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Abstract

Milk fever is a metabolic disorder that predominantly affects dairy animals during the
periparturient period and within four weeks of calving. Milk fever is primarily attributed

to a decrease in the animal’s serum Ca?* levels. Clinical milk fever occurs when Ca2*
concentration drops below 1.5 mM (6 mg/dL). Without prompt intervention, clinical milk fever
leads to noticeable physical symptoms and health complications including coma and fatality.
Subclinical milk fever is characterized by Ca2* levels between 1.5 and 2.12 mM (6-8.48 mg/dL).
Approximately 50% of multiparous dairy cows suffer from subclinical milk fever during the
transition to lactation. The economic impact of milk fever, both direct and indirect, is substantial,
posing challenges for farmers. To address this issue, we developed a low-cost electrochemical
sensor that can measure bovine serum calcium levels on-site, providing an opportunity for
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early detection of subclinical and clinical milk fever and early intervention. This calcium

sensor is a scalable solid contact ion sensing platform that incorporates a polymeric calcium-
selective membrane and ionic liquid-based reference membrane into laser-induced graphene (LIG)
electrodes. Our sensing platform demonstrates a sensitivity close to the theoretical Nernstian value
(29.6 mV/dec) with a limit of detection of 15.6 UM and selectivity against the species in bovine
serum. Moreover, our sensor can detect Ca2* in bovine serum with 91% recovery.

Keywords

Milk fever; Potentiometric sensing; Laser induced graphene (LIG); Calcium sensing; Frugal
sensors; Point-of-care on-site analysis

1. Introduction

Milk fever, or parturient paresis, is a metabolic disorder that occurs in dairy animals. The
risk of the disease increases by onset of periparturient and within days of calving Oetzel.
Factors such as age and diet influence the incidence of milk fever Payne (1977). The primary
cause and indicator of milk fever is a significant decrease in blood calcium levels (known as
hypocalcemia) Lean et al. (2006); Boda et al. (1954). Normal calcium levels in bovine serum
range from 2.12 mM to 2.5 mM (8.48-10 mg/dL), and serum calcium levels lower than 2.12
mM (8.48 mg/dL) indicate milk fever. The stages of milk fever are categorized as subclinical
and clinical milk fever Lean et al. (2006). Clinical milk fever happens when the calcium
level in the serum drops below 1.5 mM (6 mg/dL), which is accompanied by symptoms

such as loss of appetite, tetany, urinary retention, and lateral recumbency. If left untreated,
clinical milk fever can quickly result in animal fatality. Subclinical milk fever occurs when
serum calcium levels range between 1.5 mM and 2.12 mM (6-8.48 mg/dL). Unlike clinical
milk fever, subclinical milk fever does not have any physical symptoms Thilsing-Hansen

et al. (2002). The reported incidence rates of milk fever in prior studies exhibit significant
variability among different herds. Some herds demonstrate rates below 1%, whereas others
exhibit incidences exceeding 25% Mullen (1975). A meta-analysis study on 135 controlled
trials by Lean et al. also confirm the variability in the incident rate of milk fever, reporting

a range of 0-83% with a mean value of 21% Lean et al. (2006). A study by Reinhardt et al.
revealed that subclinical hypocalcemia is prevalent in 50% of multiparous dairy cows as they
transition to lactation Reinhardt et al. (2011). Roche and Berry showed that the risk of milk
fever increases by 9% after each successive lactation Roche and Berry (2006).

Direct economic losses associated with milk fever result from reduced milk production,
animal mortality, and treatment costs. Furthermore, indirect economic impacts include
increased risks of related health problems, calving complications, decreased productive life
and fertility Bzuneh et al. (2020). Since a systematic estimate of economic burden of milk
fever in the US was not found, we estimated the costs associated with milk fever in the
United States. Based on United States Department of Agriculture (USDA), there are 9.4
million milking cows in the US; the cost for treatment of the milk fever is $150 USD

per cow. Considering the average milk fever incidence rate of 21% reported by Lean et

al., the treatment cost of the milk fever in US is $296 million USD. However, the real
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number should be much higher since the prevalence of milk fever increases by number of
parturitions and age. Moreover, indirect economic losses that have arisen from reduced milk
production, as well as decreased productive life and fertility, have not been considered in
this estimation Matlock (2023); Reinhardt et al. (2011). Milk fever puts a large burden on
agriculture-focused regions globally, a study by Cariappa estimated the economical loss of
milk fever in Heryana, India to be $137 million USD Cariappa et al. (2021).

The asymptomatic nature and elevated prevalence of subclinical milk fever contribute to

a significant increase in the hidden economic burdens compared to clinical milk fever
Oetzel (2012). The costs related to subclinical milk fever are estimated to be fourfold
higher than those associated with clinical milk fever due to the higher incidence rate of
subclinical milk fever Oetzel (2012). Moreover, subclinical cows has longer median open
(non-pregnant) days compared with healthy cows (124 vs. 109 days) Melie. The longer
interval between calving and conception impacts the overall reproductive efficiency of

the herd. Consequently, timely diagnosis of subclinical milk fever emerges as a pivotal
strategy for mitigating both financial losses and welfare impacts on dairy animals. Early
detection and intervention not only reduce economic burdens, but also prevent and alleviate
discomfort experienced by animals. The pain that animals experience is much higher at the
clinical milk fever stage, underscoring the importance of implementing preventive measures
and diagnostic strategies to effectively manage subclinical cases in dairy herds.

Currently, milk fever is diagnosed using history taking, laboratory techniques, and clinical
examination. History taking involves gathering information about the cow’s age, breed,
stage of lactation, milk yield and calving day Bzuneh et al. (2020). The most accurate

and reliable method for milk fever diagnosis is laboratory testing to determine if the blood
calcium level falls within the range associated with milk fever. Since severe hypocalcemia
requires prompt treatment, there would not be enough time for laboratory verification.
Therefore, implementing a point-of-care (PoC) system can enable timely diagnosis of
milk fever in the field. Moreover a PoC system for the regular screening of serum Ca#*
concentrations in dairy animals can facilitate the early detection of subclinical milk fever.
Early detection can prevent onset of clinical milk fever through early intervention. However,
despite the benefits of PoC technologies for frequent screening of milk fever, there are
currently no tools that can meet this need in an affordable manner.

In this work, we developed a rapid, low-cost, and portable device to assess C22*
concentrations in the field in individual cows. This invention allows farmers to implement
more effective strategies for monitoring and preventing milk fever to decrease both the direct
and indirect costs associated with hypocalcemia. We employ a scalable fabrication technique
based on laser engraving of polyimide films. The advantage of LIG over other materials

is the scalability and cost-effectiveness of its fabrication that makes it suitable for on-site
sensors. Moreover, the 3D porous structure of LIGs interfacing the membrane creates a

high capacitance that increases the stability of potentiometric sensors. Since its discovery

in 2004 Novoselov et al. (2004), graphene has attracted growing interest for its applications
in biosensing due to its flexibility, mechanical strength, electrical conductivity, thermal
conductivity, and electron mobility Morales-Narvéez et al. (2017); Jiang et al. (2020);
Flauzino et al. (2022); Goldoni et al. (2021); Zhang et al. (2022). However, high temperature
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and multi-step synthesis of graphene, which are expensive and time-consuming, limited their
application, especially for PoC testing Abbas et al. (2022). To overcome this issue, in 2014,
Lin et al. utilized CO, laser pulses to convert sp3 carbons of commercials polymers to sp2
carbon using a one-step photo-thermal reaction, reducing the cost and complication of the
graphene synthesis, thus broadening its applications Lin et al. (2014). Though this technique
can apply toward various materials, polyimide remains the most popular option for LIG
synthesis due to its affordability, accessibility, and flexibility Wan et al. (2020). Recently,
LIG-based sensors have been developed for detection of various biomarkers Soares et al.
(2023); Hjort et al. (2022); Kucherenko et al. (2021); Soupir et al. (2022); Barber et al.
(2021); Al-Shami, 2024; Kucherenko et al. (2020); Teekayupak et al. (2023); Wan et al.
(2020); Lee et al. (2022); Amirghasemi et al. (2023); Khazaee Nejad et al. (2024). To the
best of our knowledge, this work presents the first LIG-based sensor for detection of calcium
in bovine serum, and in general, the first PoC test for rapid on-site diagnosis of milk fever
based on serum C&* level.

2. Materials and methods

2.1. Material and apparatus

Electrical-Grade Kapton® Polyimide Film (12 inches in length x 12 inches in width

x 0.005 inches in thickness) and Electrical-Grade, Adhesive Back Kapton® Polyimide

Film (12 inches in length x 12 inches in width x 0.002 inches in thickness) were

purchased from McMaster-Carr, USA. Extremely conductive elastomeric silver ink (127—
07) was purchased from Creative Materials, USA. Potassium tetrakis(4-chlorophenyl)borate
(KTCPB), calcium ionophore 1V, 2-nitrophenyl octyl ether (0-NPOE), high molecular-
weight poly(vinyl chloride) (PVC), tetrahydrofuran (THF), sodium chloride, D-(+)-Glucose,
urea, creatinine, lactate, and bovine serum albumin (BSA) were obtained from Sigma
Aldrich, USA. Potassium chloride and magnesium chloride were obtained from Macron.
Calcium chloride was purchased from Beantown Chemical. 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide (MeOctlm TFSI) was acquired from Alfa Aeser. Bovine
serum samples were obtained from three different vendors including Thermo Fisher
Scientific, Sigma Aldrich, and VWR. All aqueous solutions were prepared using deionized
water (resistivity of 18.2 MQ-cm) obtained from Millipore Milli-Q water purification
system.

Epilog Mini 24 Laser engraver was utilized for the fabrication of laser-induced graphite

on polyimide films. All potentiometric measurements were conducted using an EMF
16-channel potentiometer (Lawson Labs in Malvern, PA). Electrochemical impedance
spectroscopy (EIS), Chronopotentiometry and cyclic voltammetry measurements were
performed using the CHI 760E electrochemical analyzer (CH Instruments, TX, USA).
Scanning electron microscopy (SEM) analysis was conducted using a Nova NanoSEM 450
field emission SEM (FEI, OR, USA), using 3 keV electron beam energy and 3.5 spot size.
Energy dispersive X-ray (EDX) characterization was conducted using the Oxford UltimMax
170 Silicon Drift Detector (Oxford instrument, UK). X-ray photoelectron spectroscopy
(XPS) characterization was conducted using Kratos Axis Ultra DLD (Kratos Analytical,
UK). Raman spectroscopy characterization was conducted using the Horiba XploRA Raman
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Microscope System (Horiba, Japan). Horiba LAQUAtwin Ca-11 Compact Calcium Pocket
Tester (Horiba, Japan) was utilized as a commercially available sensor to perform a
comparative analysis between the outcomes obtained from the fabricated sensor and the
commercial sensors. Sensit BT (PalmSens BV, Utrecht, Netherlands) was used to conduct
wireless measurements. ThermoFisher, Talos 200C (200 kV), in transmission electron
microscopy (TEM) mode, and Velox software were used for TEM analysis. In order to
perform TEM, the LIGs were peeled off from a PI film and sonicated in chloroform before
being transferred to Carbon Type-B Copper TEM grid. We removed the Formvar layer by
dipping the grids into chloroform before transferring the samples on it.

2.2. LIG fabrication

We first rinsed the Pl films with acetone, isopropyl alcohol (IPA), and deionized water.
Then, we put the films in oven at 100 °C for 5 min to dry. In the next step, we started the
engraving process of LIGs using a CO; laser with 5% power, 10% speed, and 1200 DPI

on autofocus mode. After the laser engraving process finished, we applied silver ink on the
electrodes’ contact pad in order to have a better electrical connection. In the last step, we
insulated our electrodes using Kapton tape.

2.3. Preparation of calcium and reference membrane and electrodes

We prepared our C22* selective membrane by mixing 330 mg of PVC, 660 mg of o-NPOE,
2 mg of KTCPM, and 10 mg C22* ionophore IV in 3 ml THF. In order to prevent the
overnight conditioning of the membrane in C22* containing solution to exchange K+ with
Ca*, we spiked our membrane solution with 5.4 uL of 1 M CaCl, solution and mixed them
overnight. We drop-casted two droplets of 20 uL of membrane solution on the electrode and
allowed the solvent to evaporate overnight. To prepare the reference membrane, we mixed
100 mg of MeOctlm TFSI with 300 mg of PVC and 600 mg of 0-NPOE in 3.0 mL of

THF, and stirred the solution overnight. Finally, we drop-casted two droplets of 20 uL of
membrane solution on the electrode and left overnight to dry.

3. Results and discussion

3.1. Design and operation of the sensing platform

Fig. 1 shows the design and operation of our C2* sensing platform. The sensor consist

of two electrodes: a calcium-selective electrode, and an ionic liquid (IL)-based reference
electrode. The sensing platform is connected to a portable wireless potentiostat that performs
the electrochemical analysis and transmits the data to a smart phone. In order to avoid any
error in the measured concentrations due to the calibration shift during the shelf storage and
sensor-to-sensor variability, a two-point calibration should be performed before measuring
the C2* in serum sample. The calibration starts by immersing the sensing platform in the
first calibration solution and waiting for 1 min for signal readout. Then, the sensing platform
should be dried with a tissue paper and immersed in the second calibration solution. Next,
the sensor is exposed to the serum for 1 min for the final measurement.

The LIG-based C#* sensor is fabricated using a scalable and inexpensive method that
makes them a perfect choice for in-field, frequent monitoring of calcium. Moreover, the
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LIG sensors are flexible, and due to their highly porous structure, they exhibit stable

and reliable signal. Our sensing platform work based on potentiometric recognition.
Potentiometric sensing allows rapid, sensitive, and selective detection of ions in complex
matrices Bakker et al. (1997); Bilhimann et al. (2012); Bakker (1997). The basic working
principle of potentiometric sensors is the sample’s activity-dependant electromotive force
(emf) generated at the interface of the sample and an ion-selective membrane (ISM) Bakker
et al. (1997). The ISM is in contact with an ion-to-electron transducer Lyu et al. (2020).

The ion-to-electron transducer maintains a stable emf at its interface with ISM through
redox capacitance or electric double-layer (EDL) capacitance Hu et al. (2016); Veder et al.
(2013); Cuartero et al. (2016). Several materials have been used as ion-to-electron transducer
interfaces to produce stable and reproducible signal including conductive polymers Cadogan
et al. (1992); Bobacka (2006), nanomaterials Zou et al. (2013, 2014), and carbon-based
materials Lai et al. (2007); Li et al. (2012); Liu et al. (2020). In this work, we used

LIG as ion-to-electron transducer to utilize its high conductivity, porosity, and low cost of
fabrication.

3.2. LIG characterization

The fabrication process of laser-induced graphene (LI1G) involves a photothermal reaction
designed to convert sp3 carbons to sp2. The initiation of this process requires an amount

of energy provided by a laser source, making the precise control of laser energy crucial

for obtaining an optimal LI1G layer. To optimize the laser energy input on the polyimide

(PI) film, we performed a comparative study. We varied the power and speed of the laser
machine within the ranges of 3%—-10% and 5%-15% of the maximum speed and power
respectively (where the maximum speed is 82 inch/s, and the maximum power is 30 W). Our
results indicate that using a 5% speed and 10% power setting yields the lowest conductivity,
with neither mechanical delamination of the graphene layer nor carbon powder formation
(Fig. S1). This comparative analysis aids in identifying the optimal conditions for achieving
a desired LIG layer with specific electrical and structural properties. We used the scanning
electron microscopy (SEM) technique to characterize the produced laser-induced graphitic
surface. As illustrated in Fig. 2(A and B), the laser ablation of polyimide (PI) film led to

the creation of a three-dimensional porous carbon structure characterized by extended fibers.
Examination of the cross-section SEM image of the calcium-selective membrane on the LIG
structure (Fig. 2(C)) revealed the homogeneous integration of the membrane within the LIG
fibrous surface. Furthermore, no entrapped bubbles in the membrane were observed, which
provides the sensor with better mechanical stability and stable performance.

We employed energy dispersive X-ray Spectroscopy (EDX) to investigate the elemental
composition of the generated graphitic carbon. The EDX analysis, (Fig. 2(D)), shows that
the surface of the LIG structure is mostly composed of carbon with negligible traces

of oxygen and nitrogen. This indicates the effective carbonization of the polyimide film
through the laser engraving process.

Raman spectroscopy was used for studying the structural characteristics of the produced
LIG. Raman spectrum in (Fig. 2 (E)) shows the three main characteristic peaks of 3D
graphitic structure. The G peak that appears around 1533 cm~1 indicates the vibration mode
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of the sp2 carbon atoms in the graphene lattice, whereas the D peak around 1350 cm™1
denotes the presence of structural disorders and defects in the LIG graphene lattice. The
2D peak at ~ 2690 cm~1 indicates the multilayered graphene structure. From the Raman
spectrum, the Iop/lg ratio (0.32) indicates the formation of > five graphene layers Bleu

et al. (2019). The XPS survey spectrum in Fig. 2 (F) reveals the presence of oxygen

and carbon content in the produced LIG samples. The C 1s peak at approximately 284.5
(Fig. 2 (F)) results from the convolution of four peaks at 284.2, 284.7, 285.8, and 288.6
eV, corresponding to C=C, C-C, C-0, and C=0 bonds respectively. Furthermore, the
high-resolution O 1s spectrum shown in (Fig. 2 (G)) reveals the presence of C-O, C=0,
and O=C-0-H chemical bonds at 531.6, 532.9, and 535.1 eV, respectively Ren et al.
(2018). Here, we observed a difference in the oxygen composition of LIG when employing
X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX)
techniques. This variation suggests the localization of oxygen bonds on the surface, as the
XPS technique measures within the top few nanometers of samples, whereas EDX goes
deeper until 2-5um Titus et al. (2019); Hues and Lovejoy (2018); Mather (2009); Omidi et
al. (2017).

We assessed the electrochemical performance of the LI1G-based electrodes (diameter of
working electrode = 3 mm) using cyclic voltammetry in 2.0 mM [Fe(CN)g]34~ and 0.1
M KCI. The cyclic voltammograms were recorded at a scan rate from 20 to 100 mVs™1
(Fig. 2 (I)). The oxidation and reduction current values and the peak separation increase
with increasing scan rate indicating the electrochemical active LIG surface with controlled
diffusion reaction.

We performed TEM characterization to gain a comprehensive insight into the LIGs. In

Fig. 2(J)-a low magnification TEM image of the LIG flakes is presented. Further, higher
resolution TEM images depicted in Fig. 2 (K-L) reveal the formation of ripple-like
structures on the LI1Gs. Particularly, Fig. 2 (L) highlights a lattice distance of approximately
3.4 A, corresponding to the lattice space between (002) planes in graphitic materials Lin et
al. (2014).

3.3. Sensing mechanism and characterization of calcium sensor

The sensing mechanism in the potentiometric sensors relies on the charge separation at

the sample-membrane interface. This charge separation generates an emf that relates to the
activity of ion of interest in the sample based on the Nernst equation Bilhimann et al. (2012);
Bakker and Pretsch (2002); Bakker (1997); Hu et al. (2016):

log(a; + ki j a;

E=E+ (SQ.imV) Pot z,/z,-)

@)

where,

a; =y
2
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where EO(mV) is the standard potential, R is universal gas constant, T is temperature, Z,

is the charge of the ion of interest, F is Faraday’s constant, a, shows the activity of ion of
interest, g, is the activity of interfering ion, k% is the selectivity coefficient of the sensor

for ion of interest over the interfering ion, and y, is the activity coefficient. As shown in the

59.2mV

equation (1) and (10) fold change in the activity results in ~

We validated the sensitivity of our sensor toward C#" against a free-flow double-junction
external reference electrode Fig. 3(A-B). For this purpose, we recorded the emf values of
the sensor by successively diluting the aqueous solution, allowing it to equilibrate for 1
min, and averaging the last 10 s data. Fig. 3(A) shows the calibration curve of our sensor
indicating sensitivity of 27.7 = 0.46 mV/dec (n = 5) that is close to the theoretical Nernstian

slope (29.6™Y). Moreover, the limit of detection (LOD) of our sensor is 15.16 UM which is

dec

two orders of magnitude lower than the therapeutic range.

To confirm the selectivity of the sensor, we examined the performance of our sensors in an
artificial bovine serum (a-serum). The sensitivity and limit of the detection of the sensor

in a-serum are 26.98 £ 0.13 and 17.96 uM respectively. These results indicate a sensitivity
close to the theoretically expected value and an LOD that is two orders of magnitude lower
than the physiological relevant range, which confirms the sensor’s selectivity and sensitivity
for detection of C22* in serum.

To further validate the selectivity of our sensor, we initially determined the electromotive
force (emf) of the sensor in the presence of 1 mM Cz2*. Subsequently, we conducted

emf measurements when co-presencing 1 mM C2* with other serum-interfering ions and
biological constituents at their physiologically relevant concentrations (Fig. 3 (G)). All emf
readouts exhibited remarkable similarity, confirming the sensor’s selective response to C&2*.
Furthermore, the observed reduction in emf, in response to the C22* and urea mixture,

is attributed to the tendency of calcium salts to form complexes with urea as reported in
literature Pande and Bhatnagar (1958).

Reversibility is another important feature of sensors ensuring the ability of the sensor to
revert to its original baseline after repeated exposure cycles. To confirm the reversibility

of our fabricated sensor, we first exposed our sensor to a solution containing 10 mM Ca&*
and recorded the emf response of our sensor. Then, we exposed the sensors to solutions
containing physiologically relevant concentrations of ions and biologicals before recording
the emf. After each exposure to the interfering ions and biologicals, we recorded the emf in
the solution containing 10 mM C#*. Fig. 3(H) shows that the sensor’s emf readout returned
to a similar baseline readout, indicating the remarkable reversibility of the sensor.

Signal stability is a crucial factor in solid-contact ion-selective electrodes (SC-ISEs). Having
a high capacitance at the interface of the ion-to-electron transducer and ISM increases the
emf stability at this interface, yielding a stable sensor response. The 3D porous structure

of LIGs (Fig. 2 (A—C)) makes them an excellent choice for ion-to- electron transducer
material due to their high surface area. To validate the stability of the sensor, we performed
a chronopotentiometry experiment to measure the capacitance at this interface and compared
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it with the capacitance at the interface of coated Pt wire electrode. In this experiment, we
subjected the system to a perturbation current of +1 nA and observed the corresponding
changes in potential over a specified time period before calculating the capacitance based on
Equation (3).

©)

where i is electrical current, C is capacitance, and % is the discharge.

After obtaining a discharge of 2.2 mV over a £1 nA perturbation current, we calculated

a double-layer capacitance of 27.3 pF for the interface between the ISM and LIG. A
comparative measurement with a Pt-coated Ca2* sensor shows that the LIG C#* sensor
exhibited higher stability and double-layer capacitance. The 27.3 uF is comparable to

other reported capacitance values for ion-to-electron transducer materials, but is not

among the highest capacitance values. Since this sensor is intended for short term on-site
measurements, the sensor performance and signal stability meet the demand while allowing
for a low-cost fabrication process.

A discharge equivalent to 2.2 mV was observed over the course of 60 s, leading to a
capacitance of 27.3 uF at membrane-Pt interface. The fourfold increase in the capacitance
confirms the high signal stability in LIG-based ion selective electrodes. We determined

the resistivity of the C#2*-selective membrane through the application of electrochemical
impedance spectroscopy (EIS). Fitting the data to an equivalent Randles circuit resulted in a
membrane resistivity of 0.7 MQ Ong et al. (2023); Lazanas and Prodromidis (2023).

3.4. Reference mechanism and characterization of reference electrode

Thus far, all the emf data of the C#2* sensor were measured with respect to a free-flow
double junction external reference electrode. This reference electrode presents drawbacks
such as bulkiness, fragility, susceptibility to liquid junction clogging, and the potential

for sample contamination. Additionally, its challenging miniaturization further hinders
integration into point-of-care applications Guth et al. (2009); Lingenfelter et al. (2019);
Inzelt et al. (2013). To address these limitations, various strategies have been explored.
Utilization of a polyvinyl borate (PVB)-based membrane as a miniaturized reference
electrode was proposed by Guinovart et al.Guinovart et al. (2014) While PVVB-based
reference membranes are widely employed in PoC applications, they necessitate prolonged
conditioning, and their sensitivity to chloride concentration remains a concern. To avoid
these limitations, we utilized an ionic liquid (IL)-based polymeric membrane as our
reference electrode. The referencing mechanism of the IL-based reference electrode is
based on the continuous partitioning of cations and anions between the aqueous and
water-immiscible phases Kakiuchi (2008); Kakiuchi et al. (2007). We validated the
performance of our electrodes by monitoring the reference potential compared to an external
free-flow reference electrode in solutions of common interfering ions present in blood
serum (concentration changed via successive dilution, Fig. 4A-D). The IL-based reference
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electrodes showed a sample-independent signal in the range of 1072 to 108 M of C2*, K*,
and Mg?*, as well as a stable signal in the range of 1071 to 1076 of Aia*. These concentration
ranges cover the physiological ranges of these ions in serum and go orders of magnitude
beyond the physiological ranges as well. The measured slopes of reference potential vs.
logarithm of concentration of ions were 0.15 + 0.44 (for C&*), 0.8 + 0.66 (for Nia*), 0.46
+0.12 (for K*), and 0.8 = 0.16 mV/dec (Mg?*). The slopes close to zero demonstrate that
the reference potential does not depend on concentration of different ionic compounds in the
sample. To confirm the stability and independence of reference potential in a more complex
solution, we evaluated the performance of the IL-based reference electrode by diluting the
C#* concentration in the artificial serum. The reference electrode shows a stable signal with
0.56 + 0.54 mV/dec change in the range of 1072 to 108 M C#* (Fig. 5(E-F)).

We evaluated the performance of the reference electrode in bovine serum. Fig. 4(G) shows
the stable signal of the reference electrode in different concentration of C#* in bovine
serum. Our results indicate —1.38 £ 0.27 mV change in the emf of the senor, which

shows the ability of our reference electrode to provide a stable reference potential for
measurements.

After a thorough evaluation of the reference and ion-selective electrodes, we evaluated

the performance of the full electrochemical cell (LIG-based C#* sensor and L1G-based
reference electrode). After serial dilutions of C2* in both deionized water and a-serum,
our sensing platform exhibited sensitivities of 25.42 + 0.92 mV/dec and 24.4 + 1.1 mV/dec
respectively (Fig. 4(H and I)). We achieved a slope close to the theoretically expected
Nernstian value, with an LOD of 3.1 uM in deionized water and 3.4 uM in a-serum, which
are both lower than the physiologically relevant range.

3.5. Sensor performance in bovine serum

Fig. 5(A) shows the performance of the calcium sensor in response to successive spikes of
bovine serum with CaCl,. The sensor responded quickly to increased C#* concentrations

in bovine serum, confirming its sensitivity and selectivity. The sensors showed a sensitivity
of 20.61 + 0.14 mV in the clinically relevant range of calcium in the serum. To insure the
accuracy of our sensors in measurement of calcium in bovine serum, we measured the serum
C&* concentration and compared the result with a commercially available C2* sensor. We
performed the two-point calibration to correct for the sensor-to-sensor £q reproducibility and
shift in slope for £; of the sensor during the storage. The calibration procedure was initiated
by immersing the sensors in aqueous solutions of artificial serum containing CaCl, at
concentrations of 0.5 mM and 5 mM ((Fig. 5(C)). Subsequently, the sensors were introduced
into serum solutions, and the calcium concentration within the serum was determined. Table
1 shows the calculated calcium concentrations in serum, indicating a deviation of 4.8% from
the values obtained through commercial sensor measurements.

In order to show the capability of our sensing platform, we replaced the commercial double
junction free-flow reference electrode with the IL-based reference. Our findings revealed a
notable discrepancy when compared to the measurements obtained from the commercially
available sensor. Subsequently, we conducted an investigation into the signal alteration of
our reference electrode during the transition from the calibration solution to the serum. Fig.
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5(D) demonstrated a shift of 6.39 + 0.22 mV in reference potential upon changing from
the aqueous artificial serum solution (calibration solution) to the serum. This signal shift
was attributed to variations in the hydrophobicity between the aqueous artificial serum and
serum matrices. The reference potential is determined based on the partition coefficient of
the ionic liquid between the reference membrane and sample. There are major differences
between a simple a-serum containing only inorganic content of serum and the complex
serum environment. Therefore, the partition coefficient of ionic liquid will change between
the calibration solution and serum matrix, causing a shift in reference potential. To further
investigate the shift in potential, three distinct batches of electrodes were assessed in three
different bovine serum samples from different sources. We immersed the reference electrode
in different C2* concentration in a-serum and then in bovine serum, and recorded the
signal change after transition from a-serum to bovine serum (Fig. 5(E)). A signal shift of
6.63 + 0.57 mV across different serum samples compared to a-serum was observed. We
performed a correction to the recovery response of our sensing platform by adjusting the
shift in reference electrodes potential. Fig. 5(F) shows the recovery plot of our sensing
platform. The results prior to reference error correction shows an error of 34.36 % (red
point). After correcting for the reference shift, the calculated error for the sensing platform
was 9.32%, which is an acceptable margin for the diagnosis of milk fever on-site and
continuous monitoring of C2* in bovine serum.

4. Conclusion

Milk fever is a metabolic disorder that affects diary animals mostly during periparturient and
the period of four weeks before and after calving. The primary cause of the milk fever is a
decline in the animal’s C2* level. Milk fever has direct and indirect economical impact on
farmers, in addition to the pain and discomfort experienced by the animal. However, despite
the prevalence and economic impact of milk fever, there are currently no low-cost PoC C&2*
sensors available for milk fever diagnosis.

In this work, we developed a low-cost, rapid LIG-based PoC potentiometric sensor for
on-site diagnosis of subclinical and clinical milk fever. Our LIG-based sensing platform
incorporates both solid-contact ISE and reference electrodes into a complete PoC sensing
package. To the best of our knowledge, this is the first PoC sensor for diagnosis of bovine
milk fever. We fabricated our C22* sensor using laser engraving, which is cost-effective,
scalable, and rapid. Moreover, the 3D-porous LIG acts as an ion-to-electron transducer with
high surface area and high capacitance to ensure a stable emf of the sensor. Our sensor
shows remarkable sensitivity, selectivity, and reversibility and accuracy. We compared the
results of our sensor with a commercially available C2* sensor. We achieved 6.25%-9.32%
error in the measurements, which is acceptable for on field diagnosis of milk fever using a
low-cost sensor.

Future research will focus on fabrication of a calibration-free sensor for the detection of
C2* ions, aiming to streamline the sensor’s application. Additionally, there will be an
emphasis on developing both software and hardware capable of recording and archiving
sensor readouts, thereby enhancing the dataset quality for history-taking analysis on the
farm.
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Fig. 1.
(A) Symptoms of clinical and subclinical milk fever. (B) Fabrication procedure of the sensor.

(C) Membrane composition and working principle of the sensor.
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(A) Top-view SEM images of LIGs. (B) Cross-section SEM of LIGs. (C) Cross-section
SEM of ISM on top of LIG. (D) EDX results and analysis of the LIG. (E) Cyclic
voltammograms of the LIG electrodes at scan rates from 25 to 100 mV/s in 2 mM solution

of [Fe(CN)g]3~4~. (F) Raman spectrum of LIGs. (G) XPS survey on the surface of the LIGs.

(H,1) XPS spectra for O 1s and C 1s respectively. (J) TEM image of LIG flakes. (K,L)

High Resultion TEM (HRTEM) image of LIGs shows an average d-spacing of ~ 3.4 A that

corresponds to the (002) planes of graphitic materials.
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Fig. 3.

(ASD) Calibration curves of the calcium sensor in deionized water and artificial serum.
Green shows the physiological relevant Ca?* concentration in milk fever (B,E) Emf trace
of the calcium sensor after successive half dilution process in deionized water and artificial
serum. (C) EIS result of the sensor in 10 mM calcium chloride. (F) Chronopotentiometry
results of a calcium membrane-coated Pt wire and calcium membrane-coated LIG to +

1 nA perturbation current. (G) Response of a representative calcium sensor to different
physiologically relevant ions and biologicals in the background of 1 mM CaCh. (H)
Response and reversibility of the sensor after successive insertion of the sensor into CaCh
and different biologicals and ions.

Biosens Bioelectron. Author manuscript; available in PMC 2024 October 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Soleimani et al.

100
N 50 Successive dilution in CaCl,
&
Y Foha s a4 PR A A A A
g 0 ' IEEEERENER]
)
-50 Slope=0.15 + 0.44 mV/dec
-100 L— . . . s
-6 -5 -4 -3 -2
2+
LogC (Ca , M)
100 E
S 50} Successive dilution in Cz:lCI2
\E- 1 ]
T OOr tpsiiediEfries
)
-50 Slope= 0.8 £ 0.16 mV/dec
-100 L— . . . :
-6 -5 -4 -3 -2
Log C (Mg®*, M)
410 E
N Spiking the serum with CaCI2
£ 400
“é 2mM 5mM
®© 390 1mM 4 mM 10 mM
380

0 60 120 180 240 300
Time (s)

Fig. 4.

100E
< S0r Successive dilution in NaCl
&
S ‘
&
501 Slope= 0.8 + 0.06 mV/dec
-100

6 5 4 3 2
Log C (Na, M)

e

1OOE

-50 ¢ Slope=0.56 + 0.54 mV/dec

50+ Successive dilution in artificial serum

-100 ‘ N
6 5 -4 3 2
Log C (Ca®*, M)
2061 successive dilution in l
[ deionized water vs .
< 60 IL-based reference | + {
[ ]
& } + 11
“‘é .
S-100 + ] % .
140 || * * ‘
B A B 5 A [ 2

Log C (Ca®*, M)

emf (mV)

(mV)

emf

Page 19
100
50+ Successive dilution in NaCl
ot ..+;f;;+;;+..§
_50 Slope= 0.46 + 0.12 mV/dec
-100L_. . i . ;
-6 -5 -4 + -3 -2
Log C (K, M)
|
[ Successive dilution in artificial serum
40t
0_
40t
solo v o
0 100 300 500 700 900
Time (s)
-20
Il Successive dilution in
artificial serum vs )
IL-based reference 1
-60+ +
-100 | *% H}
-140 L)

7 @ & & B 2
Log C (Ca®*, M)

(A-D) Potential of the IL-based reference electrode in C2*, Na*, K+, Mg?*, solutions
respectively. (E,F) Potential of the IL-based reference electrode after successive dilution of
calcium in artificial serum.(G) Potential of IL-based reference electrodes after spiking the
serum with C#*. (H,1) Calibration curves of the calcium sensor versus IL-based reference
electrode in deionized water and artificial serum respectively. Green bars highlight the
physiological relevant Ca* concentration range in milk fever.
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(A) Response of the calcium sensor after spiking the serum with C2*. (B) Nernstian
behavior of the sensor to two-point calibration in artificial serum and accuracy of the
calcium sensor to measurement of calcium in serum. (C) Emf response of the calcium
sensor to the insertion of the sensor in calibration solutions and serum. (D) Emf shift of

the IL-based reference electrodes after electrode transfer from artificial serum to serum.

(E) Similar shift in the emf response of the I1L-based reference electrode after successive
insertion of electrode in artificial serum with different C2* concentration and serum. (F)
Shift in the emf response of the Il-based reference electrode after transfer of the electrode
from artificial serum to serum in three different adult bovine serums. (G) Nernstian behavior
of the sensor in response to two-point calibration in artificial serum, as well as measured
calcium levels before and after correcting for IL-based shift. (H) Emf response of the
calcium sensor to the insertion of the sensor in calibration solutions and serum versus
IL-based reference electrode.
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Table 1

Ca%* measurement in bovine serum and recovery using commercial and IL-based reference electrodes (n = 3).
(Actual concentration of Ca%* is measured by commercially available Horiba Ca?* sensor).

Sensor Actual Measured

Concentration  Concentration Error

(mM) (mM) (%)
ISE vs. DJ-REZ 1.048 1.096 48
ISEvs. IL-REV 1250 1.366 9.3

a .
Double-Junction free flow Reference Electrode.

blonic Liquid Based Reference Electrode.

Biosens Bioelectron. Author manuscript; available in PMC 2024 October 10.



	Abstract
	Introduction
	Materials and methods
	Material and apparatus
	LIG fabrication
	Preparation of calcium and reference membrane and electrodes

	Results and discussion
	Design and operation of the sensing platform
	LIG characterization
	Sensing mechanism and characterization of calcium sensor
	Reference mechanism and characterization of reference electrode
	Sensor performance in bovine serum

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1

