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The possibility to quantify ascorbic acid (AA) using a Ni-Co MOF-coated carbon paper
electrode within an extended gate FET setup (EGFET), operated at zero gate potential (open-
circuit potential, OCP) has been investigated. Under these conditions, the Ni-Co MOF/CP
electrode outperformed the single metal-based Ni-MOF and Co-MOF, demonstrating a wide
detection range from 454 nM to 224.9 uM, encompassing both low and high AA levels in
human blood, and a response time under 7 seconds. The sensor has shown a pronounced
selective response to AA in the presence of several potential interferents such as glucose,
sucrose, nicotine, lactose, and fructose. The sensitivity of the Ni-Co MOF/CP sensor to AA
was estimated as 6.5284 nA-uM™'-cm™2, with a limit of detection (LOD) of 45.1 nM and a limit
of quantification (LOQ) of 136 nM. These findings indicate the potential and suitability of Ni-
Co MOF/CP electrode for detecting ascorbic acid in human blood serum. A key novelty of this
work is the use of OCP to detect AA with Ni-Co MOF/CP, leveraging proton conduction via a
combined Grotthuss and vehicular mechanism.

Keywords: EGFET sensor, open circuit potential, Ni-Co bimetallic MOF, combined proton

conduction, ascorbic acid assessment, scurvy diagnosis
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1. Introduction DOI: 10.1039/D5SD00217F

In contemporary times, individuals are confronted with a multitude of unfamiliar
ailments, posing a significant difficulty for medical professionals in identifying their underlying
causes and developing appropriate treatments. Nowadays, one of the forms of dietary
insufficiency that persists is known as scurvy, whose primary cause is the absence of immunity
and inadequate adherence to Recommended Dietary Allowances (RDA), and in particular, low
uptake of Vitamin C or Ascorbic acid (AA). The global morbidity data for scurvy reveal a
significant prevalence among individuals residing in lower socioeconomic areas with limited
access to the RDA, and sporadically appearing in global health epidemics today. Alcoholics
and institutionalised communities are particularly vulnerable to this deficit. The insufficiency
of vitamin C is observed even in industrialised populations that have been inadequately fortified
with the RDA."# The well-known antioxidant properties of AA are crucial in mitigating
oxidative stress and facilitating collagen formation. While left untreated, scurvy can become a
lethal disease. Due to evolutionary genetic mutations, humans and other primates have lost the

ability to produce AA., and the consumption of AA by humans can only be achieved through

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

external means. AA is most effectively obtained from plant-based meals. The diet commonly
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consists of fruits, vegetables, and whole grains, which are known for their high fibre content

(cc)

and low levels of fat and cholesterol. The gastrointestinal tract absorbs around 80-90% of AA,
which thereafter circulates in plasma, leukocytes, and red blood cells, ultimately entering all
tissues.’ The pituitary and adrenal glands, leukocytes, brain, ocular tissues, and fluids exhibit
elevated concentrations of vitamin C.

The normal concentration of AA in humans lies in the range of 36.1-79.4 umol/l in
blood, with the typical medium concentration of AA in plasma of 50 uM/1.® The excessive
intake of AA has been associated with several adverse effects, including diarrhoea, nausea,

vomiting, heartburn, abdominal bloating, cramps, headache, sleeplessness, and the formation
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of kidney stones. According to depletion-repletion tests conducted by the National [pstitutesof
Health (NIH), fatigue was observed when the concentrations of AA in plasma were below
around 20 uM.® Significantly, a shortage in vitamin C results in the body's inability to
effectively combat free radicals, hence causing damage to cells and tissues, giving rise to a
scurvy conditions, when the decrease of AA plasma concentration level decreases below 11
uM/1. However, the typical physical signs appear generally at much lower level, such as 3 — 5
uM.6

Several approaches have been published for the determination of AA. These techniques
include the typical titrimetric method, fluorimetry, spectrometry, chemiluminescence,
enzymatic methods, capillary electrophoresis, electrochemical methods, amperometry
methods, and HPLC.” Among these available techniques, the electrochemical method is widely
regarded as a more efficient and feasible approach due to its advantages in terms of time
efficiency, cost-effectiveness, and highly sensitive detection. Currently, FET-based biosensors
have garnered significant interest from the scientific community due to their unique
characteristics, including high sensitivity, cost-effectiveness, low power consumption, and
convenient integration for portability.

The EGFET safeguards the FET structure from the chemical environment, allowing
only the sensing membrane to come into contact with the electrolyte. The sensing membrane
can be reused several times, provided that the membrane exhibits reproducibility. Moreover,
these characteristics can enhance the utilisation of EGFET for single-use electrode type. In
general, the EGFET exhibits enduring stability due to the absence of interactions between the
ions in the chemical solution and the gate insulator. The Extended Gate Field-Effect Transistor
(EGFET) consists of two primary components: the extended electrode, which incorporates the

sensing membrane, and the traditional Metal Oxide Semiconductor Field Effect Transistor
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(MOSFET) 8. The operation of an EGFET involves an extended gate terminal that is.copne€ted s .o
to the working electrode, while the reference electrode is used to bias the gate.

Metal organic frameworks (MOFs) have garnered considerable interest in recent
decades due to their notable characteristics, including high specific surface areas, large pore
volumes, and well-defined pore size distribution. Additionally, MOFs are recognised for their
chemical stability, mechanical strength, and structural diversity, making them highly promising
for applications in biosensing. A highly organised infinite network is formed by the connection
of metal ions or ion clusters with organic ligands by coordination bonds, supplemental
hydrogen bonds, metallic bonding, or Van der Waals force contact. In contrast to conventional
porous materials, metal-organic frameworks (MOFs) provide several notable benefits,
including a wide range of scaffold structures, adjustable pore sizes, and a substantial number
of active sites.” The utilisation of Metal-Organic Frameworks (MOFSs) as precursors for the
synthesis of novel materials is seeing significant advancements due to the diverse
compositional and structural characteristics they offer. The wide range of characteristics offers

fresh possibilities for effectively combining MOF materials with other compounds and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

adjusting the components to achieve specific capabilities. Furthermore, the utilisation of long-

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

range ordering at a molecular level has been shown to make MOFs a valuable precursor.!?
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MOFs have found extensive applications in several fields such as biomolecule detection,
catalysis, electrochemical energy storage and conversion, biological and medical applications
and many more, as documented in the literature.!! Few instances of MOF-based sensors include
the use of Ca-MOF, Zn-MOF/GO, and GA-UiO-66-NH; for the detection of Hg?*, As**, and
Pb?*, respectively.'?-14 Extending these principles to biomedical applications, Lee et al. recently
introduced a rapid extended-gate field-effect transistor (R-EGFET)-based biosensor
incorporating an HPIV aptamer and UiO-66 metal-organic framework (MOF) nanoparticles,

enabling rapid and specific detection of human parainfluenza virus(HPIV).!3
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In this study, the influence of Ni-Co MOF/CP catalyst loading on the protop;medid
electrochemical detection of AA., with EGFET sensor at open circuit potential (OCP)
conditions, has been investigated. Conventional three-electrode amperometric sensors often
require an external applied potential, which can trigger unwanted redox reactions from co-
existing electroactive species in complex biological samples, leading to significant interference,
electrode fouling, and reduced reliability for in vitro or in vivo analysis.!'® In contrast, our open-
circuit potential (OCP) sensor, based on the proton-conducting Ni-Co MOF/CP composite,
operates passively with negligible current draw (nA range after stabilization), minimizing
power consumption. By maintaining the electrode at its low equilibrium OCP value without
external bias, it suppresses unintended oxidation/reduction of interferents, thereby enhancing
selectivity. The design is simple and reproducible—requiring only replacement of a single
working electrode—while the system is self-powered by ascorbic acid oxidation in biological
fluids (releasing protons that drive the OCP response via Grotthuss and vehicular mechanisms,
eliminating external energy needs and enabling potential miniaturization. SKP was used to
study the surface of electrodes with and without AA to under the sensing behaviours. The
developed Ni-Co MOF/CP EGFET has demonstrated a wide working range from 454 nM to
224.9 uM, a short response time (less than 7 seconds), and enhanced selectivity towards AA in
the presence of several potential interferents present in blood, thus demonstrating the potential

applicability for clinical applications.

2. Experimental Section

2.1 Chemicals and Materials

L-Ascorbic Acid [AA (CsHgOg)], Dextrose [Glu (C¢H1,0¢)], Sucrose [Suc (Ci,H»,011)],

Fructose [Fru (C¢H,0¢)], Uric acid [UA (CsH4N4O3)], 10X Phosphate Buffer Saline (PBS),
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Nickel(II) Nitrate Hexahydrate [Ni(NOs;),"6H,0], Cobalt Nitrate Hexahydrate ,:£C07:055%
(NO;),6H,0), Potassium Chloride (KCIl), Nafion 117 Solution (5%), 1,3,5-
Benzenetricarboxylic acid [BTC (CyH¢Og)], Polyvinylpyrrolidone (PVP) K30 [(CcHoNO)x],
Isopropyl alcohol (IPA, 99%) and N, N-dimethylformamide [(DMF), C;H;NO] were obtained
from Sisco Research Laboratories Pvt. Ltd., India. Premium grade ethanol 100% was obtained
from Hayman Group Ltd. Commercial carbon paper (CP) was obtained from Sainergy Fuel
Cell India Pvt. Ltd. Deionised (DI) water was used throughout the experiment. The MOSFET
employed in this study is an n-type MOSFET (TN2540N8-G) from Microchip Technology,
Thailand Co., Ltd.

The experiments involving human blood serum were performed in accordance with the
Guidelines in India and approved by the ethics committee at SRM Institute of Science and
Technology (Deemed to be University). The blood sample used in this study was voluntarily

provided by one of the authors with informed consent.

2.2 Apparatus

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The Bruker USA D8 Advance, Davinci X-ray diffractometers were used for the X-ray

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

measurements. High-resolution Scanning Electron Microscope (HRSEM) and Brunauer-
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Emmett-Teller (BET) measurements were performed using Thermo Scientific Apreo S and
Quantachrome Instruments, Autosorb IQ series, respectively. The XPS PHI Versaprobe I1I was
used to perform X-ray photoelectron spectroscopy (XPS) studies. Work function and contact
potential difference measurements were investigated utilising Scanning Kelvin Probe
[SKP5050 (KP Technology, UK)] with the SPV020 module. The dynamic /transient study (Ip
vs t) was carried out using a Keithley Semiconductor Parameter Analyser (4200A-SCS)

equipped with a source measure unit (SMU).
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For I-t measurements, the prepared electrode was firmly fixed using an electsgde holdet
with a copper contact. The reference electrode used in this investigation was Ag/AgCl
(saturated KCI), and the electrolyte solution was 1X PBS (prepared by diluting 10X PBS). A
constant distance of 1 cm was maintained between the prepared working electrode and the
reference electrode. Only the coated section of the electrode was exposed to the electrolyte
(PBS), while everything else was covered with Teflon tape. An n-type surface-mount MOSFET
(TN2540N8-G) was soldered to a printed circuit board (PCB) for the Ascorbic acid detection

experiment. Fig 1 shows the schematic representation of the experimental setup.

b mm=w |

4200A-5CS Parameter Analyzer

Figure 1. Schematic representation of the EGFET-based experimental setup

2.3 Synthesis Procedure

2.3.1 Synthesis of Ni-Co MOF

Synthesis of Ni-Co MOF preparation was adapted from previously reported literature.® In
detail, 0.432 g (Ni (NOs),6H,0), 0.432 g (Co (NOs),6H,0), 0.3 g 1,3,5- Benzene tricarboxylic
acid, and 3 g PVP were dissolved in 60 mL mixture solution with the volume ratio of Distilled
water: Ethanol: DMF = 1:1:1 at room temperature under supersonic vibration for 30 min

followed by stirring of 15min. The mixture solution was then transferred into a 100 mL Teflon-
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line autoclave and kept at 150 °C for 10 hr. Thereafter, the pale purple colored prodyct:Was oosior
collected through centrifugation by washing with ethanol and DI. Obtained precipitate dried in

hot air oven at 80 °C overnight.

2.3.2  Synthesis of Ni-MOF and Co-MOF

Typical synthesis of Ni-MOF and Co-MOF was taken from the reported literature.'” 0.864 g
(Ni (NO3),6H,0), 0.864 g (Co (NOs),6H,0), 0.3 g 1,3,5- Benzene tricarboxylic acid, and 3 g
PVP were dissolved in 60 mL mixture solution with the volume ratio of Distilled water:
Ethanol: DMF = 1:1:1 at room temperature under stirring for 30 min and after sonicated for 15
min. The mixture solution was then transferred into a 100 mL Teflon-line autoclave and kept
at 150 °C for 10 hr. Thereafter, the pale green and dark purple products were collected through
centrifugation by washing with ethanol and DI. Obtained precipitate dried in hot air oven at 80

°C overnight.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.4 Electrode Preparation

Carbon paper was washed with DI, Ethanol, and IPA under sonication in order to get

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

rid of the impurities. Then, the pre-treated carbon paper was dried at 80 °C and stored in an air-

(cc)

tight container. 1 mg of Ni-Co MOF sonicated in a mixture of 500 ul of DI water, 500 ul of
Ethanol and 10 pl of 1 % Nafion (diluted 5% Nafion with isopropyl alcohol and DI water) for
15 min. Following that, several weight loadings of Ni-Co MOF ink solution were made and
dropcasted onto the CP, spanning an area of 0.5 x 0.5 cm?, in order to select the optimal ink
solution for the whole experiment. The accuracy of AA assessment with developed electrodes

was estimated through limit of detection (LOD) and limit of quantification (LOQ) estimation.
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3. Result and discussion

3.1 Material Characterisation

(@) (b)
1 #(220) #(913)
. Ni-Co MOF
(111) Ni-Co MOF = PYE & Wk e C-0 stretching
—_ i (2200 1(002) il ~ g
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Figure 2. (a) XRD spectra of Ni MOF, Co MOF and Ni-Co MOF and (b) FTIR spectra of Ni

MOF, Co MOF and Ni-Co MOF

The XRD spectra in Fig. 2a reveal the pattern of Ni MOF, Co MOF and Ni-Co MOF. Here,
these three patterns have shown a common plane of (012) and (110) in the peak position at
~9° and ~12°, respectively. By analysing the XRD pattern, we can clearly see that the peak
positions of the Ni MOF and Ni-Co MOF compositions are very comparable, which is the
crystal planes (220) and (913) belonging to the Ni MOF are also appear in Ni-Co MOF. This
phenomenon occurs because a significant portion of Co?* ions is replaced by Ni?* ions during
the synthesis of the Ni-Co MOF. Furthermore, the degree of crystallinity of the Ni-Co MOF
is weaker compared to the monometallic Ni and Co MOF. The possible reason for the low
crystallinity of Ni-Co MOF could be due to the presence of Co-MOF, which could have
suppressed its crystallinity.!3-23

Fig 2b shows the FTIR spectra of Ni MOF, Co MOF and Ni-Co MOF. The peak at

~745.90 corresponds to the bending of the C-H bond in an out-of-plane motion. This band

10
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provides evidence of its association with the 1,3,5- 1,3,5-Benzene-tri-carboxylic acid (BEC) <500m15:
structure. The C-H bending (out-of-plane) vibration is employed to determine the position of
substituents on the aromatic ring. Based on the shape of the peak, one may obviously
determine if the aromatic ring belongs to mono-, di-, tri-, tetra-, penta-, or hexa-substituted
compounds. ~1110.65 — C-O stretching vibration, its absorption is always coupled with C-C
band. This raised band at 1110.65 cm™! position, helps to assign primary, secondary, and
tertiary structure in Alcohol or to identify the presence of phenol compounds. The intense
peak at ~1373.97 corresponds to the CH; bending vibration. The CH; group has mainly
appeared due to the DMF used during the synthesis of MOF. Interestingly, Methyl groups are
unable to form hydrogen bonds and will not interact with polar compounds such as water.
Thereby, the material will remain stable over the long-term exposure to aqueous-based
electrolyte. The ~1442.62 band corresponds to the C-O-H bending vibration. This band is
hard to recognize because it overlaps with the position of the CH; bending vibration, which
is a sharp and dominant band. As a result, the C-O-H band appears unclear. On the other

hand, the band at ~1623.98 signifies C=C Stretching vibration, which belongs to an aromatic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

compound. This band always accompanies the less intense peak, which appears around

~1550- 1450 cm™!.24

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.
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HRSEM images of Ni-MOF, Co-MOF and Ni-Co MOF are shown in the Fig 3. Figure
3 a) shows the Ni-MOF, which looks like a cluster made of nano rods. On the other hand, Co-
MOF look at nanocrystal blocks as shown in Fig. 3c. While the composite Ni-Co-MOF has
formed into a spherical structure with an average particle size of 6.1+1.7 um, as displayed in
Fig. 3c. Further investigation at lower magnification shows the spherical balls with a more
uniform surface as seen in Fig. 3d. Fig 3e reveals that the Ni Co-MOF spheres are made of
nano rod like structures and measure 128+ 32 nm in width and length of the rods is observed

to be irregular. When compared to Co MOF, the Nickel occupation is higher, which is

11
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confirmed through EDX spectra Fig. S1. As a result, we can see in XRD that the positiof & < 5o0m:
the plane formed in Ni MOF matches Ni-Co MOF precisely. In addition, SEM colour

mapping is also shown in Fig. S2.

Figure 3. HRSEM images of (a) Ni MOF, (b) Co MOF and (c-¢) Ni-Co MOF

To understand the surface phenomena of Ni-Co MOF, XPS characterisation has been
performed as shown in Figure 4. The C 1s spectra deconvoluted into three peaks with the
peak positions of 284.74, 285.76 and 288.4 eV assigned respectively to C-C, C-O/C-N and
O-C=0/C=0 bonds.!7?326 The highest binding energy peak among these is attributed to the
carboxyl group (O-C=0) in aromatic rings, which is from the organic ligand BTC 282° as
shown in Fig. 4b. Fig. 4c shows the O 1s spectra of Ni-Co MOF exhibited peaks at the
positions of 531.39 eV and 532.18 eV, respectively. The peak with lower binding energy
signifies the defect sites with the least oxygen atom coordination and also provides
information on adsorbed oxygen species on the surface. The peak of 532.18 eV corresponds

to physiosorbed /chemisorbed water molecules 27?8, also literature suggests that it could

12
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contribute to the C=0O bond.!” The peak at 399.9 eV on N s spectra of Ni-Cg MOE 1 500m:

corresponds to the C-N-C group from DMF solvent?® as seen in Fig. 4d.
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Figure 4. XPS of (a) Survey Scan, (b) C 1s, (¢) O 1s, (d) N 1s, (e) Ni 2p, and (f) Co 2p
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Fig. 4e exhibited the spectra of Ni 2p, the peaks observed at 855.76 eV, and 873.56

(cc)

eV correspond to the spin-orbit characteristics of Ni** ascribed to Ni 2p;, and Ni 2py,
respectively. Their satellite peaks were found correspondingly at 861.28 eV and 879.75 eV.
The spin energy separation was found to be 17.8 eV from the primary peaks of Ni 2ps,, and
Ni 2p; .2 The peak observed at 857.19 eV corresponds to the Ni ™ oxidation state, ascribed
to Ni 2ps); and its respective satellite peak was found at 864.52 eV, thus corresponding to
the presence of NiO.3° The possible reason for Ni** presence could be due to the vacancy
created in the Ni lattice: to neutralise the charge of the crystal, Ni?>* ions were oxidised to

Ni3*. Fig. 4f reveals the Co 2p spectra, the peaks observed at 780.80 eV and 797.08 eV

13
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correspond to the spin-orbit doublet of Co?* ascribed to Co 2ps, and Co 2py, respegtivelys eenoomio

Their respective satellite peaks are situated at the positions of 785.74 eV and 802.78 eV. 23!
In addition, the spin energy separation was found to be 16.28 eV. The peak that arose at the
position of 782.5 eV indicates the presence of Co’" oxidation state, suggesting the presence
of the lattice plane (111), which provides higher catalytic activity.3?33 Also, an appearance
of a less intensive peak at 810 eV is possibly due to the phenomena of photoionisation due

to the presence of Co oxides 33
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Figure 5. BET (Brunauer-Emmett-Teller) characterisation of Ni-Co MOF (a) Isotherm plot,

(b) linear plot and (c¢) BJH (Barrett-Joyner-Halenda) plot

To determine the surface area and pore size of the synthesised Ni-Co MOF material, the
BET characterisation has been performed. Fig. Sa illustrates the type IV(a) adsorption
1sotherm, which indicates the material is likely to be mesoporous in nature. The type IV(a)
isotherm associated with capillary condensation phenomena, which exhibits hysteresis. This
phenomenon occurs when there is a varying pore size distribution in the material.3* To
determine the number of surface-active sites in the material, the BET monolayer capacity
was estimated as 5.192 cm?®/g from the BET plot shown in Fig. 5b. Through that, the
resultant surface area was estimated as 22.616 m?/g, which corresponds to the total number
of active sites on the material surface. Additionally, BJH (Barrett-Joyner-Halenda) plot has
been used to view the pore size distribution of the material. From the Fig. 5c, It is evident
that the pore size distribution has varied, ranging from mesoporous to macroporous. As a

result of this variance, We observed a Type IV(a) isotherm with hysteresis.

3.2 Sensor properties evaluation

14
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The behaviour of AA analyte on the working electrode was examined thropgh, J5f/1 50000
tests under open circuit potential/zero gate voltage conditions. The gate-source voltage (Vgs)
of the system was set to zero voltage and the experiments were carried out by monitoring
the change in drain current Alp upon the successive additions of growing concentrations of
ascorbic acid. Catalyst distribution plays a critical role in the electrochemical performance
of an electrode. The surface morphology of the Ni-Co MOF/CP has been characterised
through SEM and digital microscopy, as shown in Fig S3. It was observed that the uneven
distribution and particle aggregation of the Ni-Co MOF over the surface of the carbon paper
offered a heterogeneous electrode surface, which most probably is due to the coffee ring
effect upon solvent evaporation.

Most types of particle-modified electrodes (PME) operate based on a principle
known as adsorptive preconcentration, wherein the target analyte is adsorbed and
accumulated by the catalyst prior to electrochemical detection. For PME’s, a
sufficiently/optimally thick layer of catalyst is preferred due to its ability to enhance

sensitivity. An optimised thick layer of catalyst results in a higher analyte adsorption, which

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in turn leads to an increased signal intensity. In this scenario, it is crucial to ensure a strong

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

adsorption of the analyte, along with a swift desorption process i.e., the catalyst must

(cc)

efficiently adsorb the analyte and release it effectively. However, if the adsorption is too
strong, the analyte may not desorb properly, hindering the electrode’s ability to carry out
electrochemical detection. On the other hand, if the analyte is released too quickly, it may
not accumulate sufficiently on the electrode surface, leading to reduced sensitivity. Hence it
is essential to balance these two factors to enhance PME performance effectively. This
ensures that the analyte is readily available for electrochemical detection, allowing the
released analyte to spread through the electrolyte solution and diffuse through the electrode,

facilitating the occurrence of the redox reaction.?

15
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Herein, the experiment to examine how the catalyst loading effect deposited,on CB/5-<000515¢

WE through the drop-casting method influences electrode performance in terms of target
sensing, electrode kinetics, sensitivity, and limit of detection has been performed.

To comprehend the binding affinity of the analyte onto the prepared electrode, the
calibration curve was fitted by using the Hill-Langmuir Isotherm model, which describes
that the adsorption of the analyte to the catalyst is a cooperative phenomenon, i.e., the

analyte at one site of the catalyst will influence the other binding site of the same catalyst.36-3

*CgH
qe = ?(s;r—cm Eq. (3)

where, g, - amount of adsorbate in the adsorbent at equilibrium (mg/g);qsy - Hill isotherm
maximum uptake saturation (mg/L) i.e., the adsorbent surface is fully covered with
adsorbate molecules, and no more adsorption can occur; n — Hill coefficient which describe
the degree of cooperativity ( for n > 1 — indicate positive cooperative binding which is the
binding of first analyte molecule at one active site of a catalyst enhances the binding affinity
of others, for n < 1 — indicate negative cooperative binding, which is the binding of first
analyte molecule at one active site of a catalyst decreases the binding affinity of a second
molecule, n=1- indicate non-cooperative binding which means binding of one analyte
molecule does not affect the binding of others; Kp — complex dissociation constant.

The above model described by Eq. 3 was modified to our focus of subject as follows: 33

Al = Inax*Cia Eq. (4)

Kgq+Cia

where, 1,.x — Saturation response; Cy5— Concentration of Ascorbic Acid.

Hill-Langmuir plots of different catalyst loadings indicate that the surface adsorption of the

electrode is showing multisite adsorption with positive cooperativity. There is always a

16
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prevalent notion that the lower K, value facilitates higher binding affinity and leads tg dete¢titg ;s :

the lower LOD.?

Fig 6a shows the effect of weight loading the AA detection of 320 pg Ni-Co MOF catalyst
loading has demonstrated a pattern that is comparable to the trend observed in the 200 pg Ni-
Co MOF-coated electrode. Among all the tested Ni-Co MOF catalyst loadings, 440 pg loading
has shown lowest sensitivity and weak signal intensity to identify the variation occurred for
each added concentration. It might be owing to the fact of rapid desorption of the analyte from

the adsorptive layer due to inadequate time for catalyst accumulation on the electrode surface.

While increasing the amount of Ni-Co MOF catalyst loaded on the CP electrode to 480 pg, a
significant variation in drain current (Ip) for all the added AA concentrations has been
registered. The best results in terms of good sensitivity and lower limit of detection were
obtained for the 480 pug Ni-Co MOF coated electrode. However, the hill coefficient value of
480 pg —Ni-Co MOF coated electrode has shown negative cooperativity behaviour, which

states that binding of AA at one site of Ni-Co MOF catalyst decreases the rate of subsequent

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

binding or the likelihood of forming a next layer is reduced because each additional AA

molecule that binds with lower affinity potentially reduces the multisite adsorption. Based on

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

classic theory, only positive cooperative interactions would provide enhanced sensitivity with

(cc)

high electrochemical performance. However, as it was demonstrated by Ha et.al *°, the negative
cooperative interaction can also produce ultrasensitive and threshold responses “’when the
analyte depletion effect is involved. This finding suggests that when the catalyst's accumulation
of analyte is insufficient or not fully saturated, it functions as a buffer, momentarily binding
analyte molecules without inducing a significant reaction. As the analyte concentration
increases, the buffering effect persists until a critical threshold is attained, and then the reaction

abruptly accelerates, resulting in increased catalytic activity and greater sensitivity.
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Figure 6. a) Sensitivity, LOD and LOQ characteristics of tested Ni-Co MOF/CP
electrodes at different weight loading on carbon paper towards AA, b) Dynamic calibration

curves and c¢) Calibration plot of 480 pg loaded Ni-MOF/CP following Hill-Langmuir Isotherm.

Figure 6a) shows the different weight load on Ni-Co-MOF on CP towards AA spiked
at regular interval of 100 s. The results suggest that increasing the weight increases the
sensitivity and reduces the LOD and LOQ from 40 to 200 ug. However, further increasing
reduced the sensitivity at 320ug. And these trends follow the consecutive 400 and 440 pg of
catalysis on CP. But at 480 pg, the sensitivity increases again. It is noteworthy that, though the
sensitivity is a bit compromised compared to 200 pg, LOD and LOQ have reduced
approximately 2.5 times. The estimated LOD for 480 ug Ni-Co MOF-coated electrode was
45.1 nM and a limit of quantification (LOQ) of 136 nM, which lies in the range of AA

concentration in human body fluids.

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00217f

Page 19 of 33 Sensors & Diagnostics

Through the comparison of the results on the performance of monometallic MOF/GR matetials o os.:
with Ni-Co MOF/CP, it is observed that although the occupation of Co atoms in the Ni-Co
MOF composition is lower than that of Ni atoms, yet it has facilitated effective catalytic activity
for the oxidation of AA process 4! and enables the quantification. According to recent reported
literature, the synergistic incorporation of Ni and Co in NiCo-MOF significantly enhances
electrical conductivity, reaching an average value of 0.058 mS cm™'—34 times higher than that
of monometallic Ni-MOF (0.0017 mS cm™). **Also, Density functional theory (DFT)
calculations reveal that the addition of Co?" introduces additional electron transport pathways
and markedly increases carrier concentration, resulting in 19 more electrons at the Fermi level
compared to Ni-MOF. This improved conductivity translates to superior electrochemical
performance overall. Consistent with these observations, our study demonstrates that NiCo-
MOF enables highly sensitive ascorbic acid detection down to nanomolar concentrations,
highlighting the practical benefits of this bimetallic synergy in proton-coupled sensing
applications. Also, the addition of Co-MOF in the bimetallic preparation permits overcoming

the instability of Ni-MOF, and their synergistic role paves the way for high-sensitivity AA

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

detection at nanomolar concentrations.

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

The study mainly relies on open circuit potential (OCP), which is an inherent potential

(cc)

that arises between the working electrode and the electrolyte solution as shown in Fig 6b, and
it is quantified using a reference electrode. The graph shows that Ni-Co-MOF exhibits higher
response towards AA compared to Ni-MOF and Co-MOF. This phenomenon is alternatively
referred to as electrochemical cell potential, equilibrium potential, or corrosion potential (Ey).
It bestows the information of the electrode’s reactivity and surface reaction rate with respect to
the electrolytic medium. Major advantages of OCP are minimal power consumption, less

interference by contaminants, and simplifying and miniaturising electrochemical systems.*3
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We monitored the i—t response after the current had fully stabilized at open, cit&yis
potential (OCP). Capacitive currents from interfacial electric double-layer (EDL) charging

follow the standard equation:

dE
IC = Cdl' d_T

. : : . . dE .
Where, I, is is the non-faradaic charging current, Cy; is double-layer capacitance and —r1s the

rate of potential change. 44

The it trace in Fig. 6(b) shows rapid stabilization to a constant current before analyte
addition, confirming equilibrium OCP (dE/dt = 0). From the equation, when dE/dt = 0, Ic = 0.

Therefore, persistent capacitive contributions from EDL charging were ruled out.

Regarding electronic conduction (sustained net faradaic current), OCP measurements
inherently involve a high-impedance voltmeter/electrometer (input resistance typically >10'2
Q), which ensures negligible current through the external circuit and prevents polarization or
disturbance of the equilibrium (zero-net-current condition). At OCP, anodic and cathodic
processes balance precisely (i_net = 0 as per mixed potential theory), providing no driving
force for ongoing redox or bulk electronic conduction. #* The low stabilized background current
(~nA range) reflects no significant electronic pathways. Additionally, the i—t curve included for
the bare carbon paste (CP) electrode (Fig. S7, Supporting Information) provides further
confirmation: no electrochemical response is observed even after the introduction of ascorbic
acid. This is in agreement with the established property of pure carbon as a purely electronic

conductor, incapable of proton conduction.

Therefore, considering the fact that ascorbic acid can oxidise at such low potentials*’
the following ionisation equilibria will be established in solution at close to neutral pH (pKal
=4.17, pKa2 = 11.6), resulting in protons release and ascorbate anion formation as shown in

Eq. 6. 4

20
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Ascorbic Acid (C¢HgOg) < Ascorbate (C¢H,Og) + HY----- Eq. (6) 5o 101056/ 0men00m17t

In general, aromatic carboxylate-based MOFs have demonstrated proton conduction
behaviour.*’ According to reports, Ni- and Co-based MOFs are good proton (H") conductors,
and using Nafion as a binder may further boost H* conduction as it is an ideal proton
conductor.*’#? Fig 6C shows the calibration plot of the sensors towards AA shows higher
response due to proton conduction in the prepared electrode (Ni-Co MOF/CP with Nafion as a
binder) is possibly caused by the presence of sulfonate groups (-SOs), carboxyl (-COOH)
groups, and Ni**/Co?" metal nodes. In the instance of Nafion in proton conduction, the Grotthus
mechanism takes precedence over the vehicular mechanism because its concentration is 1%
and the environment is primarily made of weakly bound water/high water content.>® Similarly,
in 1,3,5-benzene tricarboxylic acid (BTC), the carboxyl group may serve either as a proton
donor (-COOH) or acceptor (-COO-), and the water molecule links these two, creating proton

hopping pathways 3!

Furthermore, the higher composition of Ni in Ni-Co MOF with BTC as a linker has

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

been demonstrated to improve the electrochemical reaction, most likely owing to increased

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

charge transport, which supports the presented results.’>3 The electrodes are initially stabilised

(cc)

in a PBS environment before carrying out AA sensing, implying that the change in drain current
after the addition of AA is not through the interaction of ions present in the PBS. After the
addition of AA, the difference in drain current was observed as it undergoes reaction given by
Eq.6. As the concentration of AA increases, the drain current decreases relatively with

increasing H* concentration and conduction.

The main cause for the EGFET drain current change Alp, is the conduction of H* via
Ni-Co MOF and Nafion. The detection of AA is driven by proton conduction through both

Grotthuss and vehicular mechanisms, with the former being the predominant mechanism,
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considering the composition of the electrode (Ni-Co MOF with Nafion as binder), the aquetus s:or
medium, and the released H® during the oxidation of ascorbic acid. Table 1 reports the
comparison of performance metrics from recently reported MOF-based sensors and OCP-
based approaches and the properties of the sensor developed in present work for AA
assessment.

Table 1: The composition and performance metrics of previously developed MOF-based
sensors and OCP-based approaches.

N Material Method Applied Linear Analyte, LOD Ref
voltage Range
1 Carbon Electrodes EGFET 0.6 V 15 nM to AA, 12 nM [54]
Coated with TiO,— 14.38 mM
Cu-MOF
Composites
2  Mn-OM-MOF /CP * EGFET 5 to 240 pM AA, 0.26 pM [55]
3 IR@FeTHQ* EC 0.2V 1-1200 pM AA, 20 nM [56]
4 EuMOF Fluorescen NA 0-3.0 mM AA & ascorbate [57]
ce oxidase, 0.32 pM
5 Cu3;(HHTP),/SPE EC (DPV) 0.2V 25-1645 AA, 2.4 pmol/LL [58]
pmol/L
6 KSC/GOD? EC 0 0.03-10.0 Glucose, 10 pM [16]
mM
7 NiCo-MOF/CP EGFET 0 454 nM to 45.1 nM This
224.9 pM work

* Mn MOF as an enzyme mimic by incorporating H,PcPsOH 4 coated on carbon paper,
*lodine doped Conductive metal-organic frameworks, ® kenaf stem (KSC) was used to construct
a KSC microelectrode (denoted as KSCME) which was subsequently used to load glucose

oxidase

3.3 SKP Study

The study of the sensing mechanism using Surface Kelvin Probe (SKP), which
measures constant potential difference (CPD) changes upon the addition of AA, has provided
valuable insights into the sensor's performance. Fig 7 (a) shows the 3D raster scan of the
electrodes and they exhibit positive CPD Ni MOF/CP, Co MOF/CP, and Ni-Co MOF/CP
coated electrodes may be due to a similar to p-type semiconductor behaviour.’*%° The three

MOF materials showed higher work function values in comparison to bare CP, indicating the
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presence of sensing materials able to increase proton proton-conducting nature, The MKT: 750
function of the reference gold (Au) tip is 5.1 eV. The Ni MOF/CP sensor has shown a higher
work function value of 5.62 eV than other electrodes coated with Co MOF (5.53 ¢V), Ni MOF

(5.36 €V), and CP (5.17 eV), respectively.>*¢0

As it displays Fig. 7b), a 3D raster scan with varying concentrations of ascorbic acid
added for the Ni-Co MOF sensing electrode. The work function of an electrode with 1.2 uM of
ascorbic acid showed a 0.08 eV difference after cycling. However, as the concentration
increased from 1.2 uM to 156.2 uM, the work function decreased from 5.18 to 5.08 eV due to
charge transfer from the ascorbic acid to the sensing electrode. This decrease in work function
results confirms the proposed sensing mechanism of AA. Whereas, the work function
difference between 42.4 uM and 156.2 uM showed a 0.01 eV difference, possibly due to a
sudden pH decrease due to the release of H and adsorption of ascorbate ion during the AA
oxidation. With the increasing concentration of ascorbic acid, no significant pH shift was

registered; thereby change in drain current is dominated mainly by proton conduction, which

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

explains the reduced difference in work function between the concentrations of 42.4 uM, and

156.2 uM.
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Figure 7. SKP measurements representing: 3D raster scan of (a) CP with Ni-MOF, Co-MOF
and Ni-Co MOF, (b) Ni-Co MOF/CP after addition of AA, band bending diagram between

electrode and Au- tip c) before and d) after addition of AA.

The changes in work function occurring for the Ni-Co MOF catalyst-coated CP
electrode can be used to explain the band bending phenomena. During the external contact, the
charge is transferred from the material with a lower work function to one with a higher work
function. It causes the space charge region (SCR) to develop and an inherent electric field to
be established. Fig. 7¢) illustrates the charge diffusing from metal-Au (reference) to Ni-Co-
MOF until equilibrium is reached, where the Fermi levels align. During equilibrium, a depletion

layer forms, generating an internal field that aids in band bending. ¢! The energy level diagram
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without ascorbic acid, showing upward band bending and work function values of 57 eV.a8d " 5.5:

5.62 eV for CP and Ni-Co MOF/CP, respectively.

The work function values of Ni-MOF/CP decrease after continuous cycling at 5.26 eV
due to the cancellation of the surface depletion barrier, resulting in upward band bending. Upon
the addition of ascorbic acid, the Fermi level of Epnor) shifts upwards, and the band bends
downwards to align with the Fermi level of Er (a,). The oxidation of ascorbic acid results in a
decrease in work function with a 42.4 pM concentration of ascorbic acid added to a Ni-Co
MOF/CP electrode Fig. 7d). This decrease from 5.17 eV to 5.08 eV indicates that charge
transfer is occurring from the ascorbic acid (adsorbate) to the sensing electrode. On the other
hand, when the work function of the material decreases upon binding with any adsorbate, it
implies that the charge transfer is taking place from the adsorbate to the electrode. > Here, after
AA binds with the electrode, the ascorbate ion and H* released interact with the electrode,

facilitating a change in the work function of the Ni-Co MOF/CP. 3
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Figure 8. Ni-Co MOF/CP selectivity test against common interfering molecules. Ni-Co
MOF/CP electrode for AA assessment in real blood serum; error bars represent the uncertainty

of fitting (95% confidence interval).

Fig. 8a represents the interference study of the fabricated Ni-Co MOF/CP electrode.
The selectivity tests were run through consecutive addition of Ascorbic acid (3.5 uM),
Glucose (5 mM), Fructose (100 uM), Sucrose (500 uM), Lactose (100 uM) and Nicotine
(100 uM) on PBS 1X background solution upon I-t characteristic response registration. The
enhanced selectivity of the developed Ni-Co MOF/CP electrode for Ascorbic acid was
registered; the change in drain current (Alp) for AA was significantly higher with respect to
all the tested interferent molecules. The negligible interference on the Ni-Co MOF electrode

response variation gave Lactose and Fructose addition, while some minimal interference
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was noticed for Glucose, Nicotine and Sucrose. Figure 8 b) shows the graph of sensors) . cooom o
response towards AA and its interactions. It of interesting to see that AA is at least 20-fold
less concentrated compared to nicotine and all carbohydrates.

To verify the reliability of our experiment, we have performed an analysis of blood serum using
the Ni-Co MOF/CP electrode in EGFET configuration as shown in Fig. 8c. The typical
concentration of AA found in blood serum ranges from approximately 11 to 80 uM. In this
experiment, we have spiked 500 pl of serum into 5 ml of PBS. Taking into consideration the
dilution factor of 10, the concentration of AA was found to be 10.85 uM, which was in good
correlation with the 10.447 uM value found with the standard HPLC method for the same
blood serum sample. It was determined that the recovery ratio was 103.85%. Hereby, the
EGFET-based biosensor can be recommended for real-time analysis of AA in biological

liquids.

4. Conclusion

The novel Ni-Co MOF catalytic coating has been synthesised for the detection

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of Ascorbic acid (AA), focusing on its application in scurvy diagnosis. The EGFET sensor

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 11:14:00 AM.

modified with Ni-Co MOF catalyst and operating at open circuit potential (OCP) conditions

(cc)

assessed AA through a mechanism primarily driven by proton conduction. Through surface
Kelvin probe analysis, it was demonstrated that the sensing mechanism involves both proton
conduction and ascorbate-ion interaction, with proton conduction being dominant. The
developed bimetallic Ni-Co MOF/CP electrode outperformed the single metal-based Ni-MOF
and Co-MOF, demonstrating a wide AA detection range from 454 nM to 224.9 uM, with a
response time of less than 7 seconds, LOD of 45.1 nM, LOQ of 136 nM. The interference
studies have demonstrated an enhanced selective response of the developed Ni-Co MOF/CP

electrode to AA against common interfering molecules present in biological samples at their
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physiological levels. The good correlation between AA concentration assessed, byssthe€roosor
developed Ni-Co MOF/CP sensor in real blood samples and the AA amount found with with
standard HPLC method, with a recovery of 103.85% has been obtained, highlighting its
reliability for real-time analysis of AA in biological liquids. Overall, the OCP-based extended-
gate field-effect transistor (EGFET) has shown a promising approach for miniaturised and low-

power sensor development.
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