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An innovative electrochemical (EC) nanosensor utilizing screen-printed carbon electrodes (SPCEs)
functionalised with MXenes (TizC,Tx) and carbon dots (CDs) has been developed for the ultrasensitive
sensing of creatinine in phosphate-buffered saline (PBS) and human serum samples. This novel
SPCE@MXene@CDs configuration significantly enhanced redox signals, achieving excellent sensitivity
with a 0.016 mg dL™! detection limit. The electrical conductivity of the SPCE@MXene@CDs sensor was
enhanced by systematically optimizing four key parameters: scan rate, number of scan cycles, pH of the
PBS buffer, and CD concentration during fabrication. The nanosensor demonstrated outstanding
selectivity with no interference from common metabolites (e.g., glucose, urea, ascorbic acid,
glutathione, bovine serum albumin, globulin, bilirubin, gentamicin, vancomycin, arginine, and histidine)
and electrolytes (Ca?*, Mg?*, PO,*~, and SO4%7). Additionally, the nanosensor demonstrated a high
correlation with the standard Jaffe method (R*> = 0.99) for creatinine detection in ultra-low serum

Received 25th May 2025, volumes of 5 uL (n = 89). The nanosensor exhibited remarkable stability, retaining 97.8% of its initial

Accepted 24th October 2025 response after 15 days, along with excellent reproducibility confirmed by overlapping cyclic voltammetry
cycles, underscoring its reliability for practical creatinine detection. Our research findings underscore the
potential of this nanosensor for rapid, highly sensitive, and point-of-care creatinine monitoring in

complex biological environments.
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1. Introduction

Chronic kidney disease (CKD) is an escalating medical concern
globally, affecting a vast number of individuals around the world."
CKD is increasingly recognized as a key factor in global death
rates, with its prevalence increasing due to the growing incidence
of diabetes, hypertension, and the aging population.> Global
bodies like the International Society of Nephrology and the World
Health Organization are actively engaged in increasing awareness,
advancing screening techniques, and promoting fair access to
CKD treatment globally.>* However, more coordinated efforts are
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needed to address this crisis through better education on risk
factors, earlier diagnosis, and the development of affordable,
effective treatments.

Creatinine (CR), the most extensively sought out CKD bio-
marker, is a small molecule (113 Da).” It is produced through the
non-enzymatic transformation of creatine or phosphocreatine into
phosphocreatinine, which is subsequently dephosphorylated.® It
serves as an endogenous filtration marker, reflecting the kidneys’
metabolic function and is frequently utilized in medical settings to
assess the glomerular filtration rate (GFR).”® CR levels in CKD
patients may exceed the normal values (0.7-1.3 mg dL " in men
and 0.5-1.1 mg dL~' in women), depending on the extent of
kidney impairment.”'® Several methods are used clinically for CR
determination, each with pros and cons. The Jaffe reaction,
commonly used due to its simplicity and low cost, suffers from
poor specificity as it reacts with other substances like glucose and
proteins.""'* Enzymatic assays are more specific but are expensive
and require specialized reagents.’® Additionally, isotope dilution
mass spectrometry and high-performance liquid chromatography
are costly, time-consuming, and require skilled technicians.'*
Despite their advantages, the aforementioned methods face issues
like sample variations and potential interferences. Given the
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limitations of current CR detection methods, there is a pressing
need to develop a nanosensor for reliable CR detection in human
samples with minimal sample requirements and capabilities for
miniaturization.

Electrochemical (EC) sensing offers notable benefits for CR
detection compared to the abovementioned methods. It pro-
vides high sensitivity and selectivity, allowing for the accurate
measurement of low CR concentrations.'> The technology is
characterized by fast response times, enabling quick results,
real-time monitoring, cost-efficacy, and feasibility for on-site
testing.'® Additionally, it often requires minimal sample pre-
paration and has low power consumption, making it practical
for analytical applications."” Incorporating MXenes and carbon
dots (CDs) into EC sensors enhances sensitivity, increases
surface area, and improves electron transfer.'® MXenes are a
distinct group of two-dimensional compounds made from
transition metal carbides, nitrides, or carbonitrides.’® These
materials typically follow a general composition involving early
transition metals (like Ti, V, or Cr), combined with carbon or
nitrogen atoms, and surface terminations such as -OH, -O, or
-F. A typical MXene sheet is composed of multiple atomic
layers—commonly 3, 5, or 7—depending on its structure type,
such as M,X, M;X,, or M4X;.”° These materials boost selectivity
and stability and enable lower detection limits (DL) and faster
response times, making sensors more effective and reliable.

Numerous studies have explored CR measurement using
advanced electrochemical techniques, with a focus on nanomaterial-
modified sensors for improved sensitivity, selectivity, and
device integration.”’* For instance, a highly sensitive system
for CR detection was constructed by functionalizing a screen-
printed carbon electrode (SPCE) with Cu,O nanoparticles (NPs)
incorporated into a molecularly imprinted polymer layer.>* This
platform achieved a sensitivity of 2.16 AM ™" ¢cm™ > and a DL of
22 nM. Another report described a platinum microelectrode
array (Pt-MEA)-based EC sensor for CR detection.>® Herein,
Cu*" ions interact with CR to yield a redox-active species. The
developed nanosensor was able to analyze CR across a range
spanning from 0.00 to 5.00 mM, with a DL of 0.059 mM. Later, a
SPCE modified with MXene-gold nanomaterials (NMs) was
designed for rapid CR detection.”® The Ti;C,Ty MXene with
in situ reduced gold NPs enabled efficient enzyme immobiliza-
tion. CR oxidation catalyzed by chitosan-embedded enzymes
generated H,0,, which was subsequently detected electroche-
mically using Prussian blue. The sensor detected CR across a
range of 0.03 to 4.0 mM, achieving a DL of 0.01 mM and
recovery rates between 96.8% and 103.7%. Of late, a 3D printed
Co-MOF-MXene-carbon black ink electrode was developed for
EC analysis of blood CR, achieving a DL of 0.005 pM and a
sensitivity of 1.1 pA pM ™~ em™>.*7

In spite of the advancement in electrochemical sensing
techniques, the reported literature on EC CR measurements
suffers from several shortcomings. These include insufficient
sensitivity for low CR concentrations, poor selectivity, reduced
temporal stability, high fabrication costs of the sensing materials,
and limited applicability in complex biological matrices. Improve-
ments are required regarding sensitivity, stability, cost-efficacy,
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and analyte detection in low sample volumes. To address these
research gaps, we developed a cutting-edge EC sensing technique
employing MXenes (Ti;C,X) and CDs in conjunction with a SPCE
and cyclic voltammetry (CV) for detecting CR in phosphate-
buffered saline (PBS, pH 7) and human serum from both healthy
individuals and CKD patients. This innovative approach har-
nesses the distinctive properties of MXenes and CDs to enable
accurate CR measurement in very small volumes of human serum
(5 pL). Henceforth, our developed nanosensor demonstrates a
notable advancement over previously reported methods.

2. Experimental design

2.1. Materials

Laboratory-grade compounds, including CacCl, (99.95%), MgCl,
(99.9%), H,SO, (98%), HF (50 wt%), and HCI (99%, 11.6 N),
were provided by Sigma Chemicals, Missouri, USA. CR was
sourced through Loba Chemie Limited, India. Lithium chloride
anhydrous (LiCl, 98% grade) was obtained from Honeywell
Specialty Chemicals, Seelze, Germany. Other chemicals such as
glucose (98.8%), NaHCO; (99%), urea (98.9%), CH3;COOH
(99.8%), sucrose (98.9%), bovine serum albumin (BSA) (98%),
ascorbic acid (99%), and glutathione (GSH) (98%) were supplied
by Spectrum Chemical Corporation, Mumbai, India. MAX phase
was sourced from Nanochemazone, Kurukshetra, Haryana,
India. A Milli-Q EQ 7000 system provided deionized (DI) water
with a resistivity of 18.2 MQ cm. Polytetrafluoroethylene (PTFE)
filter papers (0.8 pm, 0.2 pm and 2 um) were obtained from Carl
Roth, Germany. Additional chemicals, including Na,SO,
(98.9%), KCl (98.9%), KH,PO, (98.95%), and NaCl (98.7%), were
purchased from Sisco Research Limited, Mumbai, India.

2.2. Methodology

2.2.1. Synthesis of carbon dots (CDs). A sophisticated
microwave-assisted technique was employed to prepare CDs,
using sucrose as the carbon precursor.”®>° The complete
synthesis method for CDs is thoroughly outlined in our earlier
publication,®® as well as referenced in the patent application
titled “Carbon dot-graphene oxide-based luminescent nanosen-
sor” (Patent application number - 202411032295).

2.2.2. Synthesis of MXenes. Layered MXene (Ti;C,Ty)
nanosheets were synthesized through a hydrochloric acid-
hydrofluoric acid (HCI-HF) etching method.*" The process
commenced by adding 9 mL of DI water into a 125 mL high-
density polyethylene (HDPE) Nalgene container (Thermo Fisher
Scientific, Massachusetts, USA), which was then clamped to a
hot plate. 18 mL of 12 M HCI (37%) was added, and stirring was
gradually increased to 200 revolutions per minute (RPM). After-
wards, 3 mL of 28.4 M (48%) HF was added to the mixture
under controlled conditions, followed by supplementation with
MAX phase powder (Ti;AlC,) at a rate of 1 g min '.>* The
stirring speed was increased to 400 RPM, and the system was
maintained at 35 °C for 24 hours. Afterwards, the multi-layered
MXene (TizC,Tx) underwent several washing steps using DI
water. Each cycle included centrifugation at 3234 RCF for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5 minutes, and the process continued until the suspension
reached a neutral pH. The neutralized MXene powder was then
subjected to vacuum filtration with a 0.1 pm PTFE membrane.
For delamination, 1 g of LiCl was mixed with 25 mL of DI water
in an HDPE container, and the etched MXene powder was
added along with an additional 25 mL of DI water. The
resulting solution was agitated at 400 RPM and maintained at
65 °C for 1 hour under an argon atmosphere. Subsequent
washing was performed using DI water, with centrifugation
times gradually increasing from 5 minutes to 20 minutes with
an increment of 5 min, each at 3234 RCF. Initially, the super-
natant was clear, but it darkened with continued washing. After
using 100 mL of water, MXene clay began to form, which
swelled with further washing. Manual shaking with a glass
rod and vortex mixing was used to dissolve the clay between
washes. The dispersion was moved to a 50 mL centrifuge tube
and vortexed for around 30 minutes. Afterward, centrifugation
was carried out at 2380 RCF for 30 minutes to isolate the one-to-
several-layer MXene nanosheets. A final MXene concentration
of 3 mg mL ™" was achieved at the end of the centrifugation and
washing procedure. The resulting dispersion was purged with
argon and stored at room temperature (RT) for future use.

2.2.3. Functionalization of the SPCE using MXene@CDs. A
10 pL suspension of MXene (1.0 mg dL ') was introduced to the
SPCE surface and left to evaporate naturally at RT overnight.
The CV response of the MXene-modified SPCE (SPCE@MXene)
was measured in a 0.1 M PBS solution at pH 7. This reaction
was performed within a potential window of —1.0 V to 1.0 V
relative to Ag/AgCl, using a 50 mV s~ scanning rate. Repetitive
scans were performed until consistent peak currents appeared
at the anodic and cathodic potentials. Subsequently, 10 pL of
CDs (average diameter = 5 nm) was dropcast onto the MXene-
modified SPCE. The electrode was then allowed to air-dry for
5 hours at RT after being rinsed with DI water. The final
modified electrode was referred to as SPCE@MXene@CDs.

2.2.4. Standardization of experimental conditions. To
achieve optimal performance of the SPCE@MXene@CDs sen-
sor, four essential parameters were systematically examined:
scan rate, number of scan cycles, pH, and CD concentration.
Various scan rates (5-70 mV s~ ') were tested to evaluate
electrode kinetics and electron transfer efficiency. The number
of scan cycles was adjusted from 2 to 20 cycles to ensure
uniform deposition of MXene and CDs on the SPCE surface.
pH optimization was carried out using PBS buffer solutions
across the range of 3-10 to determine the most favourable
conditions for electrochemical response. Additionally, the CD
concentration (0.1-5 mg dL ™) was optimized to enhance sur-
face modification and signal intensity. These parameters were
systematically fine-tuned to establish the most effective condi-
tions for nanosensor development.

2.2.5. Electrochemical sensing of CR. For CR sensing, a stock
solution of CR was prepared with PBS (pH = 7) at 5 mg dL ™' by
dissolving 1 mg of CR in 20 mL of 0.1 M PBS. This solution was
then diluted to create working concentrations ranging from 0.001
to 5.0 mg dL~". Next, 5 uL of these CR solutions each was applied
to the SPCE@MXene@CDs. After air-drying at RT for three hours,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the EC redox signals of the CR-treated SPCE@MXene@CDs
(SPCE@MXene@CDs@CR) were recorded using CV in PBS
(0.1 M, pH 7) over 12 cycles. Each measurement was repeated
three times using a scan rate of 50 mV s~ *, covering a voltage span
from —1.0 V to 1.0 V relative to the Ag/AgCl reference electrode.

The specificity of the SPCE@MXene@CDs sensor for CR was
tested against potential interferents like urea, glucose, potassium
(K"), calcium (Ca**), AA, BSA, sulphate (SO,*”), GSH, globulin,
bilirubin, gentamicin, vancomycin, arginine, histidine and mag-
nesium (Mg”*). All interfering molecules were tested at their
physiological concentrations to closely mimic real serum condi-
tions. This ensures the selective response of the nanosensor for
CR, minimizing the risk of false positives or negatives and
demonstrating its reliability for practical applications. A mixture
containing 10 pL each of CR (1.2 mg dL "), AA (10 mg dL "), BSA
(3.0 mg dL ™), globulin (0.1 mg dL™%), bilirubin (0.2 mg dL %),
gentamicin (1 mg dL™'), vancomycin (2 mg dL™'), arginine
(20 mg dL "), histidine (1 mg dL "), GSH (90.1 mg dL "), urea
(24 mg dL "), glucose (15 mg dL "), Ca** (10.5 mg dL %), Mg**
(2.5 mg dL ™), K" (22 mg dL '), and sulphate (2.88 mg dL ') in
PBS (0.1 M, pH 7) was prepared. The resulting solutions were air-
dried on the SPCE@MXene@CDs for 3 hours, both individually
and in combination. The EC signals from these samples were
then compared to those from CR alone.

The thickness of the modified layer on the working electrode
surface of the SPCE@MXene@CDs nanosensor was estimated
using the mass-density-area relationship, as given in the
following equation:

_m
oA

(1)

where ¢t is the film thickness (m), m is the deposited mass (kg),
p is the density of the coating material (kg m~?), and 4 is the
electrode surface area (m?*). For the present work, 5 pL of
MXene and 5 pL of CD suspensions (1 mg dL ') were dropcast
sequentially onto the working electrode. The working electrode
diameter was 3 mm, giving an area of approximately 7.07 mm?.

The analytical performance of the SPCE@MXene@CDs EC
nanosensor was determined through computation of detection
limit (DL) and quantification limit (QL). These values were deter-

mined using the below mentioned mathematical formulas:**~*
30

pL=" @)
106

-1 ®

Here, o refers to the standard deviation of the intercept, while K
represents the slope of the linear standard curve.

The real-world performance of the SPCE@MXene@CDs
sensor was evaluated using human serum samples (n = 89),
including 22 samples collected from the Post Graduate Insti-
tute of Medical Education & Research (PGIMER), Chandigarh,
and 67 samples obtained from HICARE Multispeciality Hospi-
tal, Ludhiana. The serum samples were kept at —80 °C and
examined within 24 hours. A 5 uL aliquot of each serum sample
was applied to the SPCE@MXene@CDs using the same method
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as for calibration standards. The redox EC signals were
recorded using CV, following the same procedure applied to
the PBS-based CR samples.

2.2.6. Quantitative and diagnostic instruments. To fabricate
CDs, a Samsung 32 L Microwave Oven (Model MC32A7056QT/
TL, Republic of Korea) was used. EC experiments were per-
formed over a SPCE from Zensor, Pune, India. In this setup,
carbon acted as both the working and counter electrode, while
Ag/AgCl functioned as the reference electrode. A potentiostat (SP-
150, BioLogic SAS, France) controlled by NOVA 2.1 software was
used for EC analysis. The nanostructures of bare SPCE,
SPCE@MXene, and SPCE@MXene@CDs were studied with an
HR-TEM system (200 kV JEOL JEM 2100, Tokyo, Japan). A
scanning electron microscope (SEM) (JEOL JSM-IT500, Japan)
was used for the energy-dispersive X-ray spectroscopy (EDX)
investigation of the MAX phase (Ti;AlC,), delaminated MXene
sheets (Ti3C,X), and the modified SPCEs. A JEOL JSM-IT710 HR-
SEM, Japan was employed to analyse the structural and mor-
phological features of TizAlC, and delaminated Ti;C,X. The
samples were fabricated by depositing MXene flakes from a
diluted solution onto a silicon substrate. Powder samples were
utilized for the MAX phase and etched multilayer MXenes. HR-
SEM provided high-resolution imaging for analyzing the surface
structure, layer morphology, and delamination features of the
samples. X-ray diffraction (XRD) profiles of the Max phase and
delaminated MXene sheets were analysed using a Bruker XRD
D8 ADVANCE ECO, Japan. Moreover, the surface functional
groups present on CDs, MXene, bare SPCE, SPCE@MXene,
and SPCE@MXene@CDs were examined using FTIR spectro-
scopy (Thermo Scientific Nicolet iS10, USA).

3. Results and discussion

3.1. Formation and evaluation of CDs and MXene

The prepared CD suspension displayed green fluorescence
under UV light (365 nm) with excitation peaking at 390 nm
and emission observed at 453 nm (Fig. S1A and B). Microscopic
analysis of CDs using HRTEM and SEM-EDX revealed uniform
spherical morphology, typically measuring around 5 nm in
diameter (Fig. S1C-E). The XRD pattern of the CDs corre-
sponded to the characteristic diffraction profile of graphitic
carbon (JCPDS26-1076) (Fig. S1F).>® These XRD results sug-
gested the amorphous characteristics of CDs. The synthesized
CDs exhibited a zeta potential of —19.3 mV, indicating good
colloidal dispersion stability (Fig. S1G). FTIR-based structural
elucidation of CDs displayed a wide OH band near 3460 cm "
and C-H and carboxylate (COO™) stretching at 2425 and
1384 cm ™', respectively, along with signals corresponding to
C=0 and C—=C groups at 1767 cm ' and 1639 cm . These
bands contribute to the CDs’ aqueous solubility (Fig. S1H).*”*®
For a detailed explanation of the synthesis and characterization
of CDs, please refer to our previously published report.*®

The synthesized MXene (Ti;C,Tx) nanosheets were charac-
terized by several spectroscopic and microscopic methods.
Synthesis of MXenes from the MAX phase induces a
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Fig. 1 UV-Visible characteristics of delaminated MXene sheets (TizC,X).

pronounced and observable colour shift from grey metallic
colour to deep greenish-black colour. MXenes exhibit distinct
optical characteristics in the sense that their light absorption,
reflection, and scattering properties are strongly influenced by their
unique 2D structure, chemical composition, and surface termina-
tions (e.g;, -F, —OH, and -O). While MAX phases typically exhibit a
grey hue and the dispersion of the delaminated MXene nanosheets
in water yielded a black solution. However, at concentrations
<0.5 ng mL ", the aqueous suspension appears green (inset of
Fig. 1). The UV-visible absorption spectrum of MXene nanosheets
showed a well-resolved characteristic peak at 780 nm, which
corresponds to delaminated nanosheets (Fig. 1).* Optical absorp-
tion at 0.8 eV is attributed to dipole surface plasmons, while
absorption at 1.7 eV corresponds to transverse surface plasmons.
The inter-band electronic transitions occur below 1.6 eV and above
3 eV."" The morphology of the MAX phase and delaminated few-
layered MXene was examined by HR-SEM (Fig. 2A-C). HR-SEM
images illustrated a bulk structure of the MAX phase with stacked
layers, while the delaminated material presented few-layered
nanosheet morphology. EDX analysis, including elemental map-
ping, highlighted characteristic peaks for Ti, Al, and C elements for
the Max phase (Fig. 2D-F). On the other hand, Ti, C, F and CI
elements were observed for delaminated layered MXene
nanosheets in the EDX analysis (Fig. 2G-I). EDX analysis confirmed
the purity of the delaminated layered nanosheets, showing the
absence of Al in the elemental composition. These findings sug-
gested the successful assembly of the desired MXenes. Delamina-
tion of the MAX phase to yield MXene was further assessed using
XRD analysis. The (002) peak, corresponding to the crystallographic
plane of MXene, remained the dominant feature after the etching,
intercalation, and delamination of the MAX phase (Fig. 3A).
Additionally, the broadening and shift in the (002) peak from
delaminated nanosheets indicate the reduction in the thickness
of the Ti;C,Tx MXene layers and an increase in d-spacing.

The FTIR analysis was performed for the delaminated
MXene nanosheets by using the KBr method as illustrated in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microscopic characterization of MXene: HR-SEM for (A) the Max phase (TizAlC;) and (B) and (C) delaminated MXene sheets (TizC,X); EDS analysis:
(D) EDS image, (E) EDS mapping, and (F) elemental composition of the Max phase (TizAlC,X); (G) EDS image, (H) EDS mapping, and (I) elemental
composition of delaminated MXene sheets (TizCyX).
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fingerprint zone.””** The broad absorption bands corres-
ponding to O-H stretching and O-H bending were observed at
3600-3200 and 1500-1300 cm ™, respectively. Significant carbon-
related vibrations, such as C-H stretching (3000-2800 cm™ %),
C-O stretching (1750-1700 cm™'), and C-H bending (1500-
1400 cm™ '), were also identified.**™*® The fingerprint region
depicts the C-F stretching, Ti-F bending, Ti-O bending, and Ti-
C stretching at 1400-1000, 750-700, 650-550, and 450-350 cm ™Y,
respectively. Additionally, bending vibrations associated with C-C
bonds were observed between 500 and 400 cm ™~ '.*>#47%

3.2. Formation and assessment of the CDs@MXene-modified
SPCE

FTIR analysis was performed to examine the comparative
structural modifications in the bare SPCE, SPCE@MXene,
and SPCE@MXene@CDs (Fig. 4A). The SPCE@MXene exhib-
ited an extensive absorption signal near 3668 cm™ ', suggestive
of hydroxyl bond stretching.” The abovementioned C-F
stretching, Ti-F bending, Ti-O bending, and Ti-C stretching
vibrations confirmed the successful integration of MXene onto
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the surface of the SPCE. The SPCE@MXene@CDs spectrum
exhibited a wide absorption band around 3760 cm™’, originat-
ing from O-H stretching.’” The bands at 1680 and 1498 cm ™"
showed the presence of C—0 and C—C bonds, respectively,
confirming the attachment of CDs over the SPCE@MXene
composite.>® Overall, the FTIR observations highlight the effec-
tive formation of a composite electrode with distinct chemical
functionalities. The sequential modifications of the SPCE
enhance its surface properties, making the electrode suitable
for CR quantification.

Next, HRTEM analysis of bare SPCE, SPCE@MZXene, and
SPCE@MXene@CDs was performed to verify the integrity and
interaction of SPCE with the CDs and MXene (Fig. 4B-D).
HRTEM of bare SPCE revealed a relatively smooth and uniform
surface, characteristic of their appearance (Fig. 4B). Fig. 4C
illustrates the presence of creases in the MXene layer, indicat-
ing a high surface area-to-volume ratio. A broader surface area
facilitates the fixation of CDs over the MXene surface. This
attachment is driven by forces such as electrostatic interac-
tions, hydrogen bonds, and n-n stacking between MXene and
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Fig. 4 SPCE characteristics study: (A) FTIR spectra of bare SPCE, SPCE@MXene, and SPCE@MXene@CDs and (B) HRTEM images of bare SPCE,

SPCE@MXene, and SPCE@MXene@CDs.
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CDs’ functional groups. These interactions ensured stable
attachment, promoting the formation of a robust MXene-CD
composite. This characteristic enhances the integration of CDs
on the SPCE/MXene surface, improving charge conductivity.
The modified two-dimensional thin layer of SPCE@MXe-
ne@CDs exhibited a folded/crumpled morphology with evenly
distributed CDs (Fig. 4D). The deposition of the MXene layer
over the surface of SPCE produced minimal microscopic tears
or distortions to suggest uniform dispersion of the sensing
surface. The morphology and elemental composition of bare
SPCE, SPCE@MXene and SPCE@MXene@CDs were also ana-
lysed using SEM-EDX (Fig. S2A-D). The SEM image of bare
SPCE (Fig. S2A) reveals a smooth and uniform surface. In
contrast, SPCE@MXene (Fig. S2B) shows a layered, wrinkled
structure, confirming the successful integration of MXene. The
SEM image of SPCE@MXene@CDs (Fig. S2C) exhibits a tex-
tured surface with uniformly distributed NPs, indicating effec-
tive CD immobilization and enhanced surface modification.
The thickness of the SPCE@MXene@CDs film was approxi-
mately 8.25 nm, as calculated using eqn (1). This theoretical
value showed excellent agreement with the SEM analysis, which
revealed an average coating thickness of 8.2 nm (Fig. S2C). The
close correlation between the calculated and experimental
results confirms the uniformity and reproducibility of the film
deposition process. Elemental analysis of C and O in bare
SPCE, SPCE@MXene, and SPCE@MXene@CDs highlighted
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the surface composition changes during each modification
step (Fig. S2D). The weight% of C and O content in SPCE@
MXene@CDs increased to 38.2 and 20.3%, respectively, com-
pared to 17.7 and 0% in SPCE@MXene. The subsequent rise in
C and O content in SPCE@MXene@CDs indicates the success-
ful incorporation of CDs onto the MXene-modified SPCE,
introducing additional functional sites. The rise in carbon
content improves the SPCE’s conductivity, surface activity,
and charge transfer, enhancing its performance in sensing
applications. Overall, the SEM-EDX analysis revealed uniform
modification in the morphology and chemical functionality of
the SPCE across each modification step.

To enhance the performance of the SPCE@MXene@CDs
sensor, four key parameters were systematically optimized as
mentioned in Section 3. Fig. 5 illustrates the average peak
currents generated due to the interaction of CDs on SPCE@M-
Xene. The peak current increased gradually when the scan rate
varied between 5 and 50 mV s~ (Fig. 5A). This observation can
be attributed to enhanced electron transfer rate and improved
interaction between the electrode surface and the electroactive
species. However, at scan rates exceeding 60 mV s, a decline
in peak current was observed, which can be a consequence of
diffusion limitations and increased capacitive current, redu-
cing the efficiency of faradaic processes. Additionally, at higher
scan rates, the shorter duration for redox reactions may con-
tribute to the decrease in peak current.*®* Based on these
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Fig. 5 Optimization of SPCE@MXene@CDs performance across four parameters: (A) scan rate, (B) number of scan cycles, (C) pH, and (D) CD
concentration in 0.1 M PBS at pH 7.0. The error bars represent the standard deviation from triplicate measurements.
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observations, electro-reduction of the SPCE@MXene@CDs layer
was carried out using an optimized scan speed of 50 mV s~ . The
CV peak current was initially low (0.01-0.02 mA) during the initial
scan cycles, followed by a significant rise at 12 cycles (0.09 mA),
after which it stabilized (Fig. 5B). At fewer scan cycles, incomplete
reduction of MXene and CDs resulted in lower conductivity and
limited redox activity.*> With an increase in the number of scan
cycles, a uniform and well-reduced MXene@CDs layer was formed,
enhancing the electron transfer efficiency. However, beyond 12
scan cycles, the electrode surface reached saturation, leading to a
stable peak current. Next, the impact of pH on the CV performance
was studied using SPCE@MXene@CDs at 50 mV s~ ' scan speed,
spanning 12 cycles (Fig. 5C). The CV peak current increased as the
PH ranged from 3 to 7, indicating improved electron transfer and
redox activity under near-neutral conditions. However, at pH levels
above 7 (pH 8 to 10), a decline in the peak current was observed.
This drop in peak current can be attributed to variations in proton
availability and changes in the electrode surface charge, both of
which impact the redox reaction efficiency. Based on these find-
ings, pH 7 was identified as the optimal condition for further
electrochemical studies. Finally, the variation in the peak current
was investigated in response to variation in the CD concentration.
The peak current showed an increase with CDs’ concentration (0.1
and 1 mg dL ™), as depicted in Fig. 5D. However, at concentrations
beyond 1 mg dL ", a decline in peak current was observed. This
drop can be linked to the development of a more substantial CD
layer, which hinders electron transfer to the working electrode,
thereby reducing the electrochemical efficiency.*® Based on these
findings, a CD concentration of 1 mg dL~" was identified as the
most suitable for subsequent experiments.

The CV analysis of SPCE@MXene showed a peak current of
0.02 A at 0.15 V (Fig. 6). In contrast, SPCE@MXene@CDs
exhibited significantly enhanced redox peaks, with peak cur-
rents of 0.08 A and —0.07 A at 0.15 V and —0.13 V, respectively.
The higher current feedback shows the successful integration of
MXene and CDs, which provides additional active sites over the
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Fig. 6 CV characterization of bare SPCE, SPCE@MXene, and SPCE@M-
Xene@CDs was performed in a 0.1 M PBS solution (pH 7) at a scan rate of
50 mV s7%, using an Ag/AgCl reference electrode.
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SPCE and facilitates efficient redox reactions. These results
indicate the superior electrochemical activity of SPCE@MXe-
ne@CDs compared to those of bare SPCE and SPCE@MXene,
suggesting enhanced charge transfer kinetics and electrical
conductivity. Herein, CDs enhance the conductivity of the SPCE
by providing conductive pathways and improving electron trans-
fer due to their sp>hybridized carbon structures.’>>' The func-
tional groups on CDs enhance interaction with the electrode and
CR, reducing resistance. The large surface area of CDs offers
more functional sites for electron exchange, lowering charge
transfer resistance. CDs also accelerate electron transfer kinetics,
reducing system impedance. Combined with MXene, they
further improve conductivity, while ensuring uniform coating
and consistent electrical pathways, ultimately enhancing the
SPCE@MXene@CDs electrode’s sensing performance.

3.3. Electrochemical detection of CR

CR sensing using the SPCE@MXene@CDs electrode was exe-
cuted in 0.1 M PBS (pH 7) (Fig. 7A and B). The SPCE@MXe-
ne@CDs showed a considerably improved electrochemical
response for CR, with a clear quasi-rectangular CV curve com-
pared to the bare SPCE and SPCE@MXene (Fig. 7A). The current
response of SPCE@MXene@CDs increased linearly with CR
concentrations ranging from 0.001 to 5.0 mg dL ™", along with
an excellent correlation (R* = 0.99) (Fig. 7B). Triplicate measure-
ments confirmed the reliability and reproducibility of the devel-
oped nanosensor, with a relative standard error of 1.8%. These
results evidently demonstrate the robustness and consistent
performance of the nanosensor for accurate CR detection. High
reproducibility ensures that the SPCE@MXene@CDs sensor can
deliver dependable results across multiple measurements, which
is critical for practical and clinical applications. Henceforth, the
SPCE@MXene@CDs sensor demonstrates superior performance
in capturing and concentrating CR, thereby refining the accuracy
of EC measurements. Furthermore, the deposition of CR
molecules on the electrode surface facilitates redox processes,
enhancing electron exchange between the molecules and the
electrode.*®>>>* Consequently, the increase in the current peak
with higher CR concentrations is attributed to the greater
number of EC interactions taking place between CR molecules
and the SPCE@MXene@CDs-modified electrode surface. The
enhanced electrochemical response arises from the synergistic
effect of MXene’s high conductivity and surface area with CDs’
abundant functional groups and catalytic activity, which
together accelerate electron transfer at the electrode-analyte
interface. The carbonyl and imidazolidine nitrogen groups on
CR can interact with the oxygenated and nitrogen-containing
functional groups on CDs (-COOH, -OH, and -NH,) through
hydrogen bonding and coordination interactions.’>*> Simulta-
neously, the -OH and -O terminations of MXene contribute
additional hydrogen bonding and van der Waals interactions,
facilitating strong adsorption and pre-concentration of CR mole-
cules at the electrode surface. Under applied potential, these
adsorbed molecules participate in efficient charge transfer pro-
cesses, leading to enhanced current response. CDs provide
abundant functional groups for molecular recognition and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Electrochemical characterization of SPCE@MXene@CDs in the presence of CR: (A) CV of SPCE@MXene@CDs recorded at various CR
concentrations (0.001-5 mg dL™?) along with blank SPCE@MXene@CDs (without CR) in 0.1 M PBS (pH 7) versus an Ag/AgCl reference electrode and
(B) calibration plot demonstrating the current amplification of SPCE@MXene@CDs with increasing CR concentrations (0.001-5 mg dL™?). Error bars in

Fig. 7B denote the standard deviation of measurements from three independent replicates.

contribute to electron transfer through their conductive carbon
framework, while MXene offers a high surface area, layered
structure, and excellent electrical conductivity. Consequently,
our method yielded improved sensitivity and precision towards
CR detection. In contrast, the EC performance of SPCE@CR
under identical CV conditions showed minimal enhancement in
redox current signals (see Fig. S3). This minimal increase in
current for SPCE@CR underscores the bare electrode’s limited
capability to produce a significant EC response for CR detection.

The stability of the fabricated SPCE@MXene@CDs sensor was
crucial for assessing its suitability for practical CR detection. To
evaluate its long-term performance, the modified electrode was
stored at 4 °C and periodically analysed using CV, both in the
absence and in the presence of CR. The results indicated that
SPCE@MXene@CDs@CR maintained 97.8% of the initial redox
peak current signals (Fig. S4A). This observation highlighted
excellent stability and confirmed the reliability of the nanosensor

over this period. Beyond 15 days, a noticeable decline in current
response was observed, suggesting the effective stability of the
nanosensor to be ca. 15 days. The reproducibility of the nano-
sensor was further validated by repeating the SPCE@MXe-
ne@CDs@CR measurements four times under identical
conditions (PBS (0.1 M, pH 7), 12 cycles, scan rate 50 mV s ',
and potential range —1.0 to +1.0 V (Ag/AgCl)), as shown in
Fig. S4B. The nearly overlapping responses confirm the excellent
reproducibility and reliability of the fabricated electrode.

The DL for EC-based CR recognition was calculated to be
0.016 mg dL~ ", which is approximately 8-10 times lower than that
of typical serum CR concentrations. A comparative analysis of our
computed DL value with the reported literature is presented in
Table 1. The five most proficient nanosensors with the lowest DL in
the ascending order are listed below: SPCE@MXene@CDs (CR:
0.016 mg dL”") < Co-MOF-MXene@CB (CR: 0.056 mg dL™') <
CuNPs (CR: 0.396 mg dL™ ") < CuO-IL/fGO modified electrode

Table 1 Overview of recently reported studies on EC sensing of CR, highlighting the LOD and LDR

Key Detection Detection
S. no. Nanostructured probe biomarkers Technique used range (mg dL ") limit (mg dL ") Body fluid Ref.
1 CuO-IL/rGO modified electrode Creatinine CV and amperometry 5.66-395.92 0.422 Human urine 56
2 GCE/SPCE@Potassium Creatinine (6)% 0.442-1.857 0.679 Human urine 57
ferricyanide
3 ePAD Creatinine DPV 0.34-508.44 0.061 Human urine 58
4 CuNPs Creatinine Ccv 1.82-1.86 0.396 Human urine 59
5 SPCE@Carbon black@Fe** Creatinine CV and DPV 0.131-73.53 0.487 Human urine 60
6 SPCE@Cu,O@MIP Creatinine Amperometry 0-11.312 0.249 Human urine 24
and EIS
7 Pt-MEA Creatinine Ccv 0.00-56.56 0.75 Artificial urine 25
8 Co-MOF-MXene@CB Creatinine (6)% 0.00113-0.0905 0.0566 Human urine 58
9 Enzyme@CS/PB/MXene@ Creatinine (6)% 0.339-45.25 0.113 Human urine, 26
AuNPs/SPCE serum, and saliva
10 SPCE@MXene@CDs Creatinine (6)% 0.01-1 0.016 Human serum  Current work

Abbreviations: Cu-CNF/ACF: copper-carbon nanofiber/activated carbon fiber; AgNPs: silver nanoparticles; CNT: carbon nanotube; CPE: carbon
paste electrode; FA: folic acid; CuNPs: copper nanoparticles; CV: cyclic voltammetry; rGO: reduced graphene oxide; GCE: glassy carbon electrode;
Pd/Cu,O/PPy: palladium/cuprous oxide/polypyrrole; SPCE: screen printed carbon electrode; Pt-MEA: platinum-microelectrode array; Co-MOF-
MXene@CB: cobalt-metal organic framework-MXene@carban black; CS: chitosan; PB: Prussian blue; AuNPs: gold nanoparticles; DPV: differential
pulse voltammetry; MIP: molecularly imprinted polymer; and EIS: electrochemical impedance spectroscopy.
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(CR: 0.422 mg dL ') < Pt-MEA (CR: 0.75 mg dL™"). The DL of
our nanosensor was the lowest among those in the compared
studies, underscoring its remarkable sensitivity for detecting
and quantifying CR at very low concentrations. Additionally, we
compared the DR of our nanosensor with those reported in the
literature to further assess its performance. A nanosensor with
a broad DR offers greater versatility by accurately measuring a
wide range of analyte concentrations. It enhances sensitivity
and accuracy, allowing for detailed analysis and easier calibra-
tion. The five most leading nanosensors with regards to DR
parameter in decreasing order are as follows: SPCE@MXe-
ne@CDs nanosensor (CR: 0.01-1 mg dL™') > Enzyme@CS/
PB/MXene@AuNPs/SPCE (CR: 0.339-45.25 mg dL™!) >
Co-MOF-MXene@CB (CR: 0.00113-0.0905 mg del) > SPCE@
Cu,0@MIP (CR: 0-11.31 mg dL™') > CuNPs (CR: 1.82-
1.86 mg dL'). The broad DR of our nanosensor guarantees
consistent performance across diverse sample conditions and
concentration levels.

To evaluate the selectivity of CR detection, specificity studies
were performed with physiological concentrations of possible
biochemical interferents, comprising GSH, globulin, biliru-
bin, gentamicin, vancomycin, arginine, histidine, AA, glucose,
BSA, urea, Ca>*, Mg”", 50,>7, and K. These biomolecules were
selected on the basis of their co-existence with CR in body
fluids. These interfering substances caused a negligible
increase in the redox current of the SPCE@MXene@CDs
(Fig. 8). The substantial increase in current signals was
observed solely in the presence of CR, highlighting the excep-
tional specificity of the developed nanosensor towards CR
identification.

The clinical applicability of the SPCE@MXene@CDs sensor
was evaluated using serum samples collected from normal
subjects and individuals diagnosed with CKD. When tested
with 89 serum samples containing known CR concentrations
(see Table S1), the nanosensor showed significant enhance-
ment in current signals. Importantly, the CKD cohort displayed
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substantial clinical diversity. Early-stage patients (stages 1-2)
were primarily associated with hypertension, while those in
stages 3-4 frequently presented with additional complications
such as cardiac issues, neurological disorders, anaemia, and
endocrine abnormalities (e.g., hyperthyroidism). The largest
subset was stage 5 patients on dialysis, who exhibited a wide
spectrum of comorbidities, including hypertension, cardiovas-
cular diseases, diabetes, anaemia, neuropathy, cognitive demen-
tia, hyperthyroidism, and dyslipidaemia. Notably, even complex
conditions such as diabetic foot ulcer, paralysis, and heart
failure were represented. Our nanosensor displayed an indis-
tinguishable response for CR detection across the diverse patient
cohort. This exceptional performance underscores the robust-
ness and reliability of the fabricated nanosensor in detecting CR
levels irrespective of CKD severities, highlighting its strong
potential for real-world diagnostic applications. Our method
for measuring CR concentrations yielded observations that
closely matched those obtained using the clinically validated
Jaffe method (see Table S1). Bland-Altman and scatter plot
analyses (see Fig. S5) demonstrated a high degree of correlation
(R* = 0.99) relative to the Jaffe method, further confirming the
reliability of the nanosensor for CR analysis. CR concentrations
measured by both approaches showed excellent concordance,
with only minor variations across samples (generally <3%). Out
of 89 samples, 81 were true positives, 6 were true negatives, and
only 2 showed slight deviations, recorded as false negatives
(7.11% and 8.76%). The close agreement with the Jaffe method
highlights the reliability, sensitivity, and clinical applicability of
the proposed nanosensor for CR detection in human serum. The
ability of the nanosensor to detect CR in micro-volumes (5 pL) of
serum makes it a promising tool for minimally invasive and
point-of-care (POC) applications. It reduces the discomfort asso-
ciated with large blood samples, speeds up testing procedures,
and makes POC testing more feasible by enabling tests at or near
the patient’s location. This capability lowers costs, enhances
patient compliance, and allows for more frequent monitoring of

0.12 -

Current (mA)

Interference Study

Fig. 8 Selectivity of SPCE@MXene@CDs for CR in the presence of various interfering biomolecules.
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chronic conditions, ultimately improving diagnostic efficiency
and patient care.

A comparative statistical analysis was performed to evaluate
the agreement between the electrochemical method and the
standard Jaffe approach for CR quantification. The paired ¢-test
yielded a test statistic of —1.11 with a corresponding p-value of
0.272, indicating no statistically significant difference between the
two methods (p > 0.05). The mean difference in CR concentration
was —0.0128 mg dL ", and the 95% confidence interval for this
difference ranged from —0.0359 to +0.0102 mg dL . Since the
confidence interval is zero with negligible mean bias, the results
confirmed excellent concordance between the developed electro-
chemical assay and the Jaffe method. This statistical finding is in
strong agreement with the Bland-Altman analysis (Fig. S5), which
further validates the reliability and clinical applicability of the
developed nanosensor.

4. Conclusion

An innovative EC nanosensor, incorporating SPCE@MXene@CDs,
was developed for the highly accurate detection of CR in PBS as well
as in human serum obtained from healthy participants and
individuals diagnosed with CKD. The integration of SPCE@MXe-
ne@CDs significantly amplified EC redox signals for CR, achieving
a DL of 0.016 mg dL~ " with notable sensitivity and the capability to
work with ultra-low sample volumes (5 pL). The electrical conduc-
tivity of SPCE@MXene@CDs was improved by carefully adjusting
the scan rate, number of scan cycles, buffer pH, and concentration
of CDs. The nanosensor demonstrated excellent selectivity, with no
notable interference from common metabolites such as glucose,
urea, AA, GSH, BSA, globulin, bilirubin, gentamicin, vancomycin,
arginine, and histidine and key electrolytes (Ca>*, Mg>", PO,>~, and
S0,>7), confirming its high specificity. The SPCE@MXene@CDs-
based sensor demonstrated a strong correlation with the standard
Jaffe method (R* = 0.99) for CR quantification in human serum
samples (n = 89) and exhibited excellent agreement, with a negli-
gible mean difference (—0.0128 mg dL ") and a 95% confidence
interval of —0.0359 to +0.0102 mg dL ™" (p = 0.272). These outcomes
highlight the nanosensor’s reliability and accuracy in complex
biological environments, positioning it as a minimally invasive
and highly effective tool for rapid CR monitoring, with the potential
to enhance patient adherence and clinical outcomes.
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