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The prompt and precise detection of creatinine is essential, as it serves as a critical biomarker for
evaluating the severity of kidney disease. This study introduces the development of an innovative non-
enzymatic electrochemical biosensor designed for the sensitive detection of creatinine. The biosensor was
created by functionalizing carbon nanotubes with anhydrous copper acetate through a simple one-step
hydrothermal method. The unique properties of carbon nanotubes provide numerous adsorption sites that
promote specific coordination interactions between copper nanoparticles and creatinine, thereby
establishing the foundation for the sensor’'s enhanced sensitivity. The sensor exhibits remarkable specificity,
with the creatinine concentration demonstrating a linear response within the range of 0.01 mM to 1 mM,
and an exceptional sensitivity of 8617.86 pA mM™ cm™2. Notably, superior sensors of this type have been
documented, particularly within the narrower concentration range of 0.01 mM to 0.05 mM, indicating that
this sensor outperforms others in its class. Furthermore, density functional theory (DFT) calculations,

Received 16th June 2025, encompassing electron state density, differential charge density, and adsorption energy assessments,

Accepted 11th August 2025 corroborate the material's outstanding properties and elucidate the underlying detection mechanism.
DOI: 10.1039/d5ma00644a Furthermore, a range of flexible creatinine sensors was developed utilizing 3D printing and sputtering

technigues. These sensors demonstrated exceptional sensing performance, thereby expanding the potential
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Introduction

The kidneys are essential organs in the human body, performing
functions such as removing metabolic wastes, reabsorbing certain
nutrients, and regulating blood pressure and erythropoiesis.*
Creatinine (Cr), as a prognostic marker, is generated in muscle
tissue by the irreversible non-enzymatic dehydration reaction of
creatine and released into the bloodstream to be excreted in
urine.” Creatinine levels in human serum typically range from 44
to 133 pM, and any creatinine levels beyond this range usually
indicate renal, muscular, or thyroid-related diseases. Creatinine
values above 500 pM are associated with severe kidney damage,
and below 40 puM indicate an abnormal reduction in muscle
mass.’ Therefore, it can assess renal function, chronic kidney
disease, and muscle disease. Recent clinical studies have further
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applications of the material and effectively highlighting its intrinsic properties.

emphasized the significance of creatinine as a prognostic marker,
with elevated levels showing strong correlation with cardiovascu-
lar complications in patients with chronic kidney disease
(CKD).*® Current detection methods for creatinine include spec-
trophotometry, high-performance liquid chromatography, spec-
tral analysis, chemiluminescence immunoassay, electrochemical
sensing, and other approaches.” Among them, electrochemical
biosensing technology, as a new technology for biomolecule
detection, combines the advantages of the previous methods,
including high sensitivity, low detection limit, high selectivity,
simple operation, and other benefits, so the use of electrochemi-
cal sensing technology for the detection of various types of
biomolecules has aroused great interest.* ' Some studies high-
lighted that electrochemical sensors have witnessed a 35%
increase in clinical adoption over the past five years due to their
real-time monitoring capabilities."* ™ Recently, various methods
have been created for identifying creatinine through enzymatic
and non-enzymatic electrochemical sensing techniques.®'**®
Dasgupta et al, by utilizing creatinine deiminase, broke down
creatinine into 1-methyl glycol acetone urea, allowing creatinine
molecules to be detected via an electric current signal produced
when it was paired with cobalt ions.® However, enzyme

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical sensors suffer from high costs and poor long-
term storage stability, so non-enzymatic sensors based on nano-
materials have emerged, such as the use of nanomaterials such as
ZIF-8/PEDOT: PSS/ITO and CNT/FA/Ag NPs for -creatinine
detection."”'® The development of 3D printing technology also
offers promising innovations for fabricating biosensors and their
components. Biosensor structures can be customized using this
technology, offering the advantages of low cost, rapid prototyping
and manufacturing, and minimal waste.">*° 4D-printed sensors
that self-assemble upon hydration, Al-optimized designs achiev-
ing 300% sensitivity enhancement, and sustainable materials like
chitosan-based bioinks which degrade in 30 days, are some
examples.”’* The technology’s design freedom and multi-
material capability position bio-printing as the cornerstone of
next-generation biosensor development.

Along with the development of nanotechnology, the emer-
gence of various nanomaterials such as carbon nanomaterials,
metal nanoparticles, and metal oxides has contributed signifi-
cantly to the development of electrochemical biosensors.
Among them, carbon nanotubes (CNTs) are a kind of carbon
nanomaterial with excellent properties such as large aspect
ratios, high surface areas, and electrical conductivity, which
have remarkable electron transfer ability in electrochemical
reactions, and combining them with nanomaterials with dif-
ferent properties can effectively enhance the electrochemical
performance.***®

Metal oxide nanostructures have the advantages of both
metals and nanomaterials, including large active specific surface
areas and very high electron transfer efficiency. Among them, the
electrochemical properties of copper oxide are susceptible to the
external environment, and its application to biosensors can
significantly improve the response speed and sensitivity of
biosensors.”® Recent advances in creatinine sensing employ novel
materials and detection strategies to transform kidney disease
diagnostics.”’>° Flexible 3D conductive polymers (PPy/V,0s/
TiO,) enable enzyme-less electrochemical detection, while mole-
cularly imprinted MXene/AuNPs offer ultra-specific recognition.
Solid-state nanopores with enzymatic pH modulation achieve
miniaturized sensing, and Prof. Li’s rGO/PDA-MIP platform
breaks sensitivity barriers for simultaneous creatinine/urea mon-
itoring. The integration of nanocomposites, imprinting strate-
gies, and nanofluidic systems enables portable, cost-effective
devices suitable for point-of-care use, particularly in resource-
limited settings. Together, they represent a paradigm shift toward
accessible, high-performance kidney disease monitoring through
multi-analyte detection, user-friendly operation, and robust per-
formance in complex biological matrices.

In this study, we have utilized a simple one-step hydrother-
mal synthesis method for functionalized CNTs and copper
nanoparticles to modify electrodes to develop non-enzymatic
electrochemical biosensors for the highly sensitive detection of
creatinine. This biosensing mechanism combines copper ions
and creatinine to form a creatinine-copper coordination com-
pound, which leads to a linear relationship between creatinine
levels and the peak oxidation current. CNT offers numerous
adsorption sites on their surface for copper ions, significantly
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enhancing the sensor’s performance. The proposed creatinine
biosensor has an extremely high sensitivity toward creatinine of
8617.86 pA mM ' cm 2 The DFT calculations, including
electron state density, differential charge density, and adsorp-
tion energy calculation, verified the material’s excellent proper-
ties and inferred the material’s detection mechanism and
creatinine. In addition, various flexible creatinine sensors were
fabricated using 3D printing and sputtering techniques. These
sensors exhibited excellent sensing performance, broadening
the material’s potential applications and fully showcasing its
inherent properties.

Experimental section
Materials and reagents

Creatinine, glucose, uric acid, urea, NaCl, KCl, anhydrous
copper acetate, sodium hydroxide, and phosphoric acid, potas-
sium ferrocyanide(n) were purchased from Sigma-Aldrich.

The ELISA kit for creatinine was purchased from Fisher
Scientific. Iron(m) chloride, potassium ferricyanide(ur), silver
nitrate and 0.1 M phosphate-buffered saline (PBS) (pH 7.4) were
purchased from Aladdin Co, Polyethylene terephthalate (PET)
films, carbon ink (5 wt%) and silver ink (25 wt%) were purchased
from the Taobao website. All chemicals were used as received. An
anhydrous copper acetate solution was configured as a 1 mg
mL ! solution, sodium hydroxide and phosphoric acid solutions
were configured as buffers of pH 4 to pH 9, and diluted 5%
sodium solutions were reduced to 0.5%. The remaining reagents
used in the study, including deionized water (DI) from the Milli-Q
water purification system, were used as received.

Preparation of the CNT/CuO@Cu,O nanocluster ink

CNT/CuO@Cu,0 were synthesized using the hydrothermal synth-
esis method. First, 0.01 g of CNT and 0.075 g Cu(CH;COOH), were
dissolved in 9 mL of deionized water. Then, 15 mL of ethylene
glycol and 6 mL of ethanol were gradually added into the solution
under continuous stirring ultrasonication for 10 minutes to mix
well for 2 h at room temperature. The resulting mixture was then
subjected to an oven treatment at 120 °C for 8 hours, after which it
was allowed to cool overnight. Once the reaction was completed,
the blank supernatant was discarded, and 20 ml of deionized
water was added to the sediment. This was followed by vigorous
shaking using a vortex machine for 2 min. The impurities mixture
was washed multiple times with deionized water by centrifugation
at 2000 relative centrifugal force (RCF) for 5 min for each cycle
until solvent-free stratification.

To prepared CNT/CuO@Cu,O0 nanocluster ink, an aliquot of
the prepared suspension was dried and diluted to a concen-
tration of 1 mg ml~" for further use (Fig. S1).

Construction and modification of the CNT/CuO@Cu,0/GCE
sensing platform

The biorecognition interface and working electrode were
assembled face-to-face on the glassy carbon electrode (GCE). We
first polished the GCE using a polishing chamois and 0.3 uM and
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0.05 uM aluminum powders to create a mirror-like surface. Then, a
1 mg mL™" suspension of CNT/CuO@Cu,0 was prepared by
sonication until it was evenly distributed. To form the sensing
platform interface, 10 pL drops of this suspension were added to
the treated GCE and dried at room temperature. Then, 5 pL of a
0.5% Nafion solution was added dropwise. This process resulted in
the formation of a CNT/CuO@Cu,O/GCE electrode, which was
utilized as the working electrode. Furthermore, CNT/GCE and
Cu(CH;COOH),/GCE were prepared using the same method,
which acts as a competitive sensing electrode.

Physical and electrochemical characterization of the biosensor

The surface morphology of the materials was characterized by
FE-SEM, which provided detailed images of the samples’ sur-
faces. The crystal structure of the materials was analyzed using
XRD, which revealed the unique patterns and structures of the
different phases present in the materials. FT-IR and XPS were
used to analyze compositions and determine elemental
valences and relative contents.

This study utilized a silver/silver chloride (Ag/AgCl) electrode
as the reference electrode, while a platinum (Pt) wire electrode
served as the counter electrode. Phosphate buffer (0.01 M PBS,
pH = 7.4) was used as an electrolyte, and the electrochemical
measurements were conducted under air-saturated and
nitrogen-saturated conditions. The modified working electrode
was immersed in 10 mL of PBS solution, and a creatinine
solution with a concentration gradient ranging from 0.01 mM
to 1 mM was added sequentially. The working electrodes were
subsequently utilized for creatinine detection. The working
electrode of its 3D electrode was coated with 100 pL of PBS
electrolyte. A solution of creatinine with a concentration gradi-
ent ranging from 0.01 mM to 30 mM was added sequentially to
the working electrode. The electrodes used in these studies were
prepared on the same day with oven drying, and stored at 4 °C.

To characterize the electrode performances of GCE, CNT/
GCE, Cu(CH3COOH),/GCE, and CNT/CuO@Cu,0/GCE, and to
confirm the surface modification after 3D printing of bio-3D
printing CNT/CuO@Cu,O flexible sensors, differential pulse
voltammetry (DPV) and OCP-EIS reading were executed in
0.2x PBS(pH7.4) containing 2.0 mM K,;Fe(CN)s/K;Fe(CN)g
(1:1) under the following conditions: potential range, —0.4 to
0.4 V; pulse width, 0.2 s; incremental potential, 4 mV; ampli-
tude, 50 mV; frequency range, 0.1-10° Hz; amplitude, 5 mV.

In addition, the electrode surfaces of GCE, CNT/GCE,
Cu(CH;COOH),/GCE, and CNT/CuO@Cu,O/GCE were com-
pared through cyclic voltammetry(CV) characterization in the
range of —0.6 to 0.6 V at different scan rates (10, 20, 30, 50, 70,
100, 200 and 300 mV s~ ) in artificial urine (0.2 x PBS, pH 7.4).
All electrochemical measurements of the working electrode
were performed at room temperature in artificial sweat unless
otherwise noted.

DFT calculations

Our computational investigations, conducted within the frame-
work of spin-polarized density functional theory (DFT), were
implemented using the Vienna ab initio simulation package
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(VASP). This computational methodology utilizes a plane-wave
basis set in conjunction with the projector augmented-wave
(PAW) technique. The electronic exchange and correlation effects
were treated employing the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional. Addi-
tionally, van der Waals interactions were included by integrating
Grimme’s DFT-D3 correction scheme into the calculations. To
prevent artificial interactions between periodic replicas, an 18 A
vacuum buffer was carefully incorporated into the simulation
setup. The energy cutoff was set at 450 eV to ensure a balance
between computational precision and efficiency. Brillouin-zone
integration was meticulously carried out using a I'-centered
Monkhorst-Pack k-point mesh with a 2 x 2 x 1 configuration,
enabling a thorough sampling of reciprocal space. Structural
optimization was pursued until the forces on each atom reached
a threshold below 0.02 eV A™! to ensure structural stability.
Moreover, the energy calculations were converged to a stringent
criterion of 10~ eV to guarantee the accuracy of our computa-
tional outcomes.

Applied flexible design

Firstly, SOLIDWORKS and CAD modeling software were used to
create a flexible sensor model with dimensions of 12 x 30 mm?,
1 mm, and 50 nm thicknesses and working electrode areas of
0.25 mm? and 0.0625 mm?, respectively. Carbon paste and a CNT/
CuO@Cu,O suspension were mixed appropriately to create the
composite inks. The composite inks and silver paste were loaded
into two cryogenic extruders for subsequent printing, in which the
composite inks were utilized for the working electrodes and
counter electrodes. The silver paste served as the reference elec-
trode. The composite ink and silver paste were loaded into two
low-temperature extruders for printing. The composite ink served
as the working electrode and counter electrode, while the silver
paste was the reference electrode. Polyethylene terephthalate (PET)
was cut into 10 x 10 cm® squares and placed on the printing
platform as the flexible sensor substrate. The corresponding
patterns were printed based on the designed 3D models using a
bio-3D printing system, cut to the specified dimensions, and dried
in an oven at 60 °C for spare parts. The flexible gold electrode was
created by placing a stainless steel mask plate, 0.5 mm thick, on a
10 x 10 cm” PET substrate and sputtering a 50 nm gold layer using
sputtering apparatus. A layer of silver paste was then applied to the
reference area as a reference electrode, which was cleaned with
deionized water before use. The modification of the working
electrode was as described above.

Creatinine detection in a kidney injury animal model

Male Sprague-Dawley rats were purchased from the experimental
animal center of Third Military Medical University (Chongqing,
China). The age of rats ranged from 4-6 weeks (body weight 200-
250 g). All rats were housed in a specific pathogen-free environ-
ment in the animal facility of Southwest Hospital (Chongging,
China) in accordance with the Guide for the Care and Use of
Laboratory Animals. An animal model of cisplatin-induced acute
kidney injury (AKI) was established in rats by intraperitoneal
injection of cisplatin (10 mg kg ', single injection; Sigma-Aldrich).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Rats were anesthetized for euthanasia and blood was har-
vested 3 days after cisplatin injection. Specifically, the animals
were fixed in a supine position, the index finger detected the
highest part of the heartbeat, and the hair on the skin surface was
cut off, and disinfected with 75% alcohol. Use a 9# needle to
pierce the heart at 45 degrees, then move the needle up and down
gently. After the blood enters the barrel, fix the position of the
syringe to take blood. All animal studies were approved by the
Ethics Committee of Army Medical University, PLA (Chongqging,
China). Whole blood samples from acute kidney injury model
rats were collected in 15 mL centrifuge tubes and stood at 4 °C for
12 hours. Then, the blood samples were separated by centrifuga-
tion at 3000 rpm for 90 min. The upper serum was collected, and
the samples were equally divided into two parts for colorimetric
detection and electrochemical detection, respectively, and
instantly stored at —80 °C for serum creatinine testing.

AKI rat serum samples for ELISAs

The evaluation of the CNT/CuO®@Cu,O flexible sensor for
serum creatinine monitoring in serum samples for rat AKI
models followed all the ethical regulations according to the
Animal Ethical Statement (AMUWE C20211973), and the experi-
mental animal production license number of our unit is
SCXK(Chongqing)20170002, and the use license number is
SYXK(Chongqing)20170002. Colorimetric detection was carried
out using a Creatinine Assay Kit (Sigma-Aldrich, Missouri,
USA). Briefly, serum samples were first deproteinized with a
10 kDa MWCO spin filter, serum and appropriate reaction
mixture were mixed into a 96-well plate, then mixed well using
a horizontal shaker, and the reaction was incubated at 37 °C for
60 minutes, and finally the absorbance was measured at
570 nm (A570).

Results and discussion
Characterization of CNT/CuO@Cu,O nanoclusters

After CNT/CuO@Cu,O nanocomposites were prepared using a
hydrothermal method, their morphology, structure, and
valence changes were analyzed through field emission scan-
ning electron microscopy (FE-SEM), X-Ray diffraction (XRD),
and Fourier transform infrared spectroscopy (FT-IR) techniques
(Fig. 1). FESEM first characterized the prepared samples for
microscopic morphology. It can be seen that the untreated
Cu(CH;COOH), and CNT showed a stacked lamellar structure
and intertwined dense mesh structure, respectively (Fig. 1B and
C). Many copper oxide spherical nanoparticles were observed as
clusters attached to the CNT of the dense mesh structure after
the hydrothermal reaction (Fig. 1D). The material’s specific
surface area and pore size distribution were analyzed using
nitrogen adsorption-desorption experiments. An energy disper-
sive X-ray spectrometer (EDS) analyzed the samples to obtain a
carbon atom mass of 55.16%, an oxygen atom mass of 12.9%,
and a copper atom mass of 31.94% (Fig. S1). CNT and CNT/
CuO®@Cu,0 exhibit H3 hysteresis loops in the relative pressure
range of 0.5-0.8, indicating that the pore structure primarily

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consists of slit pores formed by stacking (Fig. S2A). Upon
analysis, it can be found that the pore volume of CNT/CuO@-
Cu,O is significantly reduced compared to CNT. This reduction
may be attributed to the selective deposition of copper oxides in
specific pores, leading to decreased overall pore volume. Both
pore diameters are concentrated around 3.4 nm, and the
specific surface area of CNT/CuO@Cu,O is 167.74 m*> g '
(Fig. S2B). The higher specific surface area and many meso-
porous structures provide more adsorption sites for the active
molecules, favoring the electrochemical reaction. XRD analysis
reveals a diffraction peak at the 20 = 26.4° position for CNT/
CuO@Cu,0 and CNT, indicating the presence of the (420)
crystallographic plane of C. The diffraction peaks of Cu(CHs;-
COOH), are not observed in CNT/CuO@Cu,O0. In contrast, the
characteristic peaks originally belonging to Cu(CH;COOH), are
not shown in CNT/CuO@Cu,O. Additionally, several sharp
derivative peaks are present in CNT/CuO@Cu,O that are not
found in CNT. Matching with the standard diffractograms, it
was found that the XRD diffraction peaks of the CNT/CuO@
Cu,O composites correspond to copper oxides, respectively.
Characteristic peaks of CuO appeared near 20 of 35.76°
38.887, 49°, and 68°, which corresponded to the (—111), (111),
(—202), and (—221) crystal planes of CuO, respectively. The
diffraction peak at 20 = 61° corresponded to the (220) crystal
plane of Cu,O, further confirming that the spherical nano-
structures attached to the surface were attributed to the Cu
oxides (Fig. 1E). Raman analysis revealed that the characteristic
peaks of copper and CNT existed in the CNT/CuO@Cu,O
composites, respectively (Fig. 1F). The D and G peaks of carbon
materials were found in CNT/CuO@Cu,O and CNT near
1350 cm ™' and 1580 cm™ ', respectively. The D to G bands
(In/lg) intensity ratio of CNT/CuO@Cu,O was 1.10. At 274 cm ™,
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the characteristic peak of Cu(CH;COOH), appeared, indicating
the presence of copper elements on its surface. FTIR was used
to characterize the surface functional groups of CNT/CuO@
Cu,O (Fig. 1G). The absorption peak at 3563.81 cm ' was
attributed to the stretching vibration of -OH, while the stretch-
ing vibration of C—=C was observed at 1641.25 cm '. The
absorption peak at 748 cm ' was attributed to Cu,O. The
results of the FT-IR characterization confirmed the presence
of Cu,0. The presence of Cu,O was confirmed by the FT-IR
characterization results, which initially demonstrated the suc-
cessful preparation of CNT/CuO@Cu,O composites.

The prepared composites’ composition and the elements’
valence states were characterized using X-ray photoelectron
spectroscopy (XPS). A more accurate binding energy was
obtained using the sp® hybridized carbon peak near 284 eV
for charge correction. The survey spectrum confirmed the
presence of carbon, oxygen, and copper (Fig. 2A). In the high-
resolution spectrum of Cu 2p, the peaks at 932.9 eV and
952.5 eV are 3/2 of Cu 2p for CuO and 1/2 of 2p for Cu,O,
which suggests that there is a mixture of oxidation states of +2
and +1, respectively, for this material (Fig. 2B). Meanwhile, the
presence of three oscillating satellite peaks with high binding
energies at 940.12 eV, 942.59 eV, and 960.98 eV also confirmed
the presence of CuO and Cu,0.**** The fitted peaks of the XPS
spectra of C 1s are located at 284 eV, 284.92 eV, 285.86 eV,
287.98 eV, and 282.95 eV for C—C, C-C, C-O, O-C—0, and C-
Cu bonds, respectively.**** C-Cu bonds indicate that the
copper oxide nanomaterials were successfully incorporated into
the CNT structure (Fig. 2C). The XPS spectra of O 1s have three
fitted peaks; the peaks at 530.77 €V, 529.06 eV, and 532.31 eV
are for Cu,0, CuO, and oxygen vacancies, respectively, wherein
the presence of the oxygen vacancy structure can effectively
regulate the CNT/CuO@Cu,0O nanocomposite surface,*® thus
affecting the electron transfer efficiency (Fig. 2D).
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Fig. 2 XPS spectra of (A) the survey spectrum; (B) Cu 2p; (C) C 1s; (D) O 1s
of CNT/CuO@Cu,0O composites.
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Electrochemical analysis of CNT/CuO@Cu,O

The electrochemical behaviors of the blank electrode, CNT/
GCE, Cu(CH3;COOH),/GCE, and CNT/CuO@Cu,0/GCE in PBS
buffer, and 0.2 mM creatinine in PBS buffer were analyzed
using CV (Fig. 3A). It can be seen that the blank electrode and
CNT/GCE have almost no significant current response to crea-
tinine; in contrast, Cu(CH;COOH),/GCE has a weak oxidation
peak. However, after the introduction of CNT, it can be seen
that the current response of Cu(CH;COOH), toward creatinine
is much lower than that of CNT/CuO@Cu,O, and the CNT/
CuO@Cu,O/GCE current density for creatinine was about two
times higher than that of the Cu(CH;COOH),-modified elec-
trode, indicating that the addition of CNT correspondingly
increased the sensitivity of the modified electrode for creati-
nine detection (Fig. 3B). This proves that the copper group is
the active site that reacts with creatinine, and the introduction
of intertwined CNT effectively improves the sensing response of
copper oxides to creatinine. We fitted the peak oxidation of this
material at different sweep speeds and found that the peak
current increases linearly with the sweep speed, suggesting a
surface-controlled process (Fig. 3C and D). This may be since
the introduction of CNT increases the specific surface area of
the material, which provides more reaction sites. Because the
Cu,O0 structure makes it more susceptible to electron transfer,
it is more effective in detecting creatinine levels than other
materials. As seen in the Nyquist plot of EIS, bare GCE
exhibited a semicircle portion with a larger diameter, indicat-
ing an increased interfacial charge transfer resistance (Fig. S3A
and B). The bare GCE did not show a significant semicircular
curve, indicating that the copper-doped CNT material endows
the sensor with better electrical conductivity.

To profoundly investigate the detection mechanism of crea-
tinine by CNT/CuO@Cu,O/GCE, CV analysis of creatinine was
carried out by using CNT/CuO®@Cu,O/GCE, and it is apparent
from Fig. 3E that the CV curves show two pairs of oxidation
peaks, in which the cathodic peak current decreases linearly
with increasing creatinine concentration as the creatinine is
increased in the range of 0.01 mM to 1 mM. The anodic peak
current increased linearly with increasing concentration. Crea-
tinine is reported to be a low electrically active substance, and
therefore, direct electron transfer between creatinine and cop-
per oxides is unlikely, so to explain the observed oxidation
peaks, it is hypothesized that the mechanism of CNT/CuO@-
Cu,O response to creatinine involves a mechanism of copper-
creatinine complex formation (Fig. 3F). When the potential is
applied, electrochemical oxidation of Cu,O on the electrode
surface occurs, resulting in the formation of Cu' -creatinine
complexes with creatinine through the dispersion of II-
electrons and further oxidation of Cu**-creatinine complexes
and the formation of the complexes leads to a decrease in the
concentration of free Cu' formed and released from the elec-
trode surface, which leads to an inverse relationship between
current and concentration at negative potentials.*®*” In con-
trast, at the anodic potential, Cu®>* forms complexes with
creatinine, which explains why Cu(CH3;COOH), has a weak
current response to creatinine. The above reasons lead to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentrations of CNT/CuO@Cu,O/GCE in PBS; (F) schematic representation of the coordination reaction of copper with creatinine.

formation of a characteristic current with a decreasing peak
at negative potentials and an increasing peak at positive
potentials.

Detection mechanism

Density functional theory calculations were performed to infer the
creatinine detection mechanism. Differential charge density can
be used to analyze the charge transfer during adsorption. Yellow
indicates the electron aggregation region, and blue indicates the
electron deletion region. The adsorption system of CNT, Cu(CH;-
COOH),, and CNT/CuO@Cu,O with creatinine (Fig. 4A-C). It can
be seen that the adsorption process of copper acetate and CNT/
CuO@Cu,O with creatinine has more electron accumulation
compared with CNT, in which mainly the -NH bond of creatinine
and C—=O realizes the electron transfer to the cuprous ions,
indicating that it is mainly the interaction between copper and
creatinine in the adsorption process. CNT/CuO@Cu,O has more
electron transfer at the composite interface relative to anhydrous
copper acetate, which further indicates that the structure of CNT
accelerates the electron transfer rate. Fig. 4D and E show the
electronic density of states of copper acetate and CNT/CuO@Cu,O
materials. Relative to Cu(CH;COOH),, the CNT/CuO@Cu,O com-
posite introduces impurity energy levels in the conduction and
valence bands, increasing the probability of electrons reaching the
conduction band and its conductivity. Higher localized DOS values
were observed in the —1 to —4 eV energy range, which is typical of
metals. After CNT modification, the band gap is narrowed, which
results in high selectivity and high sensitivity.*® The adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry

configurations of creatinine with each material were optimized,
and the adsorption energies of creatinine with CNT/CuO@Cu,0,
Cu(CH3COOH),, and CNT were calculated for evaluating their
electrochemical performances in creatinine sensors (Fig. 4F-I).
The calculated adsorption energies of CNT/CuO@Cu,O, anhy-
drous copper acetate and CNT were —0.841, —0.686, and —0.543
eV, respectively, indicating that CNT accelerates the adsorption of
anhydride on copper ions, which leads to the electrocatalytic and
sensing performance of anhydride, which is a strong indication of
the better sensing performance of CNT/CuO@Cu,O for anhydride.

To attain optimal experimental conditions, the effects of
oxygen and pH on CNT/CuO@Cu,O composites were investi-
gated individually. The CV curves were obtained by saturating
PBS with nitrogen and immersing the electrodes in air-
saturated and nitrogen-saturated blank PBS electrolytes, as well
as PBS electrolytes containing 0.2 mM creatinine (Fig. S4A-D).
Comparative analysis revealed that the negative potential cur-
rent response under nitrogen-saturated conditions was much
higher than that under air-saturated conditions for both the
blank PBS and the peak oxidation current with the addition of
creatinine. This suggests that oxygen in the electrolyte may
compete with creatinine. Then, the CV curves illustrate the pH
response of CNT/CuO@Cu,O/GCE at pH 5, 6, 7, 7.4, and 8.
Analysis of the peak oxidation currents revealed a decrease with
increasing pH. The peak oxidation currents were highest under
acidic conditions and notably reduced in an alkaline environ-
ment (Fig. S4E). The potential versus pH was also compared,
and it was found that the maximum potential was —0.06 V at

Mater. Adv,, 2025, 6, 7494-7504 | 7499
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results.

pH 7.4, which was the lowest potential. After that point, the
potential increased positively with the continuous rise in pH
(Fig. S4F). Because CNT/CuO®@Cu,O/GCE exhibits a distinct
redox peak pair in an acidic environment at pH 5, the DPV
assay was conducted in PBS buffer at pH 5 and pH 7.4 to
achieve the best sensing performance. After conducting the
analysis, the results indicated that the sensitivity in an acidic
environment was 1672.29 pA mM ' cm >, significantly lower
than that in PBS. Moreover, no clear linear relationship was
observed between CNT/CuO@Cu,0 and creatinine in the elec-
trolyte with a pH of 5 at a positive potential of 0.17 V (Fig. S5).
This indicates the most excellent sensing performance under
physiological conditions, which provides a great advantage for
detection under physiological samples.

For the different phenomena observed in different air-
saturated states and at different pH, the following hypothesis
is made (Scheme 1): because of oxygen vacancies in CNT/
CuO®@Cu,0, the material exhibits significant oxygen adsorp-
tion in a humid air setting, leading to further oxidation of Cu,O
to CuO under an electric field. At the same time, cuprous oxide
reacts with creatinine to form complexes at this potential. Thus,
there is a competitive relationship between creatinine and O,.
In acidic conditions with a large amount of H', Cu,O and CuO
disproportionates in this environment, forming Cu monomers.
This process reduces the concentration of Cu,O, leading to a

7500 | Mater. Adv., 2025, 6, 7494-7504

lower concentration of Cu+ available to react with creatinine.
Consequently, there is a decrease in electrocatalytic activity,
resulting in lower sensitivity at pH 5 and a minimum potential
at pH 7.4. At pH 7.4, the detector can more easily acquire
electrons to be oxidized by creatinine at a low electric potential.
Under these conditions, detectors are more likely to oxidize
electrons. CNT/CuO@Cu,O exhibits the highest electron trans-
fer activity under physiological conditions and demonstrates
the most significant sensitivity.

Performance study of CNT/CuO@Cu,O sensors

Fig. 5A displays the amperometric response of the CNT/CuO@-
Cu,0 nanocomposite to creatinine under optimal experimental
conditions. We added 0.01-1 mM creatinine concentrations
dropwise into PBS using DPV to measure the corresponding
oxidation peak currents. After analyzing the fit, we classified
the biosensor’s response to the creatinine concentration into
three linear regions, each with a different slope (Fig. 5B). The
relationship can be expressed by the following linear regression
equation:

Y= —603.25X + 83.40 (R*>=0.99) (1)
Y = —92.68X + 53.18 (R®>=0.95) (2)
Y= -21.39X + 22.71 (R* = 0.99) (3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Y is the measured peak DPV current at a negative potential, and
X is the creatinine concentration. The regression coefficients
(R®) are obtained from three replicate measures (n = 3). The
values for (1), (2), and (3) are 0.99, 0.95, and 0.99 respectively,
indicating high regression accuracy. The detection limit of the
CNT/CuO@Cu,O sensor for creatinine was calculated to
be 0.002 mM, and the most heightened sensitivity was
8617.86 pA mM ' cm 2 at a creatinine concentration of
0.01 to 0.05 mM. Due to their large specific surface area, carbon
nanotubes offer numerous adsorption sites for copper and
cuprous ions. This allows related copper ions to adsorb more
creatinine and form complexes, which may contribute to the ultra-
sensitive response to creatinine exhibited by electrodes prepared
using this material. The sensor also showed a high linear response
at a positive potential with a detection limit of 0.2 mM and a
maximum sensitivity of 643.57 pA mM ' ecm > (Fig. S6). Addi-
tionally, the CNT/CuO@Cu,O sensor demonstrated excellent
selectivity for creatinine in various interferences (Fig. 5C and D).
To test the sensor’s performance under different conditions, we
added 0.2 mM concentrations of creatinine and interfering sub-
stances to 10 mL of PBS, ensuring urea, glucose, NaCl, and KCl
were present along with creatinine. The interfering substances
were all at the highest concentrations in serum. The sensor
exhibited better interference ability and accuracy. Furthermore,
we conducted reproducibility experiments using the DPV
response (Fig. S7) for five modified electrodes, demonstrating
good reproducibility. This further substantiates the superiority of
CNT/CuO@Cu,0 as a sensing material.

The reported nanomaterial-based creatinine sensors and
their sensitivity, limit of detection (LOD), and response range,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Typical DPV voltammograms obtained using CNT/CuO@Cu,O/

GCE electrode for sensing the different concentrations of creatinine from
0.01 mM to 1 Mm; (B) calibration plot of the cathode peak current vs.
creatinine concentration; selectivity detected by (C) DPV response and (D)
histogram profile of CNT/CuO@Cu,O/GCE with diverse interferences
containing creatine, urea, glucose, NaCl and KCL

are listed in Table 1, indicating that the CNT/CuO@Cu,O/GCE
sensor shows the highest sensitivity and very low LOD. In
addition, to demonstrate the reproducibility and stability of the
electrode, the prepared sensors were evaluated through measur-
ing the DPV current responses using 10 mL solution containing
PBS 0.1 M and creatinine 0.2 mM in various sensors (No. 1, 2, 3,
4, 5) and various times (0, 1, 2, 7, 10, 15, 20, 30, 40 and 60 days).
After different times of storage at 4 °C, the DPV measurements
were done three times and their average was utilized as the data
for evaluation of the sensor’s reproducibility (Fig. S7) and stability
(Fig. S8). As seen in Fig. S7, no significant discrepancy was
observed in current responses. For stability, only changes were
obtained for DPV measurements using the CNT/CuO@Cu,O/GCE
sensor after 60 days, so that the value of current decreased from
15.88 pA to 15.31 pA (96.41% obtained, 3.59% decrease) and
voltage deviation from —0.1123 V to —0.1595 (142.03% deviation)
after sixty days (Table S1). During the storage time, the average
value of sensor current change is 15.63 £ 0.18 pA, and mean
percentage of the original current retained is 98.42% =+ 1.12%.
About potential change, the average value is —0.1343 £ 0.019 V,
and the mean percentage of voltage deviation is 119.61% =+
16.65%. This indicated the perfect stability of the prepared
sensor surfaces. So, the prepared sensors can be attributed to
the high stability of creatinine sensors.

Application

Various types of flexible sensors were fabricated using this
material in two different ways. The first electrode was fabri-
cated using a 3D printing technique. It consisted of a composite
ink made from CNT/CuO@Cu,O with carbon paste, serving as
the working electrode and counter electrode. Fig. S9A illustrates

Mater. Adv,, 2025, 6, 7494-7504 | 7501
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Table 1 Comparison of our work with different electrochemical sensors for creatinine detection
Electrode LOD [mM] Response range [mM] Sensitivity [uA mM " cm ] Ref.
B/carbon-graphite 0.83 0.05-1.40 11.82 14
Carbon black film/Fe** 0.043 0.10-6.50 41.57 39
CuO-IL/rGO 0.037 0.50-35 0.53 20
NPG/GCE 0.01 0.01-2 195.05 40
Fe-Cu-rGO@Ag 1x107° 1 x 107°-1.0 1100 4
ZIF-8 NPs 0.03 0.05-2.5 101.11 17
Multi-enzyme/c-MWCNT/PANI/Pt 0.0001 0.01-0.75 12.0 42
PTA/PEI multilayer 6 x 107 0-0.0625 — 43
Au/SPCE 7.2 x 1077 0-0.0088 470.0 44
PTSPCE/CuNPs 0.0001 0.01-0.169 258.20 45
Ferrocyanide/SPCEs 0.06 4.0-15.0 21.0 46
PAA gel-Cu(i1)/Cu,O NPs 0.0065 0.20-100 — 47
CNT/CuO@Cu,O/GCE 0.002 0.01-1 8617.86 This work
Flexible sensors 0.01 0.01-1 584.8 This work
the preparation process and images of the flexible sensors. A B s
Additionally, 3D flexible sensors printed using pure carbon b , I
. 54 2. i
paste were also prepared. By dropping 100 L of PBS on the = -
< -~
working electrode for cyclic voltammetry (CV) scanning, the 2 21 spu.ic.-a..g
. . ol g s
CNT/CuO@Cu,O composite ink exhibits a larger surface area | E
. -154 -
compared to the pure carbon paste electrode. This suggests U_m_ 3 m
that the composite ink, prepared from this material, offers 25] e o 51
improved sensing performance over the carbon paste (Fig. S9B). " b i N
. . K L. £6 L4 02 DD 02 0.4 0.6 [ Bienk O evicwoacne
Different concentration gradients of creatinine were added to Potential(V)
. . . cw D 12
the solution, and it was observed that the flexible electrode ol ' e e
demonstrated an excellent linear response to creatinine (Fig. 16] o "ET
S9C and D) over a wide linear range (0.1-30 mM). The second = = ™
. . . . L g
approach involves constructing a flexible sensor by sputtering a % it g ]
gold layer on PET as a conductive circuit. This method offers é: 81 g ]
the advantage of greater stability compared to the first j
204
approach, where the conductive layer is prone to detachment. 2
By dropping 200 pL of PBS on the working electrode for CV 44 03 02 A1 00 01 02 03 04 M

scanning, the CNT/CuO®@Cu,O electrode exhibits a larger cyclic
area compared to the blank gold electrode, suggesting a higher
capacitance (Fig. 6A). Meanwhile, by comparing the changes in
oxidation peak current of the blank gold electrode and the CNT/
CuO®@Cu,0 gold electrode after adding 0.2 mM creatinine, it
was observed that the response of the blank gold electrode to
creatinine was very weak, significantly smaller than the current
response of the CNT/CuO®@Cu,O gold electrode to creatinine
(Fig. 6B). The DPV analysis was conducted by introducing
various creatinine concentrations. The oxidation peak current
decreased linearly as the creatinine concentration increased
(Fig. 6C). This trend aligned with the observations on the glassy
carbon electrode, suggesting that the catalytic site remained
Cu,O. The fitting analysis revealed that the sensitivity could
reach up to 584.8 pA mM ' cm ? in the physiological concen-
tration range, which was close to the sensitivity of the com-
mercial silk-screen electrodes. This suggests that printed
electrodes’ sensitivity is comparable to commercial screen
electrodes, indicating excellent sensing performance. To inves-
tigate the creatinine detection ability of the CNT/CuO@Cu,O
gold electrode at different bending angles, the CV response in
PBS containing 0.1 mM creatinine was recorded in the relaxed
state (0°) and at three bending angles (15°, 30°, and 60°)
(Fig. 6D). After bending 60°, 82.5% of the relaxed state can still

7502 | Mater. Adv., 2025, 6, 7494-7504

lzinglc Bgr):ding o

Fig. 6 CV response of the blank gold electrode and CNT/CuO@Cu,O
gold electrode (A) in PBS and with the addition of 0.2 mM creatinine,
respectively; (B) histogram of the current change after the addition of
0.2 mM creatinine, the picture attached is a photograph of the gold electrode;
(C) linear calibration curve of the CNT/CuO@Cu,O gold electrode after adding
different concentrations of creatinine, illustrated as the DPV curve diagram;
(D) bar chart of comparison of CNT/CuO@Cu,O gold electrodes in PBS
containing 0.1 mM creatinine at bending angles of 0°, 15°, 30° and 60°.

Potential(V)

be reached, and the RSD value is 2.57%, and the RSD of the
relaxed state is 1.7% after bending, indicating that the flexible
sensor has good mechanical properties.

Testing of serum samples

The 3D printed flexible electrode CNT/CuO@Cu,O based bio-
sensor, was utilized for the quantification of creatinine levels in
serum samples, thereby evaluating its suitability for practical
diagnostic applications. Serum samples from rats were pro-
cured, and subsequent spiked recovery experiments were per-
formed to ascertain the efficacy of CNT/CuO@Cu,O in the
analysis of creatinine. As delineated in Table S2, a comparative
analysis was conducted between the creatinine concentrations
determined via the CNT/CuO@Cu,O assay and the known
quantities of creatinine introduced into the samples. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analytical data revealed that the recoveries of spiked creatinine
samples spanned between 88% and 110%. These findings
underscore the sensor’s detection prowess and corroborate
the potential utility of the non-enzymatic sensor fabricated
from CNT/CuO@Cu,0 in clinical settings.

Conclusions

We prepared an enzyme-free electrochemical creatinine sensor
using a one-step hydrothermal method, which involved functio-
nalizing a carbon nanotube with anhydrous copper acetate. The
sensor exhibits excellent electrochemical properties, with a
detection limit of 0.002 mM and a sensitivity of 8617.86 pA
mM ' em 2. The dense network structure formed by the inter-
twining of CNT significantly increased the specific surface area
and provided many adsorption sites for the coordination reac-
tion of copper nanoparticles with creatinine. This, in turn, leads
to an exceptionally high sensitivity of the CNT/CuO@Cu,O
sensor. Additionally, it exhibited excellent sensing performance
on the screen-printed electrode and good recovery rates when
the assay was spiked in serum. The flexible creatinine sensors
prepared using various methods also exhibit good sensing
performance. The composite electrode has higher sensitivity
and sensing performance, suggesting that CNT/CuO@Cu,O has
excellent potential in healthcare.
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