Open Access Article. Published on 08 May 2024. Downloaded on 12/7/2025 7:44:51 AM.

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

(cc)

Analyst

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Analyst, 2024, 149, 3615

Received 20th April 2024,
Accepted 4th May 2024

DOI: 10.1039/d4an00592a

Sea urchin nanostructured nickel cobaltite
modified carbon cloth integrated wearable
patches for the on-site detection of the
immunosuppressant drug mycophenolate mofetily

K. Niyas,®® Bartholomew Richard, 2 ® Menon Ankitha 2 ° and
P. Abdul Rasheed () ¥2®

Mycophenolate mofetil (MpM) is a medication used to prevent the rejection of transplanted organs, par-
ticularly in kidney, heart, and liver transplant surgeries. It is extremely important to be conscious that MpM
can raise the risk of severe infections and some cancers if it exceeds the recommended dose while lower
doses will result in organ rejections. So, it is essential to monitor the dosage of MpM in real time in the
micromolar range. In this work, we have synthesized 3-aminopropyltriethoxysilane (APTES) functionalized
nickel cobaltite (NiCo,0O4) and this amino functionalization was chosen to enhance the stability and
electrochemical activity of NiCo,0O4. The enhanced activity of NiCo,O4 was used for developing an
electrochemical sensor for the detection of MpM. APTES functionalized NiCo,O4 was coated on carbon
cloth and used as the working electrode. Surface functionalization with APTES on NiCo,0O4 was aimed at
augmenting the adsorption/interaction of MpM due to its binding properties. The developed sensor
showed a very low detection limit of 1.23 nM with linear ranges of 10-100 nM and 1-100 uM and its prac-
tical applicability was examined using artificial samples of blood serum and cerebrospinal fluid, validating

rsc.li/analyst

1. Introduction

Modern-day immunosuppression is linked to a crucial pro-
cedure for monitoring organ function after transplantation in
medical diagnostics. Evidence-based guidelines recognize that
immunosuppressant use increases the rates of transplantation
and patient survival. The maintenance phase of treatment typi-
cally begins six months to a year after the induction phase,
when long-term oral medicine is started.”” Two prevalent
families of immunosuppressants are commonly employed for
maintenance therapy: calcineurin inhibitors, including tacroli-
mus (TAC) and cyclosporine A (CsA), and purine synthesis
inhibitor agents such as azathioprine (AZT) and mycopheno-
late mofetil (MpM).* All of these medications have one thing
in common: they have narrow therapeutic indices (TIs), which
might have harmful side effects at supra-therapeutic concen-
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its potential application in real-life scenarios.

trations as well as reduce treatment effectiveness at sub-thera-
peutic levels.*

Mycophenolate mofetil (MpM), known as the pro-drug of
mycophenolic acid, is a well-tolerated immunosuppressant
medication commonly recommended for the prevention of
immune-mediated damage in transplanted organs such as the
kidneys, liver, heart, and various other organs.” In addition to
its role in transplant medicine, MpM is also utilized in the
treatment of conditions like scleroderma and interstitial lung
disease. The drug exerts its immunosuppressive effects by
inhibiting the action of the enzyme inosine monophosphate
dehydrogenase (IMPDH), which controls the conversion of
inosine monophosphate into guanosine monophosphate
through catalytic oxidation.® MpM is employed as a thera-
peutic agent that modulates the immune system’s activity, ben-
efiting the treatment of various autoimmune disorders and
contributing to anticancer therapies. The dose of MpM
exceeds the recommended doses, it causes severe infections
and some cancers, while lower doses will result in organ rejec-
tions. Furthermore, it can cause potential risks in foetal devel-
opment and miscarriage when it is used in pregnant women.
These negative effects showed that therapeutic drug monitor-
ing (TDM) of MpM is an essential requirement for follow-up
post-transplantation and in other treatments. Maintaining a
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suitable balance between a prescribed therapeutic dose
(approximately 18 pM) and the toxicity and possibility of side
effects is the primary goal of TDM for immunosuppressive
medication. Hence, the need for an effective detection method
to quantify MpM in biological fluids has gained significant
attention in these contexts.”

The majority of analytical techniques used in the past for
the identification of MpM were based on chromatography and
immunoassay techniques.®® Some disadvantages of immuno-
assay systems include their high cost, lengthy reaction times,
and lack of stability. Furthermore, the cross-reactivity of the
antibodies typically affects their sensitivity. Chromatography
techniques yield highly sensitive and selective findings for the
tests they perform, but they also require expensive equipment
and trained personnel to analyze the data.® To continuously
determine the quantity of immunosuppressants in biological
fluids, we require simple, quick-to-react analytical techniques
that can serve as a platform for on-site point-of-care (POC)
detection in complex biological samples like the cerebrospinal
fluid, serum, urine, etc. Electrochemical sensing emerges as a
promising approach to address this need, providing high sen-
sitivity, rapid response, and compatibility with miniaturized
devices suitable for point-of-care applications.®

Ashjari et al. introduced an electrochemical sensor modi-
fied with an ionic liquid and MgO/single-walled carbon nano-
tubes for MpM detection.” In a separate study, Mahnashi et al.
innovatively designed a disposable pencil graphite electrode
for the detection of MpM and Tacrolimus (TAC)."® Similarly,
Madrakian et al. developed a simultaneous sensor for MpM
and its active metabolites utilizing multi-walled carbon nano-
tube-modified electrodes.” Sumanth et al. conducted a cyclic
voltammetric study, employing copper oxide-modified electro-
des to determine MpM concentrations in biological fluids.'" In
a very recent study, Vaishag et al. explored a new electro-
chemical sensing podium for MpM detection in serum
samples using APTES-modified Nb,CT, on a carbon cloth yarn
electrode.”” The use of carbon cloth electrodes is a better
alternative to electrodes like glassy carbon electrodes, pencil
graphite electrodes, screen printed electrodes, etc. due to their
outstanding features, which include cost-effectiveness, flexi-
bility, portability, and sensitivity."> Customized carbon cloth-
based electrode development and the subsequent fabrication
of integrated sensors with appropriate electroactive materials
can accomplish innovations for cost-effective wearable POC
diagnostic devices.'*

Transition metal oxides (TMOs) are gaining prominence as
a viable option to enhance and tailor electrodes for the devel-
opment of flexible sensors capable of detecting biomolecules
with high sensitivity. Various TMOs derived from metals like
nickel, cobalt, manganese, iron, and zinc have been utilized to
modify electrodes, enabling the selective and sensitive detec-
tion of biomolecules."> The morphology of these 2-dimen-
sional (2D) TMOs plays a crucial role in the detection process
due to their increased surface-to-volume ratio, adjustable elec-
tronic properties, and enhanced interaction with analytes. In
electrochemical applications, mixed TMOs, especially nickel
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cobaltite (NiCo,0,4), have garnered widespread attention and
have been extensively explored for various electrochemical
sensing applications.'®'” In NiCo,0,, one-third of the occu-
pied cations are in the +2 oxidation state, while the remaining
two-thirds are trivalent. The Ni species occupy the octahedral
sites, while Co is accommodated on both octahedral and tetra-
hedral sites. Thus, these mixed oxidation states facilitate
enhanced electron transfer in addition to easy synthesis, acces-
sibility, and cost-effectiveness that enables their use in electro-
chemical applications.

The introduction of various functional moieties on the
surface of TMOs offers good stability and improved perform-
ance as well as expanding the world of applications.
(3-Aminopropyl) triethoxy silane (APTES) has become a promi-
nent choice in the field of nanomaterial modification, owing
to its capability to introduce amino groups onto various nano-
material surfaces.'® The modification process entails the
covalent attachment of APTES molecules to surface functional
groups, resulting in nanomaterials that are amino-functiona-
lized, exhibiting enhanced stability and interaction with target
analytes and biomolecules.>"?

In this work, we have used APTES modified NiCo,O, for the
modification of an electrochemical sensing platform for the
sensitive and selective detection of MpM with a promising
limit of detection (LOD) at the nanomolar level (1.23 nM). The
primary objective of this study was to exemplify the successful
modification of a NiCo,0, with APTES to enhance the electro-
chemical activity and its application in the electrochemical
detection of MpM in biological fluids. APTES functionalised
NiCo,0,4 was coated on carbon cloth (CC) and it is used as the
working electrode. The synthesis of APTES modified NiCo,0,4
and its application in electrochemical sensing of MpM is given
in Scheme 1. By combining the unique properties of CC and
the stability of amino functionalized NiCo,0,4, we aim for the
clinical advancement of electrochemical sensing technology,
enabling accurate and efficient monitoring of MpM levels in
the current diagnostic scenario especially in TDM. The devel-
oped sensor showed a promising LOD of 1.23 nM along with
good selectivity, stability, repeatability and reproducibility. In
addition, the practical application of the sensor is also evalu-
ated using artificial serum and CSF.

2. Experimental section

2.1. Materials

Nickel(u) nitrate hexahydrate (Ni(NOj3),-6H,0, 98%), cobalt(i)
nitrate hexahydrate (Co(NO;),-6H,0, 98%), 3-aminopropyl-
triethoxysilane (APTES), toluene, dimethyl sulphoxide (DMSO),
ethanol, ascorbic Acid (AA), glutamic acid (GA), KCl, NacCl,
glucose (GLU), glycine (GLA) and alanine (ALN) were pur-
chased from SRL Pvt Ltd, India, and used without any further
purification. Urea, dopamine (DA), uric acid (UA) and artificial
human serum were purchased from Sigma Aldrich, India.
Mycophenolate mofetil (MpM) was procured from IPCA
Laboratories, India, and carbon cloth (CC) was purchased

This journal is © The Royal Society of Chemistry 2024
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SYNTHESIS OF NiCo,0,-APTES
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Scheme 1 Synthesis of APTES modified NiCo,0O,4 and its application in the electrochemical sensing of mycophenolate mofetil (MpM).

from Sainergy Fuel Cell India Pvt. Ltd. Phosphate buffer (0.1
M, pH 7.1) solution (PBS) was employed as the assisted electro-
lyte in all the electrochemical studies. Artificial cerebrospinal
fluid (CSF) is prepared by mixing two parent solutions A and
B. The solution A was prepared by mixing NacCl (8.66 g), KCI
(0.224 g), CaCl,-2H,0 (0.206 g) and MgCl,-6H,0 (0.163) in
500 mL sterile water. Solution B was prepared by mixing
Na,HPO,-7H,0 (0.214 g) and NaH,PO,-H,O (0.027 g) in
500 mL sterile water. Combine these solutions, A and B in the
1:1 ratio for preparing CSF since equal volumes are required
to end up with a multivalent physiological ion solution of arti-
ficial CSF.>

2.2. Synthesis nickel cobaltite

NiCo,0, was prepared by the solvothermal method as reported
in the previous literature.”" In this standard procedure, 0.147 g
of Ni(NO;),-6H,O and 0.293 g of Co(NO;),-6H,0 were com-
bined in a 1: 2 ratio and added to a solution containing 30 mL
of distilled water and 10 mL of ethanol. Subsequently, 0.85 g
of urea was introduced into the solution, and the mixture was
vigorously stirred for 30 minutes using magnetic stirrers at
room temperature to achieve a homogeneous solution. The
resulting solution was then transferred to a Teflon-lined stain-
less steel autoclave with a 50 mL capacity. After sealing the
autoclave, the mixture was heated at 100 °C for 6 h, and the
autoclave was cooled down to room temperature. The precipi-
tate was centrifuged four times with a 1: 1 ratio of ethanol and

This journal is © The Royal Society of Chemistry 2024

distilled water and collected and kept for drying at 60 °C for
12 hours. The dried precipitate was further heated at 400 °C
for 4 hours at a ramp rate of 2 °C per minute under ambient
air conditions.

2.3. Preparation of NiCo,04-APTES

The APTES modification of NiCo,O, was carried out by the
solution-phase deposition method.?” The reaction was carried
out in an anhydrous solution to prevent uncontrollable
polymerization in the presence of water.>** Initially, 500 mg
of NiCo,0, was transferred into a 1:1 mixture of ethanol and
toluene. This solution was further refluxed at 90 °C under con-
stant magnetic stirring, 30 mL ethanol was further added
upon subsequent reduction in volume solution. This was
repeated four times. To this mixture solution, an adequate
amount of APTES was added and stirred for 30 minutes and
followed by sonication for 4 hours and the product was
washed several times with ethanol to remove the organic
residue and dried in a vacuum oven for 12 hours.

2.4. Fabrication of a modified electrode

Carbon cloth (CC) having a geometrical surface area of 1 cm?
served as the working electrode. Onto the CC, 60 pL of the
NiCo,0,-APTES dispersion in DMSO (1 mg mL ") was drop
cast. Following this, the CC was subjected to a 1 hour drying
period in an oven and then utilized as the working electrode
for electrochemical analysis. Platinum wire and the saturated

Analyst, 2024,149, 3615-3624 | 3617
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calomel electrode were used as the counter electrode and refer-
ence electrode, respectively. All electrochemical experiments
such as cyclic voltammetry (CV), current versus time plot and
electrochemical impedance spectroscopy (EIS) were performed
in a conventional three-electrode system on a CHI6038 electro-
chemical workstation.

2.5. Material characterization

The surface morphology of the prepared materials was exam-
ined by scanning electron microscopy (SEM) using a Gemini
SEM 300, Carl Zeiss, equipped with an energy dispersive
spectrometer (EDS). The structural properties of the products
were examined using Fourier-transform infrared (FTIR) spec-
troscopy using an IR Tracer-100, Shimadzu, in the wavenumber
range of 400-4000 cm ™" on thin pellets of the sample made
using the KBr method. Raman spectroscopy was performed
using a Horiba LabRAM HR Evolution confocal Raman
spectrometer equipped with a 532 nm laser. The crystalline
nature and phase of the product were confirmed using powder
X-ray diffraction (PXRD) studies with a Rigaku XRD SmartLab
(source: CuKa). The presence of different elements and their
chemical states were studied using X-ray electron photo-
electron spectroscopy (XPS) with a PHI 5000 VersaProbe II,
ULVAC-PHI Inc., equipped with a micro-focused (200 um, 15
kV) monochromatic Al Ka X-ray source (hv = 1486.6 €V).

3. Results and discussion
3.1 Material characterization

The structure and morphology of NiCo,O, were examined
using SEM analysis and the corresponding images at different
magnifications are given in Fig. 1. The sea urchin nano-
structured shape of NiCo,0, can be attributed to the presence
of urea in the hydrothermal process, which adjust the pH to a
mildly acidic range of 5.5 or 6.>° This particular pH can initiate

Fig. 1 SEM images of (a) sea urchin nanostructured NiCo,04. (b)
Magnified image of the urchin model of NiCo,0,. (c) Needles of the sea
urchin model of NiCo,0,. (d) Magnified image of nanoneedles showing
the assembled nanospheres.
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the formation of both individual nanoneedles (Fig. 1(a and b))
and featuring small nanorods protruding from their centers
(Fig. 1(c)). Upon meticulous examination of the structure, the
aggregation of nanospheres played a pivotal role in the for-
mation of nanoneedles as seen in Fig. 1(d). The continuous
evolution of these nanostructured sphere bundles terminated
in the captivating formation of sea urchin nanostructured
spheres. The amino modification of NiCo,0, did not cause a
considerable change in the overall morphology of the system
as shown in Fig. S1.7 The distribution of NiCo,0,-APTES on
CC after the modification was analysed by SEM images and it
confirmed the successful distribution of NiCo,0,-APTES on
CC (Fig. S21).

The crystalline nature and phase properties were analysed
by XRD analysis. The XRD spectrum of synthesized NiC0,0,
and surface functionalized NiCo,0,-APTES is given in Fig. 2(a),
which indicates the fine crystalline nature of the prepared
nanomaterials. The XRD pattern of NiCo,0, matches well with
previous reports of NiC0,0,.>*® The high intense peak that
appeared at 36.7° corresponds to the (311) diffraction plane
for both spinel NiCo,0, and NiCo0,0,-APTES. Also, the fine
diffraction peaks were observed at 26 values of 19.1°, 31.1°,
44.6°, 59.1° and 65.0° in NiCo,0, and NiCo,0,-APTES as well,
which correspond to the (111), (220), (400), (511) and (440)
diffraction planes of spinel NiCo,0,. This confirms the modifi-
cation of APTES did not affect the structural features of
NiCo0,0,. Scherrer’s equation (eqn (1) in the ESIT) was used to
calculate the average crystallite size of both NiCo,0, and
NiCo0,0,-APTES.?” The average crystallite size of NiCo,0, and
its APTES functionalized NiCo,0, was calculated to be
10.32 nm and 9.82 nm, respectively, across all diffraction
peaks (please refer to the ESIf). This observation again con-
firms that the modification had no discernible impact on the
crystallinity of the material by APTES modification.
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Fig. 2 (a) XRD diffraction peaks of NiCo,O4 and NiCo,0,4-APTES. (b)

FT-IR spectra of NiCo,0O4 and NiCo,04-APTES. (c) XPS survey spectrum
of NiCo,04 and NiCo,0O4-APTES.
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The FTIR spectra shown in Fig. 2(b) confirm the formation
of bonds between NiCo,0, and APTES by the presence of
characteristic absorption bands relevant to the bonding of
APTES. The typical NiCo,0, peaks arise at approximately 559
and 645 cm™', corresponding to metal-oxygen (M-O)
vibrations of NiCo0,0,.>® The absorption bands at around
1625 cm™ ' and 3422 cm™' could be attributed to the O-H
bending and stretching modes of the vibration of physisorbed
H,O molecules. The adsorption peak at 450 cm™" suggests the
bending vibration of the siloxane (Si-O-Si) bond and the
peaks at 1116 cm™* and 1047 cm ™" correspond to the stretch-
ing vibrations of Si-O-Si for NiC0,04-APTES.***° The IR bands
for the N-H stretching and bending -NH, groups are not
apparent in the spectra because they overlap with the IR band
of the -OH stretching and bending modes of vibrations. These
IR absorption bands demonstrate that the silane coupling
agent APTES was covalently bound to the NiCo,0, surface.

The elemental composition and oxidation state elements in
NiCo,0, and NiCo,04-APTES were tested and evaluated using
XPS. The characteristic peaks of Ni, Co, O and C elements can
be observed in the survey spectrum of the porous NiCo,0, as
well as the modified NiCo,0,-APTES. The surface functionali-
zation with APTES can be clearly seen by the appearance of N
1s, Si 2s and Si 2p peaks in the survey spectra as seen in
Fig. 2(c).*" The high resolution (HR) scans of Ni 2p, Co 2p, Si
2p and N 1s are shown in Fig. 3. Both the Ni 2p and Co 2p can
be fitted into two spin-orbit doublets and two shakeup satel-
lites by using a Gaussian fitting method. The HR scan of Ni 2p
(Fig. 3(a)) shows two peaks at 853.78 eV and 871.37 eV corres-
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ponding to Ni** 2p;,, and Ni*" 2p,,, respectively. Other strong
peaks at 855.43 eV and 872.96 eV are observed which are
characteristic of Ni*" 2ps/, and Ni*" 2p,,, respectively. Peaks at
861.64 eV and 880.04 eV correspond to the satellite peaks of Ni
2ps;, and Ni 2p,, which are consistent with the reported
articles.’**® Similarly, in the HR scan of Co 2p spectrum
(Fig. 3(b)), it can be seen that peaks at 779.46 eV and 794.42 eV
correspond to the presence of Co** 2p;, and Co®" 2py),
respectively, while the peaks at 780.95 eV and 795.94 eV can be
assigned to the presence of Co®" 2p;/, and Co®>* 2p,, respect-
ively. The spin-orbital splitting of Co 2p;, and 2p,, was
found to be 15.01 eV with two weakly accompanied satellite
peaks located at 790.07 eV and 804.16 eV, respectively which
are well in agreement with the reported literature.>>** The HR
scan of Si 2p in NiCo,04-APTES is shown in Fig. 3(c). After
functionalization with APTES, the Si 2p spectrum exhibits a
peak at 102.80 eV to Si-C from APTES bonded to O of the
NiCo,0, surface.*® Additionally, the HR spectrum of N 1s
shows two peaks at 399.72 eV and 401.46 eV which could be

attributed to amine groups and protonated amines,
respectively.?'2%37
3.2. Electrochemical analysis

The electrochemical analysis of bare CC, NiCo,0, modified CC
(NiC0,0,4/CC), and NiCo0,0,4-APTES modified CC (NiC0,0,-
APTES/CC) was analysed initially by CV analysis. The CV ana-
lysis was performed in the potential range of —0.2 to +0.6 V in
a solution containing 0.1 M KCI and 10 mM [Fe (CN)¢]>~*~
solutions at the scan rate of 100 mV s™'. As illustrated in

(a) Ni 2p,, Ni2p (b) Co 2py, Co 2p
s
b co?
— — COJ.
: ;" Sat. 2
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Fig. 3 HR XPS spectra of (a) Ni 2p and (b) Co 2p of NiCo,0,4 and NiCo,04-APTES. HR spectra of (c) Si 2p and (d) N 1s of NiCo,O,4-APTES.
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Fig. 4 (a) CV of bare CC, NiC0,0,4/CC and NiCo0,04-APTES/CC in 0.1 M
KCl and 10 mM [Fe (CN)gl*/4~ at 100 mV s~2. (b) Nyquist plots of bare
CC, NiCo0,04/CC and NiCo,04-APTES/CC in 0.1 M KCl and 10 mM [Fe
(CN)gl>4~ (inset: a simple Randles electrical circuit).

Fig. 4(a), well-defined redox peaks were observed; however, the
bare CC exhibited a subpar current response in contrast to the
NiCo0,0,/CC and NiCo,0,4-APTES/CC. The current response of
bare CC was increased after the deposition of the electroactive
material NiCo,0,4 over CC due to its conducting nature and the
electrochemical activity was further enhanced after the APTES
functionalization owing to the introduction of amino groups
on the surface. The protonation of amino groups in the
aqueous solution increases the easy electronic transport at the
electrode-solution interface.?®

Additionally, the amino functionalization of through silane
coupling exhibited good electrochemical cycling stability in
the potential window of —0.2 to +0.8 V in PBS and PBS contain-
ing MpM as depicted in Fig. S3(a) and (b)}, respectively. There
is no significant change in the peak current and peak potential
even after ten consecutive scans, and this signifies the
reliability and durability of NiCo,04-APTES for the electro-
chemical oxidation of MpM.

To examine the impedance variations and charge transfer
characteristics at the electrode-electrolyte interface for differ-
ently modified electrodes, EIS analysis was performed in a 0.1
M KCl and 10 mM [Fe (CN)s]>~*~ redox system. As shown in
Fig. 4(b), the Nyquist plot of bare CC, NiCo0,0,/CC and
NiCo,0,4-APTES/CC which was fitted by a simple Randles elec-
trical circuit. The diameter of the semicircular region of the
Nyquist plot represents the electron transfer limited process,
which is equivalent to the charge transfer resistance (R.). It
comes out that the R, value of the CC electrode was decreased
from 26.9 Q to 18.8 Q upon the modification of NiCo,0, and
further decreased to 10.7 Q after the NiCo,0,-APTES modifi-
cation. This suggests that the charger transfer resistance
decreased about 3 times with the introduction of NiC0,0,4-
APTES over CC. The lowest R.; value of NiCo,0,-APTES/CC over
NiCo,0,/CC depicts that the amine functionalization on
NiCo,0, improved the electron charge transfer and hence
increased the conductivity which is complementary to the CV
analysis.

In the same way, the capability of bare CC, NiCo,0,/CC and
NiCo,0,4-APTES/CC to oxidize MpM was also analyzed by using
CV in the potential range of +0.2 to +0.8 V at a scan rate of
100 mV s™'. Fig. 5(a) shows the CV data of bare CC, NiC0,0,/
CC and NiCo0,0,-APTES/CC in 0.1 M PBS containing 100 pM
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Fig. 5 (a) CV of bare CC, NiCo,04/CC and NiCo,0O4-APTES/CC in
100 pM MpM solution and 0.1 M PBS at 100 mV s1. (b) CV of NiCoyO4-
APTES/CC at different concentrations of MpM in 0.1 M PBS at 100 mV
-1
s

MpM. It is shown that the anodic oxidation peak current for
MpM was observed at 0.61 V and the peak current is higher for
NiCo0,0,4-APTES/CC than for NiCo,0,/CC and bare CC. Hence,
we have selected NiCo,0,-APTES/CC as a remarkable catalyst
for the electrochemical detection of MpM. The electrochemical
sensing capability of NiCo,04-APTES/CC was further investi-
gated by CV analysis in 0.1 M PBS containing various concen-
trations of MpM from 10 nM to 100 uM and the data are given
in Fig. 5(b). The observed current responses exhibit a notice-
able upward trend as the MpM concentration increases from
10 nM to 100 pM, thereby validating the electrocatalytic
sensing efficacy of the NiCo,0,-APTES/CC electrode towards
MpM oxidation.

A comprehensive analysis of the CV plot (Fig. 5(a)) provides
detailed insights into the electrochemical oxidation of MpM.
The oxidation peak of MpM at 0.61 V can be attributed to the
presence of the enolic -OH group in the MpM molecule.
Throughout the electrochemical oxidation process, the term-
inal keto group forms a hydrogen bond with the amino group
on the NiCo,0,-APTES surface.’? Scheme 2 illustrates the
covalent bonding of the silanol group in APTES within the sea
urchin shaped NiCo,04, and the amine groups of APTES

\Si/\/\ NH,
(Ethanol : Toluene OH o o
=1:1 APTES /
—) "’" — l‘“"Si\/\/\N":
90°C, 6 hr R o 0
NiCo,0, S~ NH,
NiC0,0,- APTES
H
o™ 5 H,CO. ,
\/\\/\(, 7

on ¢
Mycophenolate !
Mofetil |
>

)
-2¢,2H"
HO

OCH,
H,CO

S J n/ﬁ o o

N0 -

on ©
Mycophenolicacid

Scheme 2 The schematics of the covalent bonding of the silanol group
in APTES within the sea urchin shaped NiCo,0,4 and the mechanism of
electrochemical oxidation of MpM resulting in the formation of myco-
phenolic acid.
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extending as a tail interacts with the incoming oxygen term-
inals of MpM, establishing hydrogen bonding. This hydrogen
bonding significantly influences electron transfer between the
NiCo,0,4-APTES surface and MpM. Upon oxidation, the MpM
molecule releases 2e” to the electrolyte and is converted to
mycophenolic acid,'* and there is a gradual rise in the current
response when the MpM concentration increases.

To assess the pH dependent behavior of the electro-
chemical oxidation of MpM on the NiCo,0,-APTES/CC elec-
trode, CV curves were obtained by varying the pH of electrolyte
solution from 5 to 9 in the presence of 100 yM MpM at a scan
rate of 100 mV s . The CV data of the NiC0,0,-APTES/CC elec-
trode at different pH values is given in Fig. S4(a)} and it shows
that the peak current was initially increased up to 7.1 and then
decreased gradually by increasing the pH. A plot between the
oxidation peak current (I,,) and pH was made and it is given
in Fig. S4(b).t From the data, we have selected the optimum
pH of the electrolyte solution as 7.1, and it was used for all
further electrochemical experiments. The optimum pH of 7.1
is near to the normal human body pH and hence the proposed
sensor can be used for the detection of MpM from the human
samples. Moreover, as the pH increased, the NiCo,0,4-APTES/
CC electrode’s anodic potential changed to lesser positive
potential values (Fig. S4(a)t), which suggests that protons (H')
are directly participating in the electro-oxidation reaction of
MpM. Fig. S4(c)t shows the linear correlation between the
anodic peak potential (E,,) and pH of the analyte solution
with linear fitting equation of Ep,(v) = —49.96pH + 95.81 (R =
0.9986). However, the slope value of ~50 mV per pH is almost
exactly equivalent to the theoretical Nernstian value of 59 mV
per pH. It implies that the electrooxidation of MpM involves
the transfer of the same number of electrons and protons.

The reaction kinetics of NiCo0,0,-APTES/CC towards the
electrochemical oxidation of MpM at different scan rates were
studied from 20 mV s~ to 200 mV s~'. The corresponding CV
data are given in Fig. S5(a).} As observed in the figure, the
anodic peak current was gradually increased with an increase
in the scan rate. Fig. S5(b)} shows the relationship between
the anodic peak current vs. square root of scan rate which
shows a precise linear relationship with a high correlation
coefficient (R?) value of 0.98237. In addition, a calibration
curve was plotted between logcurrent vs. log scan rate
(Fig. S5(c)t). The slope value of 0.49 of the calibration curve
further confirms the diffusion-controlled electron transfer
mechanism. This behavior suggests that the electrocatalytic
oxidation of MpM on NiCo,0,-APTES/CC adheres to a stan-
dard diffusion-controlled electron transfer mechanism.

For quantitative detection of MpM using a NiCo,0,-APTES/
CC electrode, the current vs. time analysis at a constant poten-
tial was conducted at a potential of 0.61 V, while varying the
concentration of MpM from 0 nM to 100 pM. The response is
given in Fig. 6(a) and it shows that the current value increases
as the concentration of MpM increases within the range of 10
nM to 100 pM. From the current vs. time curve, a calibration
curve was plotted, correlating the current value (at ¢ = 8 s) with
the concentration of MpM. This calibration plot displayed two

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Current vs. time response of NiCo,O4-APTES/CC in 0.1 M
PBS solution containing different concentrations of MpM ranging from 0
nM to 100 pM. The inset shows the response at concentrations of MpM
ranging from 0 nM to 100 nM. (b) Calibration plot of the anodic peak
current at t = 8 s vs. concentration of MpM. The inset graph contains a
calibration plot of anodic peak current vs. concentration of MpM in the
10 nM to 100 nM range.

distinct linear ranges spanning from 10 nM to 100 nM and
from 1 pM to 100 uM with an impressive regression coefficient
of 0.9902 and 0.9988, respectively, as shown in Fig. 6(b). The
limit of detection (LOD) was determined from the calibration
plot using the three-sigma method, and the LOD was found to
be 1.23 nM (please refer to the ESIf for calculation). The
heightened sensor response with a promising LOD of 1.23 nM
was achieved with the developed sensor which can be attribu-
ted to the increased number of active sites, structural stability,
and outstanding electrochemical properties arising from the
NiCo,0,4-APTES modified CC. A comparison of various electro-
chemical sensors developed for the detection of MpM is given
in Table 1. Notably, the LOD achieved with the developed
NiCo,0,4-APTES modified CC sensor is exceptionally promising
when contrasted with other electrochemical sensors developed
for the electrochemical detection of MpM.

The selectivity of the NiCo,0,-APTES/CC sensor for the
detection of MpM was assessed in the presence of potential
interference compounds typically found in real samples using
current vs. time analysis. Fig. 7(a) illustrates the impact of
these interference compounds on the electrochemical sensing
capability of the NiCo,0,-APTES/CC even in the presence of a

Table 1 Comparison of the different electrochemical sensors devel-
oped for the detection of MpM

LOD
Electrode Technique Linear range (nM)  Ref.
GCE/MWCNTSs DPV 5-160 pM 900 39
CPE/MIP/MWCNTs SWV 9.9 nM-87uyM 7.0 40
GCE/Fe;0,/ AASDPV 50 nM-200 uyM 9.0 41
MWCNTSs
CuO/FCPE CvV 10-80 pM 150 11
GCE DPV 500 nM- 148 42
750 uM
Nb,CT,-APTES/CCY DPV 10-100 pM 1000 12
NiCo,04-APTES/CC  CA 10 nM-100 nM  1.23  This work
And 1-100 pM

DPV: differential pulse voltammetry; SWV: square wave voltammetry;
and AASDPV: adsorptive anodic stripping differential pulse
voltammetry.
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Fig. 7 (a) Selectivity of MpM in the presence of different interfering
analytes GA, GLA, ALA, AA, DA, GLU, KCl, UA, and the mixture. (b)
selectivity of MpM in the presence of tacrolimus (Tac) and cyclosporine
at a 10 times higher concentration than MpM.

surplus of potential interfering analytes, including AA, DA, GA,
KCl, NaCl, GLU, UA, GLA and ALN at a concentration of 10
times more than that of MpM. The same experiment was also
carried out in the presence of some drugs which are in the
same category as immunosuppressant drugs such as
Tacrolimus and cyclosporine. As shown in Fig. 7(b), the selecti-
vity plots illustrate that the NiCo,04-APTES/CC exhibits the
most significant current response to MpM compared to other
immunosuppressant drugs. The corresponding current vs.
time data are given in Fig. S6.1 These results explicitly affirm
the sensor’s exceptional selectivity for detecting MpM in bio-
logical samples in the presence of interfering molecules.

The reproducibility and long-term storage stability of the
electrodes were systematically evaluated at regular intervals,
extending up to three weeks. Three different NiCo,O,4-APTES/
CC electrodes were independently prepared and stored at 4 °C
and the current vs. time analysis was performed after 7, 14 and
21 days. As observed in Fig. 8(a), the plots depict the storage
stability assessments conducted at two distinct concentrations
of MpM (1 pM and 100 pM) over the course of 21 days. The
corresponding current vs. time plots are given in Fig. S7(a).t
The repeatability of the NiCo,0,-APTES/CC electrodes was
examined through consecutive runs of current vs. time plot
with a 5-minute interval between measurements on the same
electrode in a 100 uM MpM solution. As illustrated in Fig. 8(b),
negligible changes in current responses were observed, with
the standard deviation from 2.6 to 3.9% across three different
electrodes. The corresponding current vs. time plots are given

o) o | T
[_1100pm

Current (pA)
o s NN
s @ 8 3
Current (pA)

o

o ¢ 14 1 2 3 4 5
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Fig. 8 (a) Bar plot for the current vs. time curves showing the stability
of different NiCo,O4-APTES/CC electrodes from 0 to 21 days in 1 yM
and 100 pM MpM in 0.1 M PBS solution. (b) Bar plot of the CA curves for
5 consecutive runs.
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in Fig. S7(b).t The reproducibility of the sensor was evaluated
by using three different NiCo,04-APTES/CC electrodes and the
corresponding current vs. time data are given in Fig. S7(c),}
which shows the promising repeatability of the sensor with a
standard deviation of 1.54%. These results underscore the pro-
posed NiCo,0,4-APTES/CC electrode sensor’s excellent storage
stability, reproducibility and repeatability, which further sup-
ports the reliability and promising performance of the sensor.

3.3. Real sample analysis

The practical applications of the NiCo,04-APTES/CC electro-
chemical sensor were evaluated by investigating its perform-
ance in detecting MpM within artificial blood serum samples
and cerebrospinal fluid (CSF). The experiments were con-
ducted under optimal conditions, involving a tenfold dilution
of the serum using 0.1 M PBS solution without any additional
treatments. The current vs. time responses of the NiCo,0,-
APTES/CC in spiked serum and CSF samples of known
amounts were thoroughly examined and compared to
responses obtained in 0.1 M PBS solution. The obtained data
are presented in Fig. 9(a) and (c), providing a clear representa-
tion of the sensor’s efficacy in real-time MpM detection in
blood serum samples and CSF. Similar to the experiments in
PBS, the serum experiment shows two linear ranges of 10 nM
to 100 nM and 1 uM to 100 uM as displayed in Fig. 9(b) with
regression coefficients (R*) of 0.9956 and 0.9894, respectively.
Similarly, the real sample experiment with CSF also shows a
similar linear range with R* values of 0.9855 and 0.9960,
respectively (Fig. 9(d)). The LODs of the sensor in serum and
CSF experiments were calculated and found to be 2.47 nM and
1.47 nM, respectively. This compelling evidence underscores
the NiCo,04-APTES/CC sensor’s outstanding capability for
accurate and real-time detection of MpM in complex biological
samples.

3.4. Evaluation of the sensor prototype

We developed a prototype device with the proposed NiCo,0,-
APTES/CC electrode sensor for the on-site detection of MpM.
NiCo0,0,4-APTES/CC was taken as the working electrode, Ag/
AgCl wire was taken as the reference electrode, and a bare
carbon cloth thread was taken as the counter electrode. These
electrodes were evenly spaced on a locally available band aid
patch and firmly placed using adhesive tape to ensure that the
patch is leak-proof (Fig. 10(a)). The sensing capability of the
prototype was evaluated by current vs. time analysis by con-
necting this prepared patch prototype sensor to a portable
potentiostat (Palmsense EmStat4S.LR). The current vs. time
analysis responses of the prototype towards the oxidation of
MpM are depicted in Fig. 10(b) and it shows that the current
value increases with increasing concentration of MpM from 10
nM to 100 nM. A calibration plot between the current (at ¢ = 8
s) and the concentration of MpM is demonstrated in Fig. 10(c),
which shows a good linear range with an R value of 0.99541.
The LOD of the prototype was found to be 6.8 nM which shows
its potential application in POC devices for the onsite detec-
tion of MpM.

This journal is © The Royal Society of Chemistry 2024
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4. Conclusion

In summary, a low cost material comprising NiCo,O, and
APTES was synthesized and employed as a flexible electro-
chemical platform for the sensitive and selective detection of
MpM from biological samples. The surface tailoring of
NiCo,0, with APTES significantly enhanced the charge trans-
fer and stability, resulting in an outstanding electrocatalytic
performance for MpM oxidation, covering a broad linear con-
centration range (0-100 puM) and achieving an impressively low
detection limit of 1.23 nM. Furthermore, the modified
NiCo,04-APTES/CC electrode displayed significant selectivity,
stability, repeatability, and reproducibility in MpM analysis.
The sensor was successful in detecting MpM in artificial
serum samples as well as CSF medium, which suggests the
real-time application of the proposed sensor. A carbon cloth-
based flexible device prototype was also successfully built and
tested, displaying exceptional sensing capabilities and offering
great promise for application in POC devices for biological and
clinical diagnostics.
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