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Boron-/nitrogen-doped TisC,T, MXene quantum
dot-based sensor for determining an acute kidney
injury biomarker

Rijo Rajeev,® Ann Mariella Babu® and Anitha Varghese (& *2°

In this study, boron/nitrogen-doped TizC,T, MXene quantum dots (BNMQDs) were synthesized via
a hydrothermal technique and successfully brush-coated on a carbon fiber paper (CFP)-based electrode
to detect creatinine (crt). The prepared MQDs were characterized by employing transmission electron
microscopy (TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), infrared spectroscopy

(IR), and X-ray diffraction (XRD) analysis to study their physicochemical properties. The electrochemical

performance of the modified CFP-based sensors toward crt detection was analyzed by employing cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). TizC,T, MQDs were prepared using the
hydrothermal method and further doped with B and N using boric acid and p-phenylene diamine,
respectively. The morphology of the obtained BNMQDs was quasi-spherical and exhibited uniform size

with scattered particle sizes ranging from 5 to 9.5 nanometers. Owing to several surface-active sites,

edge effects, and quantum
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confinement,

the synthesized MQDs demonstrated enhanced

electrooxidation of crt. Compared to BMQDs and NMQDs, BNMQDs showed superior sensing

performance, with a wide linear range of 0.104-135 pM and an LOD of 34.53 nM. The fabricated

DOI: 10.1039/d5ra04474j

rsc.li/rsc-advances oxidation of crt in real samples.

1. Introduction

Crt is a critical biomarker formed as the product of crt metab-
olism and is present in muscle tissues and biological fluids,
including blood and urine."* The average crt level in a healthy
human body is 0.6-1.2 mg dL™' in blood.>* An increase or
decrease in the crt level can lead to hyperthyroidism and
hypothyroidism, respectively.>® Such changes may also result in
various other disorders, including weight loss, anemia, diabetes
mellitus, and chronic kidney disease.”® The analysis of crt levels
is helpful for the diagnosis of thyroid disorders, renal
dysfunction, and acute myocardial infarction.” Crt concentra-
tion is taken into consideration for analyzing the normal renal
functioning compared to testing based on urea concentration,
as protein intake does not affect its concentration in body
fluids. The urine crt level indirectly indicates the concentration
of crt and crt phosphate in the body and muscle tissues as they
are directly proportional. Several techniques, including the Jaffe
reaction method,” chromatography,” surface-enhanced
Raman spectroscopy,” and chemiluminescence spectroscopy,
have been reported for the detection of crt.'* However, their
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electrode also demonstrated high stability, reproducibility, and selectivity for the electrocatalytic

utilization is limited due to the utilization of non-
environmentally benign chemicals, tedious sample prepara-
tion procedures, involvement of high-end instruments, and the
requirement of human labor. Therefore, electrochemical
methods are promising as they are more rapid, selective, and
sensitive.

Fekry et al. designed a sensor for crt detection by employing
CPE with AgNPs/MWCNT/folic acid (FA). The synergistic
contribution from both the MWCNTs and AgNPs led to an
increased surface area, thereby inducing higher absorptivity of
FA toward crt via the lone pair of e . These electron pairs on crt
granted easy binding on the electrode via adsorption with FA
and coordination with AgNPs. The developed sensor exhibited
good stability, selectivity, a wide detection range (1 x 10~ % A-2
x 10~* M), and an LOD of 0.008 mM.** Pandey and co-workers
reported a selective and sensitive polymer-metal-carbon
nanofiber nanocomposite-based electrochemical sensor for crt.
PMB nanofibers produced ultra-enhancement of the surface
area, improving the electrocatalytic ability towards crt. The
fabricated sensor could exhibit a comprehensive linear
response (0.5-900 ng ml~*) and an LOD of 0.2 ng ml™'.**

Recently, the focus has taken a massive shift towards
utilizing nanosized or 0, 1, 2D materials compared to bulk
materials.’®"” The adoption of miniaturization improves their
electronic properties, giving rise to interesting structural char-
acteristics and leading to high applicability in varied fields.*®
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Since its discovery in 2011, MXene has generated interest
among researchers. MXene is classified among the group of 2D
materials possessing various advantages such as high chemical
stability, large surface area, hydrophilicity, tunable surface
properties, ease of functionalization, and high electron kinetic
rates.***® Ti;C,T, MXenes have also been reported to be excel-
lent detection platforms for constructing advanced sensors.**
The etching of MXene yields MQDs having properties similar to
the parent MXene, including interesting optical, electrical, and
mechanical characteristics.?” They also display good conduc-
tivity, water solubility, biocompatibility, edge effects, and uni-
que quantum confinement, making them exciting candidates
for electrochemical sensing applications.”*** They also have
competent, plentiful surface-active sites, a higher surface-to-
volume ratio than their parent material, and lateral dimen-
sion <10 nm.* Literature reports the successful detection of
various biomolecules upon employment of MQDs.”>*® These
properties extend the applicability of MQDs in various fields,
including photocatalytic, biomedical, fluorescence, electro-
chemical, and electrochemiluminescence applications.

In this study, we have reported the fabrication of a BNMQD-
based electrode for crt quantification, as depicted in Scheme 1.
The high electrical conductivity, abundant surface-active sites,
and quantum confinement of the synthesized MQD promote
the highly selective electrooxidation of crt. The fabricated
electrode was calibrated under optimized conditions and
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applied toward crt detection in pharmaceutical formulations to
explore its performance.

2. Materials and methods

2.1 Materials required

Ti3AlC, MAX powder, lithium fluoride, HCl, H,SO,, HNO;,
NaOH, p-phenylene diamine, boric acid, methanol,
[Fe(CN)]>™"*~, KH,PO,, K,HPO,, and N-methyl-2-pyrrolidone
were ordered from SD Fine Chemical Ltd, India. Phosphate
buffered saline (PBS) prepared using KH,PO, and K,HPO, (pH
7.0) was employed for additional analysis. Crt was procured
from Sigma-Aldrich.

2.2 Instrumentation

CV, DPV, and EIS studies were conducting using a CHI
electrochemical workstation (model CHI608E). A three-
electrode system was utilised for electrochemical investiga-
tions. A three-electrode system involving a reference electrode
(saturated calomel electrode), a counter electrode (Pt foil), and
a working electrode (fabricated CFP electrodes) was used. TEM
images were taken using JEOL Japan, JEM-2100 Plus. XRD
results were procured employing an X-ray diffractometer
(Bruker AXS D8 Advance). A Kratos Axis Ultra X-ray photoelec-
tron spectrometer was used to perform XPS studies to confirm
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Scheme 1 Synthesis of the BNMQD composite for developing the BNMQD/CFP electrode for electrochemical crt detection.
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the chemical environment and binding energy. Raman spectra
of the MQDs were recorded employing a Lab RAM HR FT-
Raman module with a laser source of 532 nM.

2.3 Preparation of sensor electrodes

2.3.1 Synthesis of Ti;C,T, MXene. A minimally intensive
layer delamination (MILD) procedure was used to synthesise
Ti;C,Ty MXene from the MAX powder. One gram of lithium
fluoride (LiF) was added to 20 ml of 6 M HCI. To this mixture, 1 g
of TizAlC, MAX phase was gradually introduced (10 minutes)
with an ice-cold water bath to ensure proper dissipation of heat
generated from an exothermic reaction. The solution was then
continuously stirred at 500 rpm for 24 hours at 35 °C, followed
by washing (with deionised water) to remove unreacted traces of
HF acid. Further, the solution was then hand-shaken for 6
minutes, accompanied by centrifugation at 3500 rpm for 5
minutes until a dark-green supernatant (pH = 5) was obtained.
The precipitate consisting of Ti;C,T, MXene was then kept for
over-drying.

2.3.2 Synthesis of Ti;C,T, MQDs. The Ti;C,T, MQDs were
prepared by using the hydrothermal method. A total of 100 mg
of Tiz;C,T, MXene was added to a mixture of 30 ml H,SO, and
10 ml HNO;. The solution was transferred to a Teflon-coated
hydrothermal vessel and placed in a muffle furnace at 100 °C
for 6 hours. The white-coloured solution was poured into 100 ml
of ice-cold water. Afterward, NaOH was introduced to regulate
the pH to a level of 7.0, followed by centrifugation at 8000 rpm
for 12 minutes and subsequent drying at 75 °C for 6 hours. A
total of 40 mg of the synthesised MQDs was combined with
20 ml of distilled water and 10 ml of methanol. An amount of
20 mg of p-phenylene diamine and 20 mg of boric acid was
introduced into this solution, followed by transfer to a Teflon-
lined hydrothermal bomb and kept inside a muffle furnace
for 5 hours at 160 °C. The resultant solution was red-coloured
and subjected to centrifugation at 4000 rpm for 10 minutes,
followed by subsequent drying at 80 °C for 6 hours to synthesise
the BNMQDs. The B-doped and N-doped MQDs were syn-
thesised by adding either 20 mg of p-phenylene diamine or
20 mg of boric acid, respectively, using the same procedure.

2.3.3 Preparation of BNMQD-based electrode. The synthe-
sized MQDs, B-doped MQDs, N-doped MQDs, and BNMQDs
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RSC Advances

were brush-coated on separate bare CFP electrodes. A mixture
was made using NMP and PVDF. All the MQDs were mixed with
this mixture to establish proper coating onto the CFP elec-
trodes. A small dimension of 2 em x 0.5 cm Toray CFP sheet
was cut and pasted at the end of the copper wire using con-
ducting ink and PTFE tape to ensure electrical conductivity. A
total area of 0.50 cm?® was further used for electrochemical
studies.

2.4 Real samples preparations - tablets

The functional usability of the BNMQD/CFP was examined by
applying pharmaceutical formulation prepared by grinding
tablets and filtering through Whatman filter paper to remove
contaminants. The prepared standard solutions were then used
to study sensor performance using the standard addition
method.

3. Results and discussion
3.1 Surface and structural morphology analysis

The BNMQDs were formed because the aromatic and amine
groups in the p-phenylene diamine undergo condensation fol-
lowed by polymerisation at elevated temperatures. The boron
species in boric acid react with the nitrogen- and oxygen-
containing groups, forming boronic esters incorporated into
the MXene QDs in the form of boron dopants. The polymerised
intermediates undergo further carbonisation and passivation,
forming BNMQDs. The synthesised BNMQDs are quasi-
spherical structures, possess a uniform size, and are well
dispersed, as shown in Fig. 1a. The histogram shown in Fig. 1b
displays that the sizes of BNMQDs are primarily distributed in
the range of 5.0-9.5 nm. The mean lateral size was calculated as
7.76 nm by measuring 40 random quantum dots. The HRTEM
image in Fig. 1c displays the crystalline characteristics of the
obtained BNMQDs. In addition, the lattice fringe with an inner
plane spacing was calculated to be 0.19 nm.

3.2 XRD

The XRD spectra for BMQD, NMQD and BNMQD show signifi-
cant shifts when compared to the MQD spectra. The disap-
pearance of an intense peak at 35° (26) ascribed to (104)

(b)
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Fig. 1
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(@) TEM image, (b) size distribution histogram, (c) HRTEM image of BNMQDs.
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Fig. 2
MQDs, and BNMQDs.

indicates the complete removal of the Al layer, as shown in
(Fig. 2a).>” The existence of the peak at 60° (26) related to (110)
confirms the existence of a layered structure in the obtained
MQDs.”® The obtained XRD pattern of the Ti;C,T, MQDs shows
an intense, broadened peak at 24° (26), depicting an amorphous
nature similar to MQDs synthesised using the hydrothermal
technique.” Also, a shift in (002) peak towards a lower angle
than Ti;C,T, MXene was observed. This can be due to func-
tional groups (-OH/=O0/-F). The intense 19° (26) signal corre-
sponds to the (004).** The N-doped MQDs demonstrate
a broadened and less intense peak similar to Ti;C,T, MXene. An
amorphous peak at 24° (26) corresponds to the carbon-rich
structure.* The small peak at 33° (26) is consistent with the
other reported works.*” The peaks associated with N-doped
MQDs are highly similar to Ti;C,T, MXene, substantiating the
existence of a hexagonal crystal phase. However, a reduction in
the particle size of N-doped MQDs can be understood by
lowering the peak intensity.** Additionally, the minor shifts in
the peak positions could be ascribed to the alteration in the
electronic structure owing to the presence of N species, which is
commonly reported in the literature.*® The B-doped MQDs
demonstrated unique peaks at 28.04° (26) associated with (002),
40.6° (26), and 43.4° (26) corresponding to (100), which are
ascribed to the graphitic carbon cores of the synthesised
MQDs.*~*” Doping with B induces lattice expansion and causes
a downshift of the XRD peak.*® The peaks at 19.05° (26) and
59.7° (26) assigned to (800) and (004) confirm the surface
functionalisation by boron atoms.*® Cases involving co-doping
with B and N were expected to increase both disorder and
lattice distortion as per the previous reports.** The BNMQDs
display two blunt and broad peaks at 24° (26) and 42° (26)
corresponding to attributed to (002) and (100) planes, con-
firming the graphitic structure.

3.3 Raman analysis

Raman spectra of all the MQDs, B-doped MQDs, N-doped
MQDs, and BNMQDs showed a broad peak near 1000 ¢cm ™
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analogous to the C-C vibrations (Fig. 2b).** Also, only the w; and
w4 peaks around 450 and 630 cm ™~ were present in the TizC,T,
MQDs. The disappearance of w; and w, peaks present in TizAIC,
MAX phase confirms the removal of Al in the synthesised
Tiz;C,T, MQDs.*»** The B-doped MQDs displayed various
Raman peaks between 100 and 800 cm ™", attributed to different
termination groups in Ti;C,T,. The observed peaks in the given
range were identified as 206, 290, 387, 434, 583, 633, and
721 cm '8

3.4 FTIR

The FTIR spectra of MQDs, B-doped MQDs, N-doped MQDs,
and BNMQDs were analysed to substantiate the synthesis of all
MQD-based QDs, as described in Fig. 3. The adsorption
maximum at 3325 cm™ ' aligns with the stretching and bending
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Fig. 3 FTIR spectra of MQDs, B-doped MQDs, N-doped MQDs, and
BNMQDs.
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vibration of the ~OH group.** The 1650 cm " peak in TizC,Tx
MQDs corresponds to the C-O/C=O0O group.** The 1390 and
1087 cm ™' peaks are attributed to the O-H and C-F groups. The
shoulder peaks at 830 cm ™" could be due to the Ti-F bonding
stretching vibration.” The absorption maximum around
3212 cm ™' corresponds to O-H bonds.* The peaks at 1634 and
1386 cm™ ' substantiate the presence of the COO- group.”” The
peak at 1122 cm ™' is associated with the C-B bond.** Moreover,
the B-C stretching frequency appeared at 1190 cm™ ".*> The
vibration of epoxy groups showed a small peak around
798 cm™ 1% In the case of N-doped MQDs, the broad peak at
3310 em ' corresponds to O-H stretching vibrations of
carboxylic acid.* The 3249 cm™' peak corresponds to the
stretching modes of C-N and N-H, confirming the existence of
amino-containing functional groups.*> The absorption band
around 1600 cm ™" is due to the N-H bonds, substantiating the
successful synthesis of N-containing groups.”* The peaks
around 1515 cm ™" and 1260 cm ™" are also attributed to the N-H
and C-N bond vibrations.> A small peak corresponding to the
bending vibration of the C-O-C bond occurred at 1311 cm™ .5
The peaks at 810 cm ™" and 705 em ™" correspond to the wagging
vibrations of NH, and -CH, functional groups.”®*” The
absorption maximum of around 3100-3600 cm™ ' correlates
with the stretching vibrations of N-H and O-H.*® The peaks at
1605 cm™ " and 1555 em™ "' confirm the existence of a C=C.*>*
The 1347 and 1267 cm™ ' peaks are attributed to the B-N and
C-0-C bonds.* The absorption peak at 1120 cm ™ is attributed
to the B-C stretching in BNMQDs.®> The peak at 815 cm ™"
confirms the existence of a B-N bond.*® The N-H scissoring
mode was established due to a peak at 702 cm ™", substantiating
the existence of a primary amine.**

3.5 XPS analysis

XPS analysis provides an overall description of the chemical
constituents of the BNMQDs, as shown in Fig. 4. The existence
of C, Ti, N, O, B, and F in the BNMQD/CFP was substantiated by
the six distinct and strong peaks observed in the survey scan.
The C 1s spectra after deconvolution resulted in four peaks at
284.4, 285.2, 286.0, 288.0, confirming the existence of C-C, C-
OH, C-N, and C-Ti groups, and thereby confirming the
successful synthesis of BNMQD/CFP (Fig. 4a).***® Upon decon-
volution, the Ti 2p spectra resulted in four significant peaks at
460.7, 461.2, 461.7, and 467.1 eV, corresponding to Ti-O, Ti 2p3,
2, C-Ti*" (2py/2), and Ti 2py,, (Fig. 4b).*>” The peak at 530.18 eV
confirmed the presence of the OH-Ti/C group. In N 1s spectra,
the characteristic peaks at 399.1, 400.5, and 401.8 eV are anal-
ogous to N-H, N-(C);, and N-C. This substantiates the presence
of nitrogen, which could result in increased quantum yield
(Fig. 4c).” The presence of N-O, C-O, and C=O bonds was
confirmed by the peaks at 531.0, 531.6, and 531.9 €V, respec-
tively (Fig. 4d).”*7¢ The deconvolution of B 1s gave rise to four
peaks at 185.2, 191.4, 195.7, and 198.2 eV, confirming the
presence of elemental boron, B-N, B-F, and B-Nj (Fig. 4e).77"%
The F 1s spectra exhibited peaks at 686.8, 685.2, and 684.4 €V,
consistent with F-C, C-Ti-F,, and F-Ti (Fig. 4f). The observed
peaks also correlated with the C 1s and Ti 2p spectra.** When

© 2025 The Author(s). Published by the Royal Society of Chemistry
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XPS was recorded post crt oxidation, the C 1s and O 1s spectra
displayed similar peaks for C-OH and C-N, C-Ti, C=0, N-O, C-
O, and C=O bonds, respectively. This confirms that the
oxidation of crt is solely dependent on electrooxidation and not
due to the chemical oxidation in the presence of functional
groups such as C=0 and COO~ (Fig. S1).

3.6 Electrochemical studies

3.6.1 Electrochemical properties of developed electrodes.
The electrodes’ electrochemically active surface area (ECSA) was
analysed and compared by determining the electrical double-
layer capacitance (Cyq;). CV curves were swept in a non-faradaic
region, wherein the scan rates were varied from 10 mV s~ ' to
500 mV s~ ', as described in Fig. 5. The formula used to calculate
the ECSA value of the electrodes is as follows:

ECSA = (Cdl/cs) x S

Where C; is the specific capacitance of the electrode (for pristine
CFP, C; = 0.0011 F cm ?),*> and S is the surface area of the
electrode.

Since C4; and ECSA are directly proportional, a higher Cq
value implies more catalytically active centres on the electrode
surface. Notably, the Cg4 value achieved for BNMQD was
significantly higher (18.6 mF ¢cm™>) when compared to NMQD
(15 mF ecm™?), BMQD (8 mF cm ) and MQD (4 mF cm™ %),
which can be attributed to its excellent adsorption capacity for
the electroactive intermediates over the electrode surface. This
amplified performance suggests that the doping of B- and N-
atoms plays a crucial role in generating additional active sites,
thereby enhancing the catalytic efficiency of the electrode.

EIS is used to assess the transference of electrons, kinetic
barriers, and variations in the interfacial electrocatalytic char-
acteristics of the developed electrodes.®® It is a practical, effec-
tive, and non-destructive electrochemical technique for
measuring the surface properties of the developed sensors.
Nyquist plots were utilised to analyse the data obtained from
electrochemical impedance results by fitting them to Randles’
equivalent circuit. The various components of Randles’ equiv-
alent circuit include charge transfer (R.), electrolyte solution
resistance (Rs), and double-layer capacitance (Cq;). The R value
depends upon the adsorption behaviour demonstrated by the
modified electrode, which can be calculated from the semi-
circular diameter. R, influences the electron transfer kinetics
occurring at the electrode surface. For this, utilising the three-
electrode system, bare, MQD, BMQD, NMQD, and BNMQD/
CFP electrodes were tested at 0.05 V s in 0.1 M KCl (sup-
porting electrolyte) consisting of 5 mM redox mediator, with the
obtained EIS measurement parameters depicted in Table 1. The
R value for the bare CFP electrode was the highest (804.9 Q)
owing to poor electrical conductivity, as depicted in Fig. 6b.
Upon modification with MQDs, the R, value notably dropped to
537.0 Q. This was attributed to the presence of several surface-
active sites of the MQDs. BMQD and NMQD/CFP electrodes
demonstrated R, values of 352.12 Q and 275.79 Q, respectively.
Interestingly, upon modification with both B and N for the
BNMQD/CFP electrode, the least R, value (87.0 Q) was obtained,
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Fig. 4

owing to the higher surface area, improved electron transfer
ability, and synergistic effect between the doped B and N atoms,
leading to enhanced electron transference occurring on the
BNMQD/CFP electrode surface.

The electrochemical activity and electron transferability of
the bare, MQD, BMQD, NMQD, and BNMQD/CFP electrodes
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were tested using the CV technique in the same solution
employed for EIS within the potential range of —0.1 to 1.0 V at
0.05 V s~*. The bare CFP electrode exhibited well-separated
redox peaks with minimal electrical conductivity (Fig. 6a).
Upon modification with MQD, BMQD, and NMQD, the
redox peaks were less split (minor shift), which improved the
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Table 1 EIS measurement parameters used for the Nyquist plots of
different modified electrodes®

Electrode Initial potential R, R, C

Bare CFP 0.132 25.95 780 3.985 x 10~°
MQD 0.215 36.61 502 2.229 x 10°°
BMQD 0.126 35.73 319.1 5.017 x 10~°
NMQD 0.438 35.03 243.3 3.217 x 107°
BNMQD 0.08 19.7 67.12 1.555 x 107

¢ Frequency range: 1 Hz to 1 x 10° Hz, amplitude = 0.005.

redox peak current values. The finally modified electrode
(BNMQD) demonstrated the minor peak-to-peak separation
and maximum redox current peaks, owing to the rapid
electron-transfer kinetics, heightened surface area, and elec-
trostatic interactions between the BNMQD/CFP and the redox

mediator.

Fig. 6
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3.6.2 Electrochemical performance of modified electrodes
towards crt. The electrocatalytic sensing performance of bare,
MQD/CFP, BMQD/CFP, NMQD/CFP, and BNMQD/CFP elec-
trodes towards 100 pM crt sensing in 0.1 M PBS (pH 7) at 0.05 V
s~ ' is displayed in Fig. 7a. The electrooxidation mechanism of
crt on the BNMQD/CFP electrode is depicted in Fig. 7b. The bare
CFP electrode displayed a weak, broad anodic peak current of
2.501 x 107> A cm > at 0.58 V for crt electrooxidation. On
modifying the bare CFP electrode with MQD, BMQD, and
NMQD, a significant increase in anodic peak current values
(6.304 x 107% 1.014 x 103, and 1.856 x 10 ° A cm ?) was
observed, along with a negative shift in potential values
compared to the bare CFP electrode. The BNMQD/CFP electrode
displayed a significantly lower anodic potential (0.50 V) and the
highest current peak (2.747 x 10> A cm ™) for crt sensing. This
could be attributed to the several surface-active sites, a large
surface area, several diffusion pathways, high electrical
conductivity, and the synergistic effect between the doped B
and N atoms. Therefore, BNMQD/CFP is a promising electron
transfer mediator as it accelerates the anodic oxidation of crt.

3.7 Buffer pH effect on crt detection

The pH of the supporting electrolyte (PBS) is a crucial parameter
because it influences the redox behavior associated with
electroactive species. The pH range was adjusted to improve the
developed sensor's electrochemical sensing performance and
sensitivity. In this work, the sensing ability of the developed
electrode was affected by the change in the electrolyte pH, with
essential roles played by both protons and electrons. The pH
range was optimized within 5.0-10.0 for 100 uM crt detection in
0.1 M PBS at 0.05 V s~ ', as depicted in Fig. S2a. The electro-
oxidation process fluctuated in response to the protonation/
deprotonation reactions. The anodic current response was
enhanced with an increase in pH (5.0-7.0), followed by
a decrease with a further increase in pH (7.0-10.0). pH 7.0 was
selected for further electrochemical studies because it exhibited
the highest anodic current response and is eminently close to
the biological pH for greater practical applicability. Also, the

—o— BNMQD (b) Co
-800 {—v— NMQD _,,,Q
—e—BMQD %
—s— MQD b
—600d Bare CFP
£
=
s
£ —400 -
—200 -
0 - . T T T
0 200 400 600 800
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(a) CV curves and (b) Nyquist plots of bare and modified electrodes in a 5 mM redox mediator and 0.1 M KCl solution.
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BNMQD/CFP electrodes.

negative shift in peak value indicates the influence of pH vari-
ations, proton, and electron transference on the crt oxidation.
The linear relation between the peak potential and pH has been
shown in Fig. S2b and eqn (1).

For crt: E, = —0.05529 pH + 0.85381 (R* = 0.99847) (1)

As per Nernst equation, the peak potential and pH (eqn (2))
can be related as follows:

E (V) = Ey — 2.303RTIF (min) pH = Eo — 0.059 (m/n) pH (2)

Herein, m and n represent the number of transferred H" and e,
respectively. The linear slope value of crt 0.05529 V pH ™, is near
the Nernstian value (0.0592 V pH ™), substantiating the equal
involvement of H and e~ during crt electrooxidation.

3.8 Optimization of reaction mechanism

The scan rate significantly influences the electrocatalytical
efficiency and behavior associated with the fabricated electrode.
The BNMQD/CFP sensor was tested using CV with a scan rate
gradually increasing from 0.01 to 0.10 V s~ ' to understand the
reaction mechanism, as demonstrated in Fig. 8a. On plotting
the scan rate against the current graph, a linear variation with

32936 | RSC Adv, 2025, 15, 32929-32941

(a) Electrooxidation mechanism of crt. (b) CV of electrooxidation of 100 uM crt at the bare CFP, MQD/CFP, BMQD/CFP, NMQD/CFP, and

increasing scan rate was observed, with R> = 0.99694, which is
apparent in the occurrence of an adsorption-controlled mech-
anism as depicted in Fig. 8b.** The increased anodic peak
current is primarily a result of surface absorption of crt.

The corresponding regression eqn (3) obtained is as follows:

iy (A) = 0.0161 V — 0.00263 (R> = 0.99694). 3)

The following equation was employed to determine the no.
of e~ participating in the reaction mechanism (eqn (4)):

E, — Epp = 0.0564/n (4)

The ‘n’ was determined to be 1.06, equivalent to 1, thereby
confirming the participation of 1H' and 1e~ for crt
electrooxidation.

3.9 Analytical performance

DPV is more sensitive to changes in the faradaic current,
provides better peak resolution and technique compared to CV,
and exhibits reduced background current density. It is also
helpful in the quantification of analytes, even at low concen-
trations. DPV was employed to ascertain crt under optimal
environment utilizing the BNMQD/CFP electrode. The anodic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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current peaks were obtained for the different crt concentrations
in 0.1 M PBS (pH 7) within (0-0.8 V), as displayed in Fig. 9a. As
the concentration of crt increased, the anodic peak current
showed a linear increase at 0.47 V. This validates the usefulness
of the BNMQD/CFP sensor in determining crt at low
concentrations.

A linear equation (eqn (5)) along with regression coefficient
obtained from the calibration curve, as demonstrated in Fig. 9b,
is given as follows:
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(a) DPV responses of the BNMQD/CFP sensor at increasing crt concentrations. (b) Calibration plot of crt using the BNMQD/CFP sensor.

I, (A) = 0.14429 [crt] + 47.85241 (R> = 0.99913) (5)

The LOD and LOQ values of the developed BNMQD/CFP
sensor, calculated using the formulae LOD = 3.3¢/S and LOQ
=100/S, were found to be 34.53 nM and 104.65 nM, respectively.
The wide linear range for the developed BNMQD/CFP sensor
was calculated as 0.104-135 uM. Table 2 evaluates the electro-
analytical performance of the fabricated sensor by analyzing its
LOD, LOQ, and detection range in comparison with those re-
ported in the literature.

Table 2 Different analytical parameters for crt sensing using various reported sensors

Electrode material Linear range (uM) LOD (uM) Ref.
Fe;0,-NPs/CHIT-g-PANI 1-800 1 85
¢-MWCNT/PANI composite film 10-750 0.1 86
ZnO-NPs/CHIT/c-MWCNT/PANI composite film 10-650 0.5 87
Cu/screen printed carbon electrodes (SPCE) 6-378 0.0746 88
(PEI/PTA)20 film electrode 0.125 to 62.5 0.06 89
BNMQD/CFP 0.104-135 0.034 Present work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.10 Selectivity of the BNMQD/CFP sensor

Studying the interference and selectivity of the modified elec-
trode is an essential feature for practical applications. Since most
interferents co-exist with similar functional groups and sizes,
achieving high selectivity among the common interfering species
at physiological concentrations is of paramount interest. There-
fore, DPV was employed to study the selectivity of the BNMQD/
CFP sensor for crt quantification (50 uM) in the presence of
a 15-fold concentration of commonly interfering species,
including glucose, DA, UA, and AA, as demonstrated in Fig. 10a-
d. The results demonstrated the specific selectivity of the
BNMQD/CFP sensor for crt (50 uM), as the anodic peak potential
and anodic current values did not vary upon adding interferents.
The addition of interferents had a negligible effect on crt, as it did
not hamper the specific oxidation of crt. These findings result
from an optimal electrocatalytic environment generated by the
synergistic effect between the BNMQD/CFP and crt. The aromatic
groups of crt bonded with the BNMQD/CFP sensor surface owing
to stable electrostatic interactions, leading to accelerated specific
oxidation of crt. Therefore, the fabricated BNMQD/CFP sensor
can detect crt precisely. However, upon the addition of high
concentration of various other interferents, including glycine,
lactic acid, KNOs, and Na,CO3, a slight shift in the crt potential
was observed and can be considered a limitation. Comprehensive
selectivity evaluation in complex biological samples remains
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Fig. 10 DPV responses for 50 uM crt in the presence of 750 uM (a) AA,
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a limitation of the present study and will be addressed in future
investigations.

3.11 Real sample analysis

To examine the viability of the developed sensor for crt detec-
tion, the sensor was operated in the potential range of 0-0.8 Vin
0.1 M PBS (pH 7) using the DPV technique with the standard
addition method (SAM). Various known concentrations of the
standard crt solution were added to the made-up pharmaceu-
tical sample solution to estimate the recovery percentage. This
resulted in an anodic peak of crt at 0.47 V in the prepared
pharmaceutical-based real samples, as depicted in Table 3. The
notable performance of the reported sensor was confirmed by
the recovery percentage (96-100.3%). While the present study
shows the efficacy of the developed method using pharmaceu-
tical formulations, future work is expected to extend the appli-
cation to biological matrices such as blood, serum, or urine.
This will enable a deeper understanding of the methodology
under clinically relevant conditions.

3.12 Reproducibility, repeatability, and stability studies of
BNMQD/CFP

Studying the fabricated sensor's reproducibility, repeatability,
and stability standards is paramount in biomarker detection
applications. Five repetitive studies using BNMQD/CFP elec-
trodes were conducted to assess reproducibility by comparing
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(b) DA, (c) glucose, and (d) UA.
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Table 3 Quantification of crt levels in two different pharmaceutical formulations using BNMQD/CFP in 0.1 M PBS (pH 7)

Concentration Concentration Concentration Recovery
Sample (expected) (uM) (added) (uM) (observed) (uM) % “RSD %
Crt (A) 10.0 0.0 9.99 99.9 0.99
5.0 14.97 99.7 0.98
10.0 19.95 99.4 0.96
20.0 29.98 99.8 0.97
Crt (B) 20.0 0.0 19.97 99.7 0.98
5.0 24.96 99.6 0.96
10.0 29.98 99.8 0.98
20.0 39.97 99.7 0.98

% Mean value of three determinations.

their anodic current responses. The attainment of an RSD value
of 1.15% with 100 pM crt implies high reproducibility of the
developed sensor, as shown in Fig. S3a. A series of ten
measurements (100 pM crt) resulted in an RSD value of 1.18%,
demonstrating high repeatability of the BNMQD/CFP, as
observed in Fig. S3b. Finally, the BNMQD/CFP electrode was
preserved in the fridge at 5 °C for five weeks for the persistent
stability studies. The anodic current responses for these stored
electrodes were then measured, retaining 96%, which demon-
strated remarkable current responses towards crt detection
(Fig. S3c).

4. Conclusions

In the present work, MQDs and B- and N-doped MQDs were
synthesized by the MILD method to obtain Ti;C,T, MXene, fol-
lowed by hydrothermal synthesis of MQDs. The developed
BNMQD/CFP sensor demonstrated outstanding electrocatalytic
performance towards crt oxidation. The heightened analytical
ability of the BNMQDs can be attributed to the surface-active sites
resulting in rapid movement of the electrolyte ions during
electrochemical oxidation and the synergistic effect between the
doped B and N atoms present in the BNMQDs. The BNMQD/CFP
sensor could detect crt from 0.104 to 135 pM with an LOD of
34.53 nM and an LOQ of 104.65 nM. The sensor demonstrated
remarkable stability, repeatability, and reproducibility under
optimal conditions. Also, there was high selectivity for crt
detection in the presence of closely interfering species with
similar physiological concentrations and structures.
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