots displayed on a semi-logarithmic axis, the LOD 
was determined using an equivalent form of the same expression. In the 
low-concentration region, the local sensitivity was approximated from 
the measured response at a known concentration using S ≈ I/C, where C 
is the known lactate concentration in the low-concentration region and I 
is the corresponding measured current magnitude at that concentration. 
Substitution into the classical expression yields (Kong et al., 2021): 

LOD=
3.3 × σ × C

I
(2) 

To assess selectivity, the biosensor response was tested in the pres
ence of potential interfering species typically found in saliva, including 
0.5 mM of AA, UA, D-Fruc, D-Glu, and Ace. These tests were carried out 
with 2 mM and 5 mM lactate in 10 mM PB (pH 7.4) using CA mea
surements. Stability tests were performed by recording the response to 
2 mM lactate over a period of 40 days under refrigerated storage con
ditions. Additional experiments were carried out using artificial saliva to 
evaluate both pH and lactate detection with active pH control, 
employing CV and CA techniques via both the Autolab potentiostat and 
a custom-built electronic interface. Finally, the biosensor was validated 
using eight real calf saliva samples with known disease statuses to verify 
its diagnostic capability. Due to sample volume limitations, two repre
sentative samples (one healthy and one diseased) were selected for 
detailed analysis of lactate detection and pH modulation using both 
measurement systems. The local pH was optimized to 6.0 during real- 
sample testing to achieve accurate quantification of lactate concentra
tion. For comparison, a commercial lactate meter was also employed to 
measure lactate levels in the same saliva samples. It should be noted that 
the commercial meter was used in the present study as a comparative 
reference platform to provide preliminary benchmarking rather than as 
an absolute gold-standard saliva assay. Data analysis, including linear 
regression and slope determination for calibration plots, was conducted 

Fig. 1. (a) Schematic representation of the integrated IDE-based multiplexed platform illustrating electrode allocation within the chip, including the counter 
electrode (CE), reference electrode (RE), six working electrodes (WEs), and designated functional roles: lactate-sensing WE, pH-sensing WE, and protonator IDEs for 
localized electrochemical pH control, along with contact pads and leads. (b) Image of individual sensing electrode. (c) Schematic of the surface modification process 
for lactate oxidase immobilization on to the interdigitated microband array electrodes. (d) Sensing mechanism of lactate detection at the electrode solution interface.
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using OriginPro 2021 software. All calibration data were obtained from 
three independent measurements (n = 3), and error bars represent the 
standard deviation of the mean.

2.4. Lactate measurement with in-situ pH control

Initial CA measurements were performed with varying concentra
tions of lactate prepared in PB (pH 7.4), as LOx exhibits its highest 
catalytic activity near this pH (Xu et al., 1996). However, because the pH 
of saliva fluctuates with health status, precise pH regulation was 
required to enhance measurement reproducibility, maintain enzyme 
performance, and promote the generation of molecular oxygen during 
sensing. Although the optimal enzymatic activity of LOx typically occurs 
around pH 7.4, electrochemical pH control was employed to locally 
adjust the pH value to pH 6.0 for standardization across saliva pH 
variability and to facilitate the electrochemical production of molecular 
oxygen, which was estimated using Faraday's first law of electrolysis: 

n=
Q

F × v
(3) 

where n represents the number of moles of substance liberated, Q is the 
total charge passed, F is Faraday's constant, and v is the ionic valency. 
Using this relationship, it was estimated that approximately 3 × 109 

molecules/s of O2 were generated near the sensing electrodes upon 
applying a positive potential to the protonator IDEs. Detailed calcula
tions are provided in the Supplementary data. The presence of sufficient 
oxygen ensured continuous regeneration of the oxidized form of LOx, 
thereby preventing oxygen diffusion limitations typically encountered 
in first-generation oxidase-based amperometric sensors (Weigelt et al., 
1987). For measurements in artificial saliva (pH 6.8), in-situ electro
chemical pH control was achieved by applying a constant anodic po
tential to the protonator IDEs, generating both protons (H+) and 
molecular oxygen (O2) according to Eq. (4), thereby reducing the local 
pH near the sensing IDEs. A potential of 1.05 V (versus on-chip reference 
electrode) was applied to shift the pH from 6.8 to 6.0. This approach 
relies on the water splitting process and the reaction mechanism is as 
follows (Abdullah et al., 2021): 

Anode : 2H2O → O2 +4H+ + 4e− (4) 

Cathode : 2H+ +2e− →H2 (5) 

2.5. IoT-enabled custom sensor interface for electrochemical analysis

A custom-designed portable PCB potentiostat was developed for real- 
time lactate and pH monitoring in calf saliva. The system was adapted 
from a previously reported electrochemical disease detection platform 
(Murphy, 2023) and built around the ADuCM355 System-on-Chip 
(Analog Devices), which integrates a Cortex-M3 microcontroller with 
an analog front end optimized for electrochemical sensing (Adib et al., 
2021). The interface enables multiplexed electrochemical measure
ments and wireless data transmission to a smartphone. Detailed hard
ware architecture, firmware implementation, power management, and 
communication protocols are provided in the Supplementary data.

2.6. Calf health assessment

Calf health was monitored twice weekly on two non-consecutive 
days from birth until weaning, using a structured clinical scoring 
approach described previously (Sinnott et al., 2024). Each calf was 
evaluated across eleven health parameters: demeanor, mobility, interest 
in surroundings, rectal temperature, ear position, eye condition, nasal 
discharge, fecal consistency, presence of cough, navel appearance, and 
joint condition, based on the framework adapted for dairy calves (Barry 
et al., 2022). Each health indicator was assigned a score on a 0-3 scale, 
where 0 represented a normal, healthy condition and 3 denoted a severe 

abnormality. Following every assessment, results were promptly 
communicated to the farm manager to facilitate timely treatment de
cisions. Calves exhibiting signs of illness received appropriate care, 
either by farm staff or under veterinary supervision, depending on the 
severity and complexity of the case. Details regarding treatment type 
and duration were systematically recorded for each health episode. 
When a calf's health score indicated the need for veterinary attention, a 
saliva sample was collected from that individual. Simultaneously, a 
paired saliva sample was obtained from a healthy calf within the same 
age group to serve as a control. Saliva collection followed the procedure 
outlined in the literature (Rubio et al., 2021), employing a sterile foam 
oral swab (Sterile Oral Swab Mouthcare, Medguard Healthcare). Each 
calf was allowed to chew the swab for approximately 1 min to ensure 
sufficient sample volume. The collected swabs were then processed to 
extract saliva, which was immediately prepared for biochemical and 
electrochemical analysis.

2.7. Statistical analysis

Statistical analyses were performed using OriginPro 2021. Agree
ment between the proposed biosensor platform and the commercial 
Lactate Pro 2 analyzer was evaluated using least-squares linear regres
sion analysis. The slope and intercept were determined from the 
covariance of the two datasets, and goodness-of-fit was assessed using 
the coefficient of determination (R2), calculated from the Pearson cor
relation coefficient. The mean absolute error (MAE) between the two 
methods was also calculated to quantify analytical agreement. Intra- 
group variability was assessed using mean ± standard deviation (SD) 
and coefficient of variation (CV%). All calibration measurements were 
performed in triplicate (n = 3), and error bars represent ±1 standard 
deviation unless otherwise stated. Analytical accuracy was assessed by 
comparing biosensor-measured lactate concentrations against values 
obtained from a commercial lactate meter (Lactate Pro 2) across eight 
calf saliva samples. A paired Student's t-test was performed with sig
nificance set at α = 0.05 (two-tailed), with the 95% confidence interval 
(CI) reported. The t-statistic (t), degrees of freedom (df), and probability 
value (p) are reported alongside CI values where applicable. Recovery 
(%) was calculated as (measured/reference) × 100. Intraday and 
interday precision were evaluated over the validated operational life
time of the sensor (Days 1-35), as progressive sensitivity loss was 
observed beyond this point. Intraday precision was expressed as the 
relative standard deviation (RSD%) of triplicate measurements (n = 3) 
performed on each test day, calculated as RSD% = (σi / μi)× 100%. 
Interday precision was determined from the standard deviation of daily 
mean responses across 8 test days, expressed as RSD% = (σinter /μ)×
100%. where σi is the standard deviation of triplicate measurements on 
day i, μi is the corresponding mean current response, μ is the grand mean 
of all daily mean current responses, and n is the number of test days. Due 
to the limited cohort size for real saliva validation (n = 8, diseased 
n = 2), diagnostic performance metrics are presented as preliminary.

3. Results and discussion

3.1. Electrochemical characterization

The electrochemical performance of the IDE platform was validated 
using cyclic voltammetry in 1 mM ferrocenecarboxylic acid (FCA), 
exhibiting diffusion-limited behavior characteristic of microelectrode 
arrays due to overlapping radial diffusion zones (Seymour et al., 2026) 
(Fig. S4a). Excellent inter- and intra-chip reproducibility was observed 
(RSD = 0.3%), confirming stable electrode fabrication and reliable 
on-chip reference and counter electrodes. Generator-collector mea
surements displayed quasi steady-state profiles consistent with ultra
microelectrode array behavior (Wahl et al., 2018), with a collection 
efficiency of ~82% (Fig. S4b). This high efficiency supports effective 
proton transport between protonator and sensing IDEs, enabling 
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localized pH modulation. Optimization studies identified 10 mM 
o-phenylenediamine (o-PD) and 10 mg/mL LOx as optimal modification 
conditions (Fig. S4c and d), with maximal LOx activity observed near pH 
7.5 (Fig. S4e), consistent with previously reported kinetic profiles for 
this enzyme. These optimized conditions were carried forward for all 
subsequent lactate detection experiments. Additional structural and 
electrochemical characterization data, including SEM, EDX, AFM, CV, 
EIS, and step-by-step surface modification verification, are provided in 
the Supplementary data.

3.2. pH-dependent gold oxide reduction behavior

A detailed simulation study exploring gold oxide as a pH sensor is 
presented in the Supplementary data section. The formation and 
reduction of gold oxide have been extensively studied and can be rep
resented by the following reaction (Burke and Nugent, 1997; Kennedy 
et al., 2026): 

2Au+3H2O ⇄ Au2O3 + 6H+ + 6e− (6) 

In this work, an oxide layer was generated on the gold IDEs by CV, 
sweeping the potential to approximately 1.0 V (vs. on-chip Pt) to induce 
oxide formation, followed by a reverse cathodic sweep to reduce the 
gold oxide back to metallic gold. The reduction peak minima obtained 
during this reverse scan were used as a pH-dependent signal, since the 
potential of the gold oxide reduction shifts linearly with the hydrogen 
ion concentration of the surrounding medium. To evaluate the pH 
response, CVs were recorded across a series of buffer solutions (pH 3-9), 
scanning between − 0.2 V and 1.0 V. Each measurement was repeated 
three times to confirm reproducibility. The overlaid CVs in Fig. 2a show 
a systematic anodic shift in the gold oxide reduction potential with 
decreasing pH. The observed decrease in current intensity of the gold 

oxide reduction peaks at lower pH values resulted from maintaining a 
constant potential window since the oxide formation peaks also move 
anodically, less oxide is formed within the available voltage range. The 
reduction potential minima values, corresponding to each pH, were 
plotted versus pH to establish the calibration curve using the on-chip Pt 
RE (Fig. 2b). The data exhibited excellent linearity (R2 = 0.999) with a 
super-Nernstian slope of − 66.0 mV.pH-1 (n = 3). This enhanced 
response may arise from the formation of multilayer gold oxides, a 
phenomenon also reported for other metal oxide-based pH sensors such 
as iridium and ruthenium oxides (Manjakkal et al., 2020). The minimal 
standard deviations across replicates further confirmed the reliability of 
this pH sensing approach. To experimentally validate the simulation 
model for electrochemical pH control, additional CV measurements 
were performed in PB while applying a steady potential to the proto
nator IDEs. Unlike the galvanostatic method used in simulations, a 
potentiostatic approach was chosen here to ensure precise control over 
the applied potential and local proton generation. Fig. 2c compares CV 
scans before and after activating electrochemical pH control. The black 
curve corresponds to a chemically adjusted pH 6.8 (saliva pH), while the 
red curve represents the same solution where the pH was electrochem
ically reduced to 6.0 by applying 1.05 V at the protonator IDEs. Upon 
activation, the gold oxide reduction peak shifted anodically to approx
imately 0.24 V, matching the reduction potential recorded for buffer pH 
6.0 in Fig. 2a. This correspondence confirms that the in-situ electro
chemical pH control effectively modulated the local environment to the 
desired pH level, validating the accuracy of the simulation results.

3.3. Electrochemical detection of lactate

Since the lactate detection in this system relies on the enzymatic 
production of H2O2, the sensor's direct electrochemical response to H2O2 
was characterized first. Fig. 3a shows the CVs recorded at the Au/Pt-B/o- 

Fig. 2. (a) Zoomed in portion of CVs showing gold oxide reduction peaks obtained at gold microband electrodes in pH buffer solution ranging from pH 3 to 9 with Pt 
reference electrode at a scan rate of 100 mV/s. The inset shows the full CV scan used to take a measurement. (b) Corresponding calibration plot of reduction potential 
verses different pH. (c) Electrochemically obtained CVs from pH buffer at an initial pH 6.8 (since the pH of the artificial saliva is pH 6.8) by using on-chip Pt reference 
electrode, the oxide reduction peak is seen at approximately 0.18 V (black). pH was controlled by biasing the protonator electrodes array at 1.05 V, the oxide 
reduction peak shifts to 0.234 V (blue) which is the same match as the buffer pH 6.0 (red). Error bars represent standard deviation (n = 3). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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PD/β-CD modified IDEs in the presence of increasing concentrations of 
H2O2 using the on-chip Pt reference electrode. Measurements were 
performed over the potential window of − 0.2 to 0.5 V (vs. on-chip Pt) at 
a scan rate of.

50 mV s-1. The CVs displayed a clear and systematic rise in anodic 
current with increasing H2O2 concentration, illustrating the catalytic 
oxidation of H2O2 at the Pt-B modified electrodes. The oxidation current 
increased progressively from 0 mM (black curve) to 1.0 mM H2O2 (or
ange curve), confirming excellent electrochemical sensitivity toward 
H2O2. The most pronounced enhancement in current was observed 
around 0.2-0.3 V, where the Pt-black nanostructured layer provides a 
high-surface-area interface that accelerates electron transfer. The well- 
separated and concentration-dependent anodic waves demonstrate 
that the o-PD/β-CD film remains permeable to H2O2, enabling efficient 
diffusion of the analyte to the underlying Pt-B catalytic sites. This 
confirmed that the polymeric layer does not hinder H2O2 transport, an 
essential prerequisite for reliable lactate detection, as the amperometric 
signal in this system depends entirely on efficient diffusion of LOx- 
generated H2O2 to the underlying Pt-B catalytic sites. To quantify this 
response, the anodic current was plotted as a function of H2O2 con
centration, and the corresponding calibration curve is shown in Fig. 3b. 
Error bars represent standard deviation (n = 3), derived from three 
consecutive CVs at each concentration. The calibration exhibited 
excellent linearity with an R2 value of 0.999 and a sensitivity of 
35.53 nA mM-1. The LOD was calculated to be 2.98 μM, confirming that 
sensors display a highly linear and predictable response to H2O2 across 
the tested concentration range. The CA responses of lactate measure
ment obtained at ±0.25 V for 60 s in 10 mM PB (pH 7.4) are shown in 
Fig. 3c. In both the oxidative and reductive modes, the faradaic current 
increased proportionally with lactate concentration over the range of 
0.05-3 mM, which lies within the physiologically relevant salivary 
lactate levels for calves (Contreras-Aguilar et al., 2021). In all cases, the 

biosensor reached a steady-state current within 20 s, demonstrating 
rapid response characteristics. The corresponding calibration plots for 
oxidation and reduction are presented in Fig. 3d, both of which show 
strong linearity with R2 values of 0.907 (oxidation) and 0.988 (reduc
tion). The full lactate concentration profile was displayed using a 
semi-logarithmic axis to accommodate the wide dynamic range (Kong 
et al., 2021). The calculated sensitivities from the slope of the calibra
tion curves were 0.15 nA mM-1 for the oxidative signal and 
− 1.81 nA mM-1 for the reductive signal in PB. The theoretical LOD were 
determined to be 7.7 μM (oxidation) and 4.1 μM (reduction). The 
reductive response of LOx-generated H2O2 clearly outperforms the 
oxidative mode, exhibiting greater sensitivity and a lower LOD. Conse
quently, all subsequent lactate measurements in this study were con
ducted using the electrochemical reduction method.

3.4. Selectivity and long-term stability of the lactate biosensor

Interfering species are a major challenge in salivary lactate sensing, 
prompting a detailed evaluation of the biosensor's resistance to common 
electroactive compounds. The analytes such as AA, UA, D-Fruc, D-Glu, 
and Ace are routinely reported in saliva and can compromise lactate 
measurements if not adequately suppressed (Dongiovanni et al., 2023; 
Ngamchuea et al., 2018; Zhang et al., 2025). Conventional lactate sen
sors frequently incorporate PFAS based membranes such as Nafion to 
enhance selectivity. However, PFAS coatings pose several disadvan
tages, including their strong dependence on humidity and temperature 
can adversely affect reproducibility, the polymer can hinder lactate 
transport to the electrode surface, and their environmental persistence 
and bioaccumulation present significant ecological and health concerns 
(Pandelides et al., 2025). To address these limitations, β-CD was 
implemented as the selective layer. Owing to its hydrophilic exterior and 
hydrophobic internal cavity, β-CD can host small organic molecules such 

Fig. 3. (a) Cyclic voltammograms (CVs) of the Au/Pt-B/o-PD/β-CD surface for oxidation to increase H2O2 concentrations with on-chip reference electrode. (b) 
Corresponding calibration plots obtained at 0.25 V for the oxidative responses of H2O2. (c) Chronoamperometric (CA) responses of the Au/Pt-B/o-PD/β-CD/LOx 
surface for oxidation and reduction of increasing lactate concentrations in 10 mM PB. Inset shows the last 5 s responses for oxidation. (d) The resulting calibration 
plots and linear range of the biosensor in semi-log scale. (e) CA responses of 2 mM lactate (10 mM PB, pH 7.4) and aliquots of 2 mM lactate + other potential 
interfering species (L-ascorbic acid (AA), uric acid (UA), D-fructose (D-Fruc), D-Glucose (D-Glu), and Acetaminophen (Ace)) added after 200 s of the measurement. 
All the error bars represents the standard deviation obtained from the last 5 s of averaged three cycles (n = 3) time of measurement. (f) Long-term stability of the 
lactate biosensor in 2 mM lactate concentration for 40 days. Data beyond Day 35 reflect progressive sensitivity loss attributed to enzyme degradation or surface 
matrix changes. Error bars represent standard deviation (n = 3).
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as lactate, while effectively limiting interference from electroactive 
contaminants. Its solubility and stability in aqueous media make it 
particularly well-suited for saliva-based sensing applications (Kwon 
et al., 2015; Xia et al., 2024).

Selectivity measurements were performed in 10 mM phosphate 
buffer containing 2 mM lactate (with 10 mg mL-1 LOx), to which 
interferents were added at concentrations exceeding their physiological 
levels. The chronoamperometric responses in Fig. 3e were recorded at 
− 0.25 V for 400 s. During the first 200 s, only lactate was present, 
interferents were introduced at 200 s, and the remaining 200 s captured 
the biosensor's response. Small current transients observed at the in
jection point were attributed to briefly opening the Faraday cage during 
interferrent addition. Importantly, the recorded currents showed mini
mal deviation in the presence of any of the interfering species, demon
strating strong selectivity. The relative current changes (I0/I × 100), 
where Io is the interfering substance, I is the measured lactate current, 
are summarized in Table S3 in the Supplementary data along with 
further analysis. Long-term stability was assessed by storing the modi
fied sensors at 4 ◦C in 10 mM PB for 40 days. As shown in Fig. 3f, a 
gradual reduction in current response toward 2 mM lactate was 
observed over time, likely due to enzyme degradation or changes in the 
polymer/enzyme matrix. Despite this decline, the sensor maintained an 
RSD of 2.57% across Days 1-35, indicating good long-term stability 
within its validated lifetime. These findings confirm that the Au/Pt-B/o- 
PD/β-CD/LOx biosensor exhibits excellent selectivity and robust per
formance as well as possible applicability of lactate detection in calf 
saliva. To extend shelf life further, additional storage strategies such as 
low-humidity environments, inert atmospheres, addition of stabilizing 
agents such as dextrose, refrigeration, or vacuum conditions may be 
beneficial.

3.5. Lactate and pH monitoring in artificial and calf saliva

Since buffer-based measurements do not fully capture the complexity 
of biological fluids, the performance of the lactate and pH sensors was 
next examined in artificial saliva to assess their behavior in a more 
realistic medium. Fig. 4a shows the calibration plots obtained from CA, 
highlighting the effect of pH adjustment on analytical performance with 
detail explanation provided in the Supplementary data. A control 
electrode fabricated without LOx yielded a flat baseline (black trace), 
verifying that the analytical current originated exclusively from the 
enzymatic reaction. Under pH-controlled conditions in artificial saliva, 
the sensor achieved a sensitivity of − 0.51 nA mM-1 and a theoretical 
LOD of 0.6 μM, representing performances comparable to measurements 
conducted without pH control, while offering improved operational 
stability under saliva-relevant conditions. The primary benefit of pH 
control is to improve the operational stability/robustness under saliva- 
relevant conditions. Despite this enhancement, the overall signal 
amplitude in saliva remained lower than that observed in PB. This 
reduction is expected given the complex physicochemical environment 
of saliva, which contains proteins, growth factors, electrolytes, and ex
hibits higher viscosity than simple buffer systems (Bi et al., 2023; Canon 
et al., 2018; Forszt et al., 2025). Higher viscosity reduces diffusivity and 
mass transport, which can decrease the diffusion-limited current (Chang 
et al., 2023; Demchenko et al., 1989). In addition to lactate detection, 
pH measurements were performed using CV in artificial saliva (Sup
plementary data). The resulting calibration curve produced a linear 
relationship (R2 = 0.956) between the oxide reduction potential and pH, 
with a sensitivity of − 119 mV.pH-1, confirming reliable pH sensing 
capability even within the more challenging saliva matrix, which is 
shown in Fig. 4b. Notably, the unspiked artificial-saliva trace acquired 

Fig. 4. (a) Semi-logarithmic calibration plots derived from chronoamperometric (CA) responses of a No-LOx control electrode, an LOx-modified electrode in artificial 
saliva at pH 6.8, and an LOx-modified electrode under pH-controlled conditions (pH 6.0), achieved by biasing the protonator array electrodes at 1.05 V. Linear 
regression fits and corresponding R2 values are shown. (b) Resulting calibration plot attained from the Cyclic voltammograms of bare gold electrodes in artificial 
saliva pH solutions ranging from pH 6.0 to 9.0 with on chip reference electrode at a scan rate of 100 mV/s (c) CA responses during the last 20 s obtained from the 
biosensor in calf saliva samples for lactate detection under pH-controlled conditions. Inset shows the full CA traces and corresponding measurements from a 
commercial lactate meter. (d) CVs of calf saliva samples for pH determination. Error bars represent standard deviation (n = 3). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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under active protonation (Fig. S7b), recorded with the sensing electrode 
held at − 0.25 V while the protonator was biased at +1.05 V, constitutes 
a lactate-free background under continuous oxygen generation, its 
preservation relative to the protonator-off condition (Fig. S7a) indicates 
that deliberate oxygen generation does not introduce significant 
cathodic interference at the sensing potential. Consistent with this, the 
CA traces obtained in undiluted calf saliva under continuous protonation 
(Figs. 4c and 5e) reached stable steady states without current disconti
nuities attributable to gas-bubble occlusion.

Saliva samples from eight calves (from Teagasc research farm) were 
analyzed to evaluate pH and lactate levels. Initial lactate measurements 
were acquired without applying in-situ pH control, and the corre
sponding chronoamperometric data for all animals are shown in Fig. S8. 
To quantitatively evaluate agreement between the proposed platform 
and the commercial Lactate Pro 2 analyzer across all eight samples 
(healthy and sick) (Table S4), least-squares linear regression analysis 
was performed (Supplementary data). The regression yielded Y =
0.937X + 48.23 with R2 = 0.987, indicating strong correlation between 
the two methods. The MAE was 16.5 μM, corresponding to an average 
relative error of 2.32%. Moreover, salivary lactate concentrations 
measured by the biosensor demonstrated clear separation between 
healthy (586-713 μM, n = 6) and diseased calves (966-1005 μM, n = 2), 
consistent with measurements obtained using the commercial lactate 
meter (Table S4). The elevated salivary lactate concentrations observed 
in the two diseased calves (966-1005 μM) suggest metabolic stress and 
were used to classify these animals as clinically abnormal. A paired 
Student's t-test further confirmed no statistically significant difference 
between the two methods across all eight samples (t = 0.24, df = 7, 
p = 0.82, 95% CI = [− 18.88, 15.38] μM), with a mean recovery of 
100.5% and recovery %RSD of 2.8% (range: 96.6-104.8%), demon
strating excellent analytical accuracy. A mean recovery of 100.5% is 
considered acceptable as it indicates close agreement between measured 
and reference values, consistent with established biosensor analytical 
validation criteria (Sergeev et al., 2007). The recovery %RSD of 2.8% 
compares favorably with values reported in the literature for analogous 
LOx-based electrochemical lactate biosensors operating in biological 
matrices, including RSD values of 2.7-5.1% (Madden et al., 2022), up to 
8.4% (Sainz et al., 2022), ≤6.6% (Pohanka and Zboril, 2008), ≤10% 

(Ghimenti et al., 2020), and 2.5-13.0% across multiple biosensor plat
forms (Rathee et al., 2016) confirming the superior precision of the 
developed biosensor. The precision of the lactate biosensor was further 
evaluated over its validated 35-day operational lifetime. Intraday RSD% 
values ranged from 0.64% to 1.00% (mean 0.79%), confirming excellent 
within-day repeatability of the sensor response. The interday RSD%, 
computed across 8 test days spanning the full 35-day period, was 2.57%, 
demonstrating consistent and reproducible performance throughout the 
operational window. Similarly, while the paired Student's t-test 
(p = 0.82) and mean recovery of 100.5% demonstrate excellent 
analytical performance, these results are derived from a limited sample 
set of eight animals. Full analytical validation will therefore require 
testing across larger, disease-balanced cohorts spanning multiple farms, 
seasons, and disease severity levels.

Given that pH control enables regulation of the local sensing envi
ronment, testing under pH-regulated conditions was also undertaken. 
However, limited sample volume allowed complete analysis only for two 
representative calves, one previously identified as healthy (calf 6) and 
one as unwell (calf 8). Lactate detection under pH-controlled operation 
for both animals is shown in Fig. 4c, with the corresponding commercial 
lactate meter results provided in the inset. The pH measurements ob
tained by CV are shown in Fig. 4d, and quantitative values are included 
in Table S5. Under pH-controlled conditions, both the lactate and pH 
values for calf 6 was within the expected physiological range for healthy 
animals (Contreras-Aguilar et al., 2021; Reid and Huffman, 1949). In 
contrast, calf 8 displayed substantially altered pH and lactate levels, 
consistent with disease-associated metabolic perturbation. These elec
trochemical results correlate strongly with the independent calf health 
scoring, which classified calf 6 as healthy and calf 8 as clinically unwell 
(Table S6). For context, a comparison of the analytical performance of 
the developed biosensor with previously reported enzymatic lactate 
sensors is provided in Table S7, highlighting the competitive sensitivity 
and applicability of the present platform for salivary diagnostics.

3.6. Performance of portable sensor interface for salivary lactate and pH 
detection

To enable on-site, real-time monitoring of salivary lactate and pH, a 

Fig. 5. (a) A comprehensive view of the developed biosensor along with its interface electronics. (b) CVs of both Autolab and Sensor electronics interface in 1 mM 
FCA. Response comparison plots acquired from CA for the (c) Lactate and (d) pH sensors measured by Autolab potentiostat and sensor electronics interface. (e) CA 
responses during the last 20 s obtained from the biosensor in calf saliva samples for lactate detection under pH-controlled conditions using sensor electronics 
interface. Inset shows the full CA traces and corresponding measurements from a commercial lactate meter. (f) CVs calf saliva samples for pH determination using 
sensor electronics interface. Error bars represent standard deviation (n = 3).
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custom-designed portable sensor interface was developed and inte
grated with the IDE-based sensing platform. Lactate and pH signals were 
acquired from independent working electrodes on the same IDE chip 
using a simultaneous approach (CA for lactate and CV for pH), demon
strating integrated multiplex capability within a single sample droplet. 
In all CA measurements, the lactate signal was quantified from the final 
20 s of the 60 s acquisition window, by which point the response had 
reached steady state and any capacitive transient associated with 
establishing the protonator bias had fully decayed, rendering the re
ported signal insensitive to switching-induced charging effects. The 
complete system consists of the microfabricated sensor chip connected 
to a compact battery-powered PCB, incorporating an analog front-end, a 
multiplexer for electrode selection, and a Bluetooth Low Energy module 
for wireless data transfer to a smartphone. An overview of the assembled 
system is shown in Fig. 5a, while the simplified readout circuit and 
functional block diagrams are provided in Fig. S9. Before evaluating 
salivary analytes, the performance of the portable interface was 
benchmarked against a laboratory instrument using 1 mM FCA as an 
electrochemical probe. As shown in Fig. 5b, the cyclic voltammograms 
obtained from both platforms exhibited excellent overlap, demon
strating that the portable interface accurately replicates the electro
chemical response achieved using the laboratory setup. This confirmed 
the reliability of the custom hardware for both voltammetric and 
amperometric measurements. Following this benchmarking, lactate and 
pH sensing experiments were performed using the portable interface 
under the same analytical conditions used for the laboratory system. 
Lactate detection in artificial saliva was carried out both with and 
without in-situ pH control along with the pH measurements, and the 
results were compared directly with those from the laboratory instru
ment (Supplementary data). Fig. 5c presents the comparison using CA- 
based calibration for lactate sensing with pH control enabled. The 
portable interface achieved a sensitivity of − 0.47 nA mM-1, closely 
matching the value obtained using the laboratory instrument. A small 
current offset (approximately − 0.113 nA) was observed in the portable 
device, which is consistent with baseline shifts typically encountered in 
compact, battery-driven electrochemical circuits. Importantly, this 
offset did not influence analytical performance, as it remained constant 
across measurements. The pH measurements recorded using the 
portable interface also aligned strongly with laboratory results. As 
shown in Fig. 5d, the CVs of the gold oxide reduction peaks yielded a 
sensitivity of − 117 mV.pH-1, in excellent agreement with the laboratory 
measurements. Only minimal differences were observed between the 
two platforms, demonstrating that the miniaturized system maintains 
high precision and reproducibility for both pH and lactate sensing.

To confirm real-sample applicability, the portable interface was 
further evaluated using saliva from calf 6 (healthy) and calf 8 (unwell). 
Fig. 5e and f presents the lactate and pH measurements obtained from 
both animals. The data from the portable interface closely match the 
results obtained using the laboratory setup, validating the consistency of 
the portable system. The comparative performance metrics are sum
marized in Table 1. While analytical metrics are comparable to com
mercial meters, our platform is designed for integration and operation in 
saliva-like matrices with localized electrochemical control, enabling 
future continuous or on-animal monitoring. Consistent with the labo
ratory measurements and calf health scoring, calf 6 exhibited lactate and 

pH values within the expected physiological range, while calf 8 showed 
significantly altered values indicative of disease. Together, these results 
establish that the portable sensor interface performed equivalently to 
the laboratory system, offering accurate, stable, and reproducible 
detection of lactate and pH in saliva. The successful operation of the 
compact electronics, combined with wireless data transfer and low- 
power operation, demonstrates its strong potential for on-farm di
agnostics, field monitoring, and future integration into wearable health- 
monitoring systems for livestock.

4. Conclusions and future perspective

This study presents the successful development of a highly sensitive, 
non-invasive salivary pH and lactate sensor system based on IDE arrays. 
The platform integrates an in-situ electrochemical pH control strategy 
with a custom-designed portable sensor interface, enabling precise local 
pH regulation and enhanced analyte detection. The pH control mecha
nism generates molecular oxygen, which improves LOx activity and 
enables fine adjustment of the local pH near the sensing electrode, even 
under mildly acidic conditions. Finite element simulations and electro
chemical experiments using gold IDEs confirmed the feasibility of this 
localized microenvironment control strategy. The close spacing between 
protonator and sensing electrodes enabled reliable pH adjustment to 
approximately pH 6.0, ensuring optimal lactate measurements in saliva. 
Structural and electrochemical characterization using SEM, EDX, AFM, 
and EIS verified successful electrode modification and enzyme immo
bilization through electropolymerized o-PD/β-CD/LOx films, supporting 
efficient electron transfer and catalytic stability. The pH sensor 
demonstrated a linear response from pH 3-9 (R2 = 0.999) with a 
sensitivity of − 66.0 mV.pH-1 in buffer, and − 119 mV.pH-1 (Autolab) and 
− 117 mV.pH-1 (portable electronics) in artificial saliva. The lactate 
sensor exhibited linear ranges of 0.05-3 mM (R2 = 0.988) in buffer and 
0.02-7 mM in artificial saliva, achieving a limit of detection of 0.6 μM 
(artificial saliva) and sensitivities of − 0.51 nA mM-1 (Autolab) and 
− 0.47 nA mM-1 (portable electronics). Incorporation of β-CD improved 
selectivity by suppressing interference from AA, UA, D-fruc, D-glu, and 
Ace. The sensors showed rapid response times (<20 s) and stable per
formance for up to one month, with moderate sensitivity loss beyond 35 
days due to enzyme or surface degradation. Both sensors successfully 
quantified pH and lactate in calf saliva, effectively distinguishing 
healthy from diseased animals using both laboratory instrumentation 
and the portable electronics interface. Despite these promising results, 
biological validation was conducted on a limited sample cohort and 
under controlled testing conditions. Long-term operational stability in 
continuous on-farm environments remains to be fully established. 
Future work will therefore prioritize prospective validation across larger 
and disease-balanced animal cohorts, a prerequisite for establishing 
clinically meaningful diagnostic thresholds alongside enhancing enzyme 
stabilization and antifouling surface strategies to extend sensor lifetime, 
validating performance across larger animal populations, and inte
grating the IDE platform into automated or wearable saliva sampling 
systems. Further miniaturization and system-level optimization may 
enable continuous, real-time livestock health monitoring, advancing the 
translation of this multiplexed sensing approach toward field- 
deployable precision animal diagnostics.

Table 1 
Performance comparison of conventional testing setup and sensor electronics interface for pH and lactate sensing.

Samples Calf 
ID

Autolab 
Potentiostat

Sensor Electronics 
Interface

Autolab 
Potentiostat

Sensor Electronics 
Interface

Commercial Lactate Meter 
Measurement (μM)

Calf Health 
Visualization

pH Lactate Concentration 

(μM)

Lactate Concentration (μM)

pH Control on pH Control on

Calf-6 2049 7.51 7.52 703 ± 12 686 ± 36 700 ± 100 Healthy
Calf-8 2202 8.52 8.57 1036 ± 15 1029 ± 27 1000 ± 120 Sick
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Xuan, X., Pérez-Ràfols, C., Chen, C., Cuartero, M., Crespo, G.A., 2021. ACS Sens. 6, 
2763–2771. https://doi.org/10.1021/acssensors.1c01009.

Yang, H., Yan, S., 2025. Int. J. Electrochem. Sci. 20, 101132. https://doi.org/10.1016/j. 
ijoes.2025.101132.

Zhang, Z., Wang, S., Chen, T., Wang, H., Dou, Q., 2025. Nanoscale 17, 13698–13707. 
https://doi.org/10.1039/D5NR01340B.

Zheng, X.T., Goh, W.P., Yu, Y., Sutarlie, L., Chen, D.Y., Tan, S.C.L., Jiang, C., Zhao, M., 
Ba, T., Li, H., Su, X., Yang, L., 2024. Adv. Healthcare Mater. 13. https://doi.org/ 
10.1002/adhm.202302173.

Zhou, Y., Liu, Z., 2023. Clin. Chim. Acta 548, 117503. https://doi.org/10.1016/j. 
cca.2023.117503.

Zhu, L., Liu, X., Yang, J., He, Y., Li, Y., 2020. Anal. Chem. 92, 11981–11986. https://doi. 
org/10.1021/acs.analchem.0c02430.

M.R. Adib et al.                                                                                                                                                                                                                                 Biosensors and Bioelectronics 311 (2026) 118965 

11 

https://doi.org/10.1007/s00421-024-05572-6
https://doi.org/10.1007/s00421-024-05572-6
http://refhub.elsevier.com/S0956-5663(26)00597-X/sref49
http://refhub.elsevier.com/S0956-5663(26)00597-X/sref49
https://doi.org/10.1039/C7AN01571B
https://doi.org/10.1021/acssensors.1c01720
https://doi.org/10.1021/acssensors.1c01720
https://doi.org/10.1093/jn/131.8.2128
https://doi.org/10.1186/s13028-023-00708-8
https://doi.org/10.1093/inteam/vjaf142
https://doi.org/10.1093/inteam/vjaf142
https://doi.org/10.1016/j.cvfa.2020.03.005
https://doi.org/10.1016/j.freeradbiomed.2006.08.014
https://doi.org/10.1016/j.freeradbiomed.2006.08.014
https://hrcak.srce.hr/22234
https://hrcak.srce.hr/22234
https://doi.org/10.1016/j.bbrep.2015.11.010
https://doi.org/10.3168/jds.S0022-0302(49)92019-6
https://doi.org/10.3168/jds.S0022-0302(49)92019-6
https://doi.org/10.1016/j.talanta.2023.125582
https://doi.org/10.1016/j.talanta.2023.125582
https://doi.org/10.3389/fvets.2024.1483890
https://doi.org/10.3389/fvets.2024.1483890
https://doi.org/10.1016/j.wees.2025.08.002
https://doi.org/10.1016/j.crpvbd.2023.100149
https://doi.org/10.1016/j.crpvbd.2023.100149
https://doi.org/10.1186/s12917-021-03087-2
https://doi.org/10.1021/acssensors.2c00830
https://doi.org/10.1021/acssensors.2c00830
https://doi.org/10.1016/j.aca.2022.339851
https://doi.org/10.1002/elsa.202400021
https://doi.org/10.1002/elsa.202400021
https://doi.org/10.1016/j.mex.2019.10.038
https://doi.org/10.1016/j.snb.2013.12.032
https://doi.org/10.1016/j.snb.2013.12.032
https://doi.org/10.1002/9780470061565.hbb132
https://doi.org/10.1016/j.snb.2025.138689
https://doi.org/10.1021/acssensors.0c02264
https://doi.org/10.1186/s43088-022-00309-w
https://doi.org/10.1021/acssensors.3c00490
https://doi.org/10.1021/acssensors.3c00490
https://doi.org/10.1021/acsinfecdis.3c00625
https://doi.org/10.1016/j.livsci.2024.105492
https://doi.org/10.1038/s41368-022-00209-w
https://doi.org/10.1038/s41368-022-00209-w
https://doi.org/10.1016/j.ijoes.2024.100924
https://doi.org/10.1021/acsanm.5c01308
https://doi.org/10.1016/j.electacta.2018.04.181
https://doi.org/10.1039/an9871201155
https://doi.org/10.1039/an9871201155
https://doi.org/10.1021/acsami.4c09782
https://doi.org/10.1007/BF02786958
https://doi.org/10.1021/acssensors.1c01009
https://doi.org/10.1016/j.ijoes.2025.101132
https://doi.org/10.1016/j.ijoes.2025.101132
https://doi.org/10.1039/D5NR01340B
https://doi.org/10.1002/adhm.202302173
https://doi.org/10.1002/adhm.202302173
https://doi.org/10.1016/j.cca.2023.117503
https://doi.org/10.1016/j.cca.2023.117503
https://doi.org/10.1021/acs.analchem.0c02430
https://doi.org/10.1021/acs.analchem.0c02430

	A portable multiplexed electrochemical biosensor for lactate and pH monitoring in calf saliva
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Sensor fabrication
	2.3 Electrochemical measurements
	2.4 Lactate measurement with in-situ pH control
	2.5 IoT-enabled custom sensor interface for electrochemical analysis
	2.6 Calf health assessment
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Electrochemical characterization
	3.2 pH-dependent gold oxide reduction behavior
	3.3 Electrochemical detection of lactate
	3.4 Selectivity and long-term stability of the lactate biosensor
	3.5 Lactate and pH monitoring in artificial and calf saliva
	3.6 Performance of portable sensor interface for salivary lactate and pH detection

	4 Conclusions and future perspective
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


