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A B S T R A C T

Creatinine serves as a crucial biomarker for various diseases, and the development of effective and stable non
ezymatic sensor is essential due to the limitations of enzyme-based biosensors, such as poor conductivity and 
environmental instability. In this study, a composite material comprising a copper organic framework and MXene 
(Cu-MOF@MXene) is synthesized through a one-step reaction, enabling enzyme-free electrochemical sensing of 
creatinine. The Cu-MOF@MXene sensor demonstrates good linearity within the range of 20.0 μM to 150.0 μM 
and a low detection limit (LOD) of 20.069 μM. A screen-printed electrode (SPE) coated with Cu-MOF@MXene is 
fabricated for monitoring urine and human serum samples. The results indicate that the SPE possesses high 
sensitivity, selectivity, and stability for nonenzymatic creatinine detection, highlighting potential advancement 
in clinical testing and medical diagnostics.

1. Introduction

Kidney diseases have emerged as a chronic and global health concern 
[1]. Creatinine (2-amino-1-methyl-2-imidazolin-4-one, Cre) is a waste 
product of muscle metabolism, primarily excreted by the kidneys [2]. 
The concentration of creatinine in the human body serves as a critical 
indicator of kidney function, reflecting the kidneys’ ability to filter blood 
[3]. In healthy individuals, the physiological concentrations of creati
nine are typically 35–140 μM in serum and 71–265 μM in urine [4]. 
Several methods are available for creatinine detection, including the 
Jaffe method, enzymatic assays, and high-performance liquid chroma
tography (HPLC) [5,6]. While the Jaffe reaction is a straightforward and 
cost-effective colorimetric method [7], it is prone to interferences from 
substances in the blood, such as acetone, vitamin C, and glucose [5]. 
These substances can react with the basic picric acid, leading to a red 
color and compromising the specificity of serum creatinine detection 
[8]. Enzymatic methods offer high specificity and sensitivity but are 

often expensive [9] and can be affected by endogenous creatine, bili
rubin, ascorbic acid, and certain clinical medications [10]. HPLC 
coupled with fluorescence is an advanced technique for creatinine 
measurement [11], but it requires complex sample preparation, 
cumbersome analytical procedures, and costly reagents [12]. Therefore, 
there is a strong need for a rapid, stable, and economical alternative 
technique for creatinine detection in modern clinical diagnostics.

In recent years, electrochemical analysis methods have gained sig
nificant importance in both bioanalysis and environmental analysis. 
Within the realm of bioanalysis, electrochemical biosensors have expe
rienced rapid development, primarily due to their rapid response times 
and high sensitivity [13]. These sensors are capable of detecting small 
molecules, nucleic acids, proteins, and cells with exceptional sensitivity. 
By employing strategies such as layered structure electrodes, nano
material modifications, and sophisticated mathematical algorithms for 
data analysis, they facilitate highly sensitive and selective direct analysis 
of a wide range of biological small molecules [14,15]. Furthermore, 
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miniaturized electrochemical sensing platforms are increasingly being 
researched, offering a cost-effective, disposable, and reusable rapid 
analysis platform for point-of-care testing in medical settings [16]. In the 
field of environmental analysis, electrochemical methods excel in their 
high sensitivity and fast analysis speed, particularly for the detection of 
heavy metal ions, making them a focal research area. These advance
ments have not only propelled the development of electrochemical 
analysis technology but also provided robust tools for biomarker 
detection, disease monitoring, and environmental surveillance [17,18].

For the detection of creatinine molecules, electrochemical methods 
are renowned for their speed and sensitivity [19–23]. Electrochemical 
biosensors are broadly categorized into two types: enzymatic and 
nonenzymatic. Enzymatic biosensors, while effective, have several 
drawbacks, including complex preparation processes, poor conductivity, 
and susceptibility to environmental factors [24,25]. These limitations 
result in high background signals, a narrow detection range, short 
storage life, and reduced stability [26,27]. In contrast, nonenzymatic 
biosensors leverage interactions between creatinine and nanomaterials 
to overcome the limitations of their enzymatic counterparts [28,29]. For 
instance, metal nanoparticles and metal-organic frameworks (MOFs) 
have shown great promise in this regard. [30,31]. These metal nano
particles can be integrated into nonenzymatic biosensors for creatinine 
detection [32].

MOFs offer a large specific surface area, high porosity, and multiple 
active sites [33,34]. Characterized by their nanoporous structures and 
metal ions linked to organic ligands, MOFs have emerged as a promising 
alternative to traditional metal nanoparticles [35,36]. Different types of 
materials can be combined with MOFs to enhance their performance. 
For example, MXene, a two-dimensional (2D) material, can be coupled 
with MOFs to improve stability and electrical conductivity [37,38]. 
Wang et al. developed a molecularly imprinted electrochemical sensor 
modified with Cu-MOF and Ti3C2Tx for the detection of hygromycin B in 
food [39]. Qi et al. prepared an electrochemical sensor based on Fe- 
MOF-NH2/CNTs-NH2/MXene for the rapid and sensitive detection of 
ofloxacin [40]. These composites not only preserve the intrinsic attri
butes of MOFs but also offer additional benefits such as electrical con
ductivity, magnetic responsiveness, optical functionality, and catalytic 
activity [41]. The 2D MXene is produced by selectively etching group 
IIIA-VA elements from the MAX phase, which consists of thin layers of 
metal carbides or nitrides [42,43]. MXene offers many advantages, 
including adjustable interlayer spacing, a hydrophilic surface, high 
metallic conductivity, and a plethora of surface functional groups 
[44,45]. These characteristics render MXene highly promising in elec
tronics, sensing, catalysis, and biomedical fields [46,47].

In this study, the Cu-MOF@MXene is synthesized through a cost- 
effective one-step process using inexpensive reactive precursors. This 
material exhibits unique structural and performance advantages, mak
ing it highly suitable for nonenzymatic electrochemical sensing of 
creatinine. The Cu-MOF@MXene retains the high specific surface area 
and porous structure of MOFs while integrating the 2D layered charac
teristics of MXene. The three-dimensional (3D) structure of Cu-MOF 
enhances the material’s adsorption capacity, and the MXene layers in
crease conductivity, improving the electrochemical performance for 
creatinine detection. The Cu-MOF@MXene electrode demonstrates a 
good linear range (20.0 μM to 150.0 μM) and a low detection limit 
(20.069 μM) for creatinine. The electrochemical properties of Cu- 
MOF@MXene surpass those of both Cu-MOF and MXene. Additionally, 
a screen-printed electrode (SPE) coated with Cu-MOF@MXene is suc
cessfully fabricated and applied to detect creatinine in urine and human 
serum samples. Benefiting from the high electrical conductivity, excel
lent stability, and selectivity of Cu-MOF@MXene, the SPE shows high 
sensitivity, high selectivity, and good reproducibility in the electro
chemical detection of creatinine. These properties enable accurate 
detection of creatinine in complex biological samples without interfer
ence from other substances. This study not only introduces a cost- 
effective approach for synthesizing composite materials but also 

provides valuable insights and references for the advancement of high- 
performance biosensors in clinical and medical diagnostics.

2. Experimental details

2.1. Chemicals and materials

Titanium aluminum carbide (Ti3AlC2) was purchased from RHAWN 
Chemical Reagent Co., Ltd. (Shanghai, China). Lithium fluoride (LiF), 
potassium ferricyanide (K3Fe(CN)6), potassium ferrocyanide (K4Fe 
(CN)6), cupric chloride (CuCl2), polyvinylpyrrolidone (PVP), poly
phthalic acid, and 1,3,5-benzenetricarboxylic acid (C9H6O6) were sup
plied by MACKLIN Chemical Reagent Co., Ltd. (Shanghai, China). 
Sodium chloride (NaCl), methanol, potassium chloride (KCl), disodium 
phosphate (Na2HPO4 ⋅ 12H2O), and sodium dihydrogen phosphate tri
hydrate (NaH2PO4 ⋅ 3H2O) were purchased from Xilong Chemical Co., 
Ltd. (Guangdong, China). Sulfuric acid (H2SO4) and concentrated hy
drochloric acid (HCl) were bought from Cologne Chemical Reagent Co., 
Ltd. (Chengdu, China). All the chemicals were analytical grade and used 
without further treatment. Deionized water (DW) was used throughout 
the experiments. The phosphate buffer solution (PBS, 0.01 M, pH = 7.4) 
was prepared with Na2HPO4⋅12H2O, NaH2PO4⋅3H2O, KCl, and NaCl.

2.2. Synthesis

MXene was synthesized according to an established protocol [48]. 
Briefly, 3.2 g of LiF was homogenized with 40 mL of 9.0 M HCl at 40 ◦C 
for 15 min under continuous magnetic stirring. Subsequently, 2.0 g of 
Ti3AlC2 precursor was gradually introduced into the etchant solution 
and reacted for 48 h under inert nitrogen atmosphere. The resultant 
suspension underwent sequential purification steps: centrifugation 
(3500 rpm, 2 min), repeated washing cycles with 2.0 M HCl followed by 
DW until neutral pH was attained, and vacuum filtration through a 0.2 
μm membrane. The multi-layer MXene solution was centrifuged at 3500 
rpm for 30 min to produce the single-layer MXene. The MXene powder 
was prepared by freeze-drying. The synthesis of Cu-MOF was based on 
information in the literature [49]. The synthesis of Cu-MOF was initiated 
by dissolving 5.0 g of Cu(NO3)2⋅3H2O in 100 mL of methanol, resulting 
in a transparent blue solution. In a separate step, 1.0 g of PVP and 2.91 g 
of C9H6O6 were dissolved in 100 mL of methanol, and the mixture was 
sonicated to form a clear solution. The copper nitrate solution was then 
slowly added to the PVP and C9H6O6 solution at a rate of 300 μL/min 
under vigorous stirring. The resulting mixture was continuously stirred 
for 24 h, yielding a blue suspension. Finally, the Cu-MOF powder was 
obtained by freeze-drying the suspension.

Solution A was prepared by dissolving an appropriate amount of 
CuCl2 in methanol under continuous magnetic stirring to achieve a final 
concentration of 0.1 M. In parallel, the pH of a 0.1 M polyphthalic acid 
solution was systematically adjusted to 6.0 through dropwise addition of 
1.0 M KOH solution while monitoring with a calibrated pH meter.The 
synthesis of Cu-MOF@MXene composite was initiated by dispersing a 
precisely measured amount of single-layer MXene in deionized water to 
form solution B of 0.1 M. Solution A was then introduced into solution B 
via a peristaltic pump at a controlled rate of 5 drops/min (approximately 
0.25 mL/min) under continuous magnetic stirring. The reaction mixture 
was maintained at room temperature with vigorous stirring (3000 rpm) 
for 48 h to ensure complete coordination. The resulting composite un
derwent sequential purification: (1) triple washing with absolute 
ethanol (99.9%) to remove residual reactants and byproducts, (2) 
centrifugation at 3500 rpm for 15 min, (3) vacuum filtration through a 
0.2 μm membrane, and (4) lyophilization at − 40 ◦C under 0.1 mbar for 
24 h. To optimize the composite structure, we systematically investi
gated the CuCl2/MXene mass ratio by preparing four different formu
lations (2,1, 2,2, 2,3, 2:4). Comprehensive characterization revealed 
that the 2:3 ratio yielded the optimal structural integrity and functional 
performance. The preparation of the Cu-MOF@MXene composite was 
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achieved by mixing a CuCl₂ solution with a monolayer MXene dispersion 
under controlled conditions. In this process, Cu-MOF nanoparticles were 
uniformly anchored onto the MXene surface, forming a homogeneous 
coating layer. The anchoring mechanism primarily involves coordina
tion interactions between Cu2+ ions and the surface functional groups 
(e.g., –OH and –F) of MXene, which can be represented as: MXene +
Cu2+ → MXene-Cu2+. This coordination not only strengthens the inter
facial bonding between Cu-MOF and MXene but also enhances the 
composite’s electrical conductivity and structural stability, thereby 
significantly improving its electrocatalytic performance for creatinine 
detection.

2.3. Materials characterization

The morphological characteristics and structural features of the 
synthesized samples were characterized by scanning electron micro
scopy (SEM, ZEISS Sigma 300), and the elemental composition analysis 
and spatial distribution mapping were performed through energy- 
dispersive X-ray spectroscopy (EDS) coupled with the SEM system. For 
crystallographic characterization, powder X-ray diffraction (PXRD) 
patterns were acquired using a PANalytical X’Pert PRO diffractometer 
equipped with a monochromatic Cu Kα radiation source (λ = 1.5406 Å). 
Raman spectroscopic analysis was conducted on a Renishaw inVia 
Qontor confocal Raman microscope system, utilizing a 633 nm He–Ne 
laser excitation source with a power output of 1.5 mW and a spectral 
resolution of 1 cm− 1.

2.4. Electrode preparation

The glassy carbon electrode (GCE, 3 mm in diameter) was polished 
with α-alumina powders (0.5 μm, 0.3 μm, and 0.05 μm), cleaned ultra
sonically in ethanol and DW for several minutes, and dried in a vacuum 
oven. Electrochemical activation of the polished electrode was carried 
out in 1.0 mM H2SO4 solution using CV with the following parameters: 
potential window of − 1.0 V to +1.0 V (vs. Ag/AgCl), scan rate of 100 
mV/s, and 20 consecutive cycles. This activation process served to 
enhance the electrode’s electrochemical activity while removing surface 
contaminants. Following activation, the electrode’s electrochemical 
performance was evaluated in a 0.1 M KCl solution containing equi
molar concentrations (1.0 mM each) of K3[Fe(CN)6] and K4[Fe(CN)6]. 
The CV measurements were performed within a potential range of − 0.2 
V to +0.6 V (vs. Ag/AgCl) at a scan rate of 50 mV/s. Under standardized 
laboratory conditions, the optimized electrode exhibited a peak poten
tial separation (ΔEp) of less than 80 mV, with values approaching the 
theoretical ideal of 64 mV for a reversible one-electron transfer process. 
If the electrode failed to meet these criteria, it was reprocessed meeting 
the standard. In the fabrication of Cu-MOF@MXene/GCE, 2.0 mg of Cu- 
MOF@MXene and 50.0 μL of Nafion solution (5.0%) were dissolved in 
2.0 mL of DW and sonicated for 30 min to form a homogenous Cu- 
MOF@MXene suspension (0.98 g/L). Nafion is indeed an ionic poly
mer with inherent ion-exchange properties. In this study, the 5% Nafion 
solution was solely employed as a binder and dispersant to effectively 
immobilize the Cu-MOF@MXene composite on the working electrode 
surfaces and prevent its detachment during electrochemical measure
ments in aqueous solutions. Its primary role is mechanical stabilization 
rather than participation in the sensing mechanism. As shown in Fig. S4, 
we have experimentally verified that Nafion does not contribute to the 
sensor’s response for creatinine detection. A Nafion-modified control 
electrode (without composite) was prepared and subjected to CV tests in 
both creatinine-free and creatinine-containing PBS solutions. As shown 
in Fig. S4, no identifiable redox peaks for Cu/Cu2+ were observed. 
Furthermore, even after adding creatinine at concentration, the CV 
curves exhibited no significant or specific changes. A 10.0 μL drop of the 
suspension was applied to the GCE surface and vacuum-dried to form the 
film on the electrodes (7.07 × 10− 4 cm2). The sensor preparation and 
detection processes are illustrated in Fig. 3. For comparison, MXene/ 

GCE and Cu-MOF/GCE were prepared by a similar procedure.

2.5. Electrochemical evaluation

All electrochemical measurements were performed using a CORRT
EST electrochemical workstation (Wuhan Corrtest Instruments Corp., 
China), with subsequent data analysis conducted through the dedicated 
CS Studio 6.0 software package. At room temperature, a cylindrical 
electrolyzer was connected to the standard three-electrode system 
(working electrode, reference electrode, and counter electrode). The 
GCE with Cu-MOF, MXene, or Cu-MOF@MXene was the working elec
trode, Ag/AgCl was the reference electrode, and platinum was the 
counter electrode. The electrochemical properties of different electrodes 
were investigated in 0.01 M PBS by CV in the potential range between 
− 0.5 and +0.5 V at a scanning rate of 50 mV/s using a potential interval 
of 0.5 mV. Electrochemical impedance spectroscopy (EIS) was per
formed at room temperature. The 0.1 M KCl solution containing equi
molar concentrations (5.0 mM each) of K3[Fe(CN)6] and K4[Fe(CN)6] 
was used, and the frequency range was from 0.1 to 105 Hz. The sensor 
performance is notably influenced by environmental conditions, 
particularly pH. At physiological pH (7.4), optimal charge balance be
tween creatinine and the Cu-MOF@MXene surface ensures stable 
detection, as evidenced by the PBS-based measurements. While tem
perature and humidity effects require systematic study, room- 
temperature operation demonstrated herein yielded reproducible re
sults. Future investigations will quantify these parametric sensitivities 
for point-of-care applications.

2.6. Screen-printed electrode (SPE)

The progressive advancement in electroanalytical methodologies 
necessitates the development of innovative sensing platforms [50]. The 
SPE offers distinct advantages, particularly in enabling the miniaturi
zation of electrochemical systems while maintaining robust analytical 
performance. The three essential electrochemical components were in
tegrated on a single substrate, including the working electrode, refer
ence electrode, and counter electrode. This integration allowed the 
analysis of samples with a volume as small as a few milliliters or even 
microliters. The SPE functionality was monitored by connecting the 
wires of lectrochemical workstation to silver conductive layer beneath 
the SPE. This connection ensured that three electrodes functioned 
effectively and robustly for different electroanalytical applications. In 
the fabrication of Cu-MOF@MXene/SPE, 2.0 mg of Cu-MOF@MXene 
and 50.0 μL of Nafion solution were dissolved in 2.0 mL of DW and 
sonicated for 30 min to form the Cu-MOF@MXene suspension (0.98 g/ 
L). The 10.0 μL of suspension was placed on the SPE and vacuum-dried 
to form the film on the electrode.

2.7. Real sample analysis

1.0 mL of fresh urine obtained from a healthy participant was diluted 
with 100 mL of 0.01 M PBS (pH = 7.4) to form the electrolyte. The 
dilution step was instrumental in reducing the concentrations of the 
electrolyte and impurities in the urine for a more controlled analysis 
matrix. The urine was stored at 4 ◦C for subsequent experiments.

The human serum samples were provided by the Second Affiliated 
Hospital of Hainan Medical University with informed consent. This 
study involves the use of patient serum samples, which has been 
approved by the relevant ethics committee or institution. All research 
procedures adhere to the ethical principles of the Declaration of Hel
sinki, ensuring that the use of patient serum samples meets the high 
ethical standards required for medical research. The total blood samples 
were collected randomly and the serum (100 μL) was obtained by 
centrifugation and stored at 4 ◦C.
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3. Results and discussion

Fig. 1(a) depicts the preparation procedure of the Cu-MOF@MXene 
composite. Initially, single-layered MXene is prepared through ultra
sonic HCl/LiF etching. The layered structures of MXene are character
ized by SEM [Fig. S1(a) and S1(b)] and TEM [Fig. S1(c) and S1(d)]. 
Generally, single-layered MXene displays a nano-sheet structure, where 
the individual nanosheets can attain dimensions as large as 1 μm [48]. 
These nano-sheet structures are relatively flat, characterized by good 
flexibility and plasticity. MXene surface is rich in oxygen-containing 
functional groups, which can significantly influence its properties. The 
single-layered MXene undergoes freeze-drying, resulting in an interlayer 
structure that is open and non-compact [38]. This facilitates the diffu
sion of ions and molecules, thereby enhancing its potential in the realms 
of energy storage and catalysis. Subsequently, due to the reducing 
property of MXene, Cu-MOF@MXene composite is fabricated through a 
one-step reaction involving single-layered MXene and CuCl2. The CuCl2/ 
MXene ratio plays a pivotal role in determining the electrochemical 
performance of composites. To elucidate this effect, SEM analysis is 
conducted on composites synthesized with CuCl2/MXene mass ratios of 
2:1, 2:2, 2:3, and 2:4. The morphological evolution with ratio variation 
is illustrated in Figs. 1(b)-(e). When the CuCl2/MXene is 2:3, the ob
tained morphological structure is distinctly different from those of other 
ratios, confirming the formation of Cu-MOF@MXene composite.

Fig. 1(f) displays the CV curves of the four modified electrodes 
recorded over a potential range of − 0.3 V to +0.7 V at a scanning rate of 
50 mV/s, using a 0.1 M KCl solution containing 1.0 mM K3[Fe(CN)6] and 
1.0 mM K4[Fe(CN)6] as the supporting electrolyte. In order to identify 
the optimal composite, four distinct modified electrodes are fabricated 
by the four composites. To ensure consistency, all electrochemical ex
periments are conducted under identical room temperature and pH 

conditions. The bar chart in the inset demonstrates the response in
tensity values for creatinine detection using CV. Among the electrodes, 
the Cu-MOF@MXene/GCE with a CuCl2/MXene ratio of 2:1 (black 
curve) exhibits relatively low current density. Upon increasing the 
MXene content and adjusting the CuCl2/MXene ratio to 2:2, a notable 
enhancement in current density is observed (red curve). Further 
increasing the CuCl2/MXene ratio to 2:3 results in an additional boost in 
current density (blue curve). However, when the CuCl2/MXene ratio is 
further raised to 2:4, the current density (green curve) sharply declines. 
Combined with morphological features, it is indicated that the optimal 
balance of components for maximum electrochemical performance can 
be achieved at the CuCl2/MXene ratio of 2:3.

Fig. 2(a) and (b) display the detailed morphological structure of Cu- 
MOF@MXene characterized by SEM. As shown in Fig. 2(a), the homo
geneous dispersion of the Cu-MOF@MXene composite decorated on GCE 
surface is observed. Fig. 2(b) is enlarged from the white square region 
marked in Fig. 2(a), confirming the detailed structures with Cu-MOF and 
MXene. The regular octahedral Cu-MOF is interwoven with the MXene 
fractured layer, enhancing the specific surface area. The surface of 
MXene is uneven, showing a lamellar, stacked, and tubular structure, 
whereas Cu-MOF has a smooth surface and adheres to the MXene layers. 
Fig. 2(c) display the distributions of four elements tested by EDS, illus
trating the uniform distributions throughout the composite. The quan
titative EDS contents (Fig. S2) is revealed as 43.32% C, 10.25% O, 
31.70% F, 3.42% Cl, 7.99% Ti, and 3.32% Cu. The substantial surface 
area of Cu-MOF@MXene is anticipated to enhance the availability of 
active sites and improve the adsorption of creatinine molecules. Addi
tionally, the conductive nature of MXene facilitates the electron transfer.

Fig. 2(d) shows the XRD patterns of MXene, Cu-MOF, and Cu- 
MOF@MXene, within the peak range from 5◦ to 70◦. The black curve 
represents the characteristic peaks of MXene, with specific angles of 

Fig. 1. Morphological changes and electrochemical performance comparison of Cu-MOF@MXene after ratio-optimized preparation. (a) Schematic illustration of the 
preparation procedure for Cu-MOF@MXene composite; (b)-(e) SEM characterizations of Cu-MOF@MXene with different ratios; (f) CV curves of Cu-MOF@MXene 
prepared under varying ratios.
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6.88◦, 14.06◦, 21.62◦, 28.36◦, and 60.82◦ corresponding to the (002), 
(004), (006), (008), and (110) crystallographic planes of MXene, 
respectively [51,52]. The XRD pattern of Cu-MOF reveals the presence 
of the (020) and (040) planes at 17.3◦ and 26.8◦, respectively [53]. 
Additionally, the peaks observed at 34.2◦, 36.5◦, and 41.9◦ provide 
evidence for the successful synthesis of crystalline Cu-MOFs [53,54]. To 
investigate the interactions between Cu-MOF and MXene, XRD analysis 
is performed on Cu-MOF@MXene, as indicated by the blue curve. The 
XRD peaks corresponding to the (020) and (040) planes of Cu-MOF are 
evident [53]. However, the distinctiveness of other Cu-MOF peaks is 
reduced due to the coating of Cu-MOF on MXene, which blurs some of 
the peaks. This attenuation can be attributed to the uniform coverage of 
Cu-MOF on the MXene surface. The integration of MXene into Cu-MOF 
structure not only influences the crystallographic characteristics, but 
also suggests potential alterations in the properties [49]. These collec
tive features indicate structural reorganization within the composite, 
accompanied by reduced crystallinity.

Fig. 2(e) displays the Raman scattering spectra of MXene, Cu-MOF, 
and Cu-MOF@MXene. The Raman spectrum of MXene (black curve) 
exhibits major peaks at approximately 150 cm− 1, 250 cm− 1, 410 cm− 1 

and 600 cm− 1, respectively [55]. The peak at 150 cm− 1 corresponds to 

the anatase phase of TiO2, while the other three peaks originate from 
nonstoichiometric titanium carbide [56]. In the Raman spectrum of Cu- 
MOF (red curve), the peaks at 235 cm− 1 and 296 cm− 1 are attributed to 
the vibrational modes of Cu–O bonds [57], and the bands at 1463 cm− 1 

and 1551 cm− 1 are due to the stretching vibration of C––O bonds. The 
peaks at 1007 and 1614 cm− 1 indicate the C––C stretching in the ben
zene rings, while the flexural vibrations of the C–H bond are repre
sented by the peaks at 744 cm− 1 and 826 cm− 1 [58]. The Cu- 
MOF@MXene composite is analyzed to investigate the interactions be
tween Cu-MOF and MXene (blue curve). The C–H, C––C, and C––O 
bonds of Cu-MOF are consistent with previous results [24,59]. However, 
the intensity of the Cu–O bond in Cu-MOF decreases somewhat, likely 
due to the reduction of Cu2+ by MXene during the synthesis process. The 
emergence of peaks specific to MXene at 150 cm− 1, 250 cm− 1, and 410 
cm− 1 confirms the successful fabrication of the composite.

Fig. 3(a) illustrates the schematics of the preparation, detection 
process and practical application of the sensor composed of Cu- 
MOF@MXene. The electrical conductivity of the electrode is enhanced 
by the Cu-MOF@MXene composite. The complex aggregates on the 
electrode, resulting in a decrease in the current of Cu/Cu2+. Conse
quently, the peak current is inversely proportional to the creatinine 

Fig. 2. Material characterization of Cu-MOF@MXene. (a) SEM characterization of Cu-MOF@MXene; (b) Magnified image of (a); (c) EDS results of the quantitative 
contents of C, Ti, O and Cu; (d) XRD spectra of MXene, Cu-MOF, and Cu-MOF@MXene; (e) Raman spectra of MXene, Cu-MOF, and Cu-MOF@MXene.
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concentration. The detailed mechanism will be elaborated in Fig. 4(a) 
and (b). Fig. 3(b) presents the CV results of creatinine within a potential 
range from − 0.5 V to +0.5 V at a scanning rate of 50 mV/s in PBS (0.01 
M, pH = 7.4). The black, green, red, and blue CV curves correspond to 
bare GCE, MXene/GCE, Cu-MOF/GCE and Cu-MOF@MXene/GCE, 
respectively. The electrochemical response observed from the bare 
GCE (black curve) is relatively weak. However, a notable enhancement 
in the current density after modifying the GCE with MXene (green 
curve), suggesting that MXene facilitates electron transfer. The Cu/Cu2+

redox couple on the Cu-MOF electrode occurs at an anodic voltage (Epa) 
of 0.05 V and a cathodic voltage (Epc) of − 0.13 V. The electrochemical 
response of Cu-MOF/GCE (red curve) is much stronger than that of 
MXene/GCE (green curve). When Cu-MOF@MXene is loaded onto the 

GCE, an even more pronounced redox reaction of Cu/Cu2+ is observed 
(blue curve). The electrochemical response of Cu-MOF@MXene/GCE is 
notably superior to that of MXene/GCE due to the inhibited aggregation 
of MXene nanosheets, which increases the surface area and conductivity. 
The current response of the Cu-MOF@MXene/GCE (blue curve) is 
approximately 2.7 times higher than that of the Cu-MOF/GCE (red 
curve). The increase in the redox current confirms the enhanced elec
trocatalytic activity of Cu-MOF@MXene/GCE.

EIS is a powerful technique for investigating the impedance char
acteristics of electrochemical systems. As illustrated in Fig. 3(c), the 
impedances of the four electrodes (GCE, MXene/GCE, Cu-MOF/GCE and 
Cu-MOF@MXene/GCE) are derived by fitting the EIS data to an equiv
alent circuit model. This model comprises the electron transfer 

Fig. 3. Electrochemical characterization of electrodes modified with different materials. (a) Schematic of the sensor preparation and detection processes; (b) CV 
measurements by different electrodes (bare GCE, Cu-MOF/GCE, MXene/GCE, and Cu-MOF@MXene/GCE); (c) EIS measurements by different electrodes; (d) CV 
curves obtained at different scanning rates of 80 mV/s, 100 mV/s, 150 mV/s, 200 mV/s, 250 mV/s, and 300 mV/s); (e) Linear relationship between the current 
density and the square root of the scanning rate.
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resistance (Ret), Warburg impedance (Zw), electrolyte resistance (Rs), 
and constant phase element (CPE) [60]. Modification with different 
materials alters Ret due to changes in electrical conductivity. The high- 
frequency semicircle reflects the electron transfer process, with its 
diameter equal to the electron transfer resistance [60]. Compared to the 
bare GCE (black curve), a larger resistance semicircle is observed for Cu- 
MOF/GCE (red curve), attributed to the inherently poor electrical con
ductivity of Cu-MOF. When the GCE surface is coated with MXene, the 
MXene/GCE (green curve) exhibits a smaller resistance due to efficient 
electron transport facilitated by the metallic elements in MXene. The 
lattice defects and tunable electronic structure of MXene enhance the 
electrical conductivity, while surface functional groups and interlayer 
intercalation further improve the electron migration. After coating GCE 
with Cu-MOF@MXene, the Cu-MOF@MXene/GCE (blue curve) exhibits 
an even smaller resistance. This is due to the larger number of electro
active sites on the Cu-MOF@MXene surface, which improves electrical 
conductivity. EIS and CV produce consistent results, highlighting the 
enhanced electrochemical properties of Cu-MOF@MXene/GCE.

Fig. 3(d) and (e) evaluate the stability and controllability of Cu- 
MOF@MXene/GCE. The scanning rate influences the peak current, 
providing insights into the electrode reactions. CV is performed on Cu- 
MOF@MXene/GCE at various scanning rates (80 mV/s, 100 mV/s, 
150 mV/s, 200 mV/s, 250 mV/s, 300 mV/s). As illustrated in Fig. 3(d), 
both the anodic peak current density (Ipa) and cathodic peak current 
density (Ipc) increase with rising scanning rates, indicating a diffusion- 
controlled process where the analyte transport rate to the electrode 

surface determines the current response magnitude. Fig. 3(e) displays 
the linear relationship between current density and the square root of 
the scanning rate. The black curve represents the relationship between 
Ipa and the square root of the scanning rate. The linear regression 
equation is provided as IPa = 1.647ν1/2 + 15.988 with R2 = 0.989. The 
red curve shows the relationship between Ipc and the square root of the 
scanning rate. The linear regression equation is provided as IPc = −

0.789ν1/2 − 11.842 with R2 = 0.981. Both equations exhibit the good 
linearity, demonstrating an ideal and stable diffusion-controlled 
process.

Fig. 4(a) depicts the difference between Cu-MOF@MXene/GCE in 
the presence and absence of creatinine. Notably, when creatinine is 
introduced, the peak current associated with Cu/Cu2+ redox pair de
creases. Fig. 4(b) elucidates the mechanism underlying the reduction in 
current density. Typically, the interaction between creatinine molecules 
and Cu2+ within Cu-MOF@MXene is facilitated by the strong electro
static attraction between the nitrogen-containing groups of creatinine 
and the active metal sites [61]. This interaction gives rise to the for
mation and subsequent adsorption of creatinine-metal (copper) com
plexes on the electrode surface. As a result, the number of available 
active sites for the Cu/Cu2+ redox pair is reduced [31]. Consequently, 
the accumulation of creatinine-metal complexes leads to a decrease in 
the effective electroactive surface area and, accordingly the signal in
tensity. The affinity between creatinine molecules and metal ions plays a 
critical role in quantitative determination [30].

The processes occurring on the electrode in the absence and presence 

Fig. 4. Schematic diagram of the reaction mechanism at the electrode surface and creatinine concentration detection. (a) Comparison of Cu-MOF@MXene/GCE with 
and without creatinine; (b) Schematic illustration of the mechanism for the reduction of current densities during CV; (c) Current density versus potential for 
creatinine concentrations ranging from 20 μM to 150 μM; (d) Linear fitting derived from the data in (c).
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of creatinine can be described as follows [61]:
In the absence of creatinine: 

Cu(s)→Cu2+
(aq) + 2e− (1) 

Cu2+
(aq) +2e− →Cu(s) (2) 

In the presence of creatinine: 

Cu(s) + 2creatinine→
[
Cu(creatinine)2

]2+
(aq)+2e− (3) 

[
Cu(creatinine)2

]2+
(aq)+2creatinine(aq)+ e− →

[
Cu(creatinine)4

]+
(aq)

(4) 

As depicted in Fig. 4(b), when a potential is applied, oxidation takes 
places on Cu-MOF@MXene/GCE, leading to the generation of Cu2+ ions. 
Subsequently, the nitrogen-containing core of creatinine undergoes self- 
assembly with Cu2+ ions derived from the Cu-MOF@MXene and at
taches to the electrode, forming a creatinine-Cu2+ complex. This process 
results in a decrease in the concentration of freely available Cu2+ ions 
and a corresponding modulation of the current density, which varies in 
accordance with the creatinine concentration.

The redox activity of Cu-MOF@MXene/GCE can be demonstrated by 
the CV method. Fig. 4(c) displays the CV results to depict the relation
ship between current density and potential for various creatinine con
centrations. The creatinine concentrations are varied between 20 μM 
and 150 μM, specifically at 20 μM, 30 μM, 40 μM, 50 μM, 60 μM, 70 μM, 
80 μM, 90 μM, 100 μM, 110 μM, 120 μM, 130 μM, 140 μM, and 150 μM. 
The 3D waterfall chart (Fig. S3) can elucidate the relationship between 
the current density, creatinine concentration, and time. Cu- 
MOF@MXene/GCE exhibits a sensitive current response upon the 
addition of creatinine. The peak current, occurring within the range of 
9.91 s to 10.15 s, is associated with the Cu/Cu2+ redox pair and de
creases with increasing creatinine concentration. The peak current of 
Cu-MOF@MXene/GCE, spanning from − 7.6 mV to +4.3 mV, also di
minishes as the creatinine concentration increases.

The sensing mechanism is as follows:
Peak 1 (~ − 0.05 V): Partial oxidation of Cu0 → Cu+.
Peak 2 (~ +0.15 V): Complete oxidation of Cu+ → Cu2+.
Peaks 3/4: Redox reactions involving oxygen-containing functional 

groups (-OH/-O) on MXene.
Fig. 4(d) exhibits the linear relationship between creatinine con

centration and current response, based on the 14 data points in Fig. 4(c). 
This peak, occurring in ~− 0.05 V, decreases with increasing creatinine 
concentration, as shown in Fig. 4(c). The corresponding linear regres
sion equation is provided as Ip(μA) = − 0.044x(μM) + 19.869 with R2 =

0.982. The calibration diagram demonstrates a good linear relationship, 
indicating the potential for practical detectionl. The LOD for creatinine 
is calculated to be 20.069 μM(N = 3, STDEV = 0.321 μM), using the 
formula of LOD =m+ S/N× b, where m represents the slope of the linear 
regression equation, S/N is the signal-to-noise ratio (SNR = 3), and b is 
the background noise (0.1 μM).

Compared with other copper-based nanomaterials, the Cu-MOF 
employed in this study demonstrates unique advantages for electro
chemical creatinine detection. In contrast to conventional copper 
nanoparticles and copper oxide materials, Cu-MOF significantly en
hances sensor sensitivity due to its larger specific surface area and more 
abundant active sites. Meanwhile, its well-ordered porous structure not 
only effectively prevents the aggregation of active sites but also im
proves detection selectivity through precise molecular sieving effects. 
Furthermore, the inherent structural stability of Cu-MOF enables it to 
maintain excellent performance over multiple testing cycles. These 
characteristics endow the material with greater potential for practical 
applications [62].

Fig. 6 compares the sensing performance of reported creatinine 
sensors, highlighting that the Cu-MOF@MXene sensor outperforms the 

other reported ones in terms of sensitivity within the effective linear 
range. Although the linear detection range is relatively narrow, our 
sensor has demonstrated excellent performance in terms of sensitivity, 
selectivity, and stability. It has a high sensitivity and a low detection 
limit (20.069 μM), which are sufficient to meet the requirements of most 
clinical detections. In the detection of real urine and serum samples, the 
sensor is able to accurately detect creatinine concentration through 
appropriate preprocessing steps.

The electrochemical effectiveness of creatinine detection is further 
explored through CA technique under continuous stirring. This tech
nique optimizes mass transfer by stirring and also increases the sampling 
time, with the noise being within the controllable range. Compared with 
the conventional CV/EIS techniques, CA technique is applicable for 
rapid response detection. Fig. 5 evaluates the sensitivity and selectivity 
of Cu-MOF@MXene/GCE. Fig. 5(a) depicts the current response of Cu- 
MOF@MXene/GCE during the successive addition of creatinine along 
with other potential interferences, namely ascorbic acid (AA), uric acid 
(UA), glucose (Glu), and urea. Upon the addition of creatinine, Cu- 
MOF@MXene/GCE exhibits a decreased current density. In the 
contrast, the current responses to other potential interfering substances 
remain minimal. Fig. 5(b) illustrates the percentage relationships be
tween the current responses triggered by the interferences and creati
nine. The percentage decrease in the current density (ΔICre/ΔICre) 
triggered by the addition of creatinine is defined as 100%. The per
centages of the current density decreases triggered by AA, UA, Glu and 
urea (ΔIAA/ΔICre, ΔIUA/ΔICre, ΔIGlu/ΔICre, and ΔIUera/ΔICre) are calcu
lated to be 11.60%, 3.75%, 12.50%, and 5.00%, respectively. Although 
the response values of AA and Glu are slightly higher, compared with 
other interferents, their impact is still within the controllable range. In 
the detection of real urine and serum samples, the sensor shows high 
accuracy and stability in detecting creatinine, indicating that even in the 
presence of these interferents, the sensor can still reliably detect creat
inine. Such selectivity is highly promising for the analysis of complex 
biological samples. While these results confirm the sensor’s robustness 
in typical biological environments, we recognize that certain medica
tions (e.g., antibiotics) or pathological metabolites may require addi
tional evaluation. Nevertheless, the successful quantification in pre- 
treated human samples (Section 2.7) with clinically acceptable accu
racy validates the current methodology. A more extensive interference 
study will be conducted in subsequent research to address specialized 
clinical scenarios.

In Fig. 5(c), the I-t curve of the response current of Cu-MOF@MXene/ 
GCE upon successive additions of creatinine. The creatinine solution 
(1.0 μM) is continuously injected into a stirred PBS solution (0.01 M). 
The current response of Cu-MOF@MXene/GCE attains a steady state 
within 1 s after the injection of the creatinine solution. This attainment 
of the steady state demonstrates the sensor’s rapid response character
istic and high sensitivity. The stability and reliability of Cu- 
MOF@MXene/GCE are evaluated in triplicate experiments by SPE. 
The SPE consists of an electrochemical three-electrode system, wherein 
the reference electrode is Ag/AgCl, and the counter electrode is made of 
platinum. Fig. 5(d) presents the stability data obtained from three 
consecutive tests. When compared with the first test, the value obtained 
in the second test is 96.8% of the initial value, and in the third test, it 
decreases to 92.7% of the initial value. These results indicate the good 
stability of Cu-MOF@MXene. The Cu-MOF@MXene sensor demon
strated excellent long-term stability in simulated biological fluid (0.01 M 
PBS + 0.1 M NaCl, pH 7.4), maintaining consistent current responses 
with only 1.6–2.4% variation during 5-day accelerated aging tests 
(Fig. S5). The results confirm reliable operation within typical clinical 
detection timeframes, while further studies under extended conditions 
remain valuable for comprehensive evaluation.

Recovery experiments are carried out using the SPE with the Cu- 
MOF@MXene composite to evaluate its performance in detecting 
creatinine in human urine samples. Various concentrations of creatinine 
solutions are added to simulate the real samples, and the recovery rate is 

X. Bian et al.                                                                                                                                                                                                                                     Microchemical Journal 217 (2025) 114915 

8 



calculated as the ratio of the added creatinine to the detected amout. 
Fig. 7(a) demonstrates that the recovery rates for human urine samples 
ranges from 97.2% to 104.0%, indicating a high level of accuracy. To 
further assess the clinical applicability, a comparative evaluation is 

presented in Fig. 7(b). This evaluation utilizes randomly selected serum 
samples with known creatinine concentrations as references. The stan
dard creatinine concentration are pre-measured using a clinical enzy
matic method. The creatinine concentrations are then calculated using 
the linear regression equation shown in Fig. 4(c). The results show a 
good agreement with the tandard values, with deviations ranging from 
0.8% and 13.3%, thereby confirming the accuracy of creatinine 
detection.

4. Conclusions

In this study, Cu-MOF@MXene is synthesized through a cost- 
effective one-step process using available reactive precursors. This 
composite material exhibits unique structural and performance advan
tages, making it highly suitable for nonenzymatic electrochemical 
sensing of creatinine. The Cu-MOF@MXene retains the high specific 
surface area and porous structure characteristic of MOFs, while also 
incorporating the 2D layered properties of MXene. The 3D architecture 
of Cu-MOF enhances the material’s adsorption capacity, and the MXene 
layers contribute to increased conductivity, thereby improving the 
electrochemical performance for creatinine detection. The Cu- 
MOF@MXene electrode demonstrates a favorable linear range (20.0 
μM to 150.0 μM) and a low LOD (20.069 μM, N = 3). The electro
chemical properties of Cu-MOF@MXene surpass those of both Cu-MOF 
and MXene alone. Furthermore, a SPE coated with Cu-MOF@MXene is 
successfully fabricated and employed for detection of creatinine in both 
urine and human serum samples. The SPE benefits from the high 

Fig. 5. Sensitivity and selectivity of Cu-MOF@MXene/GCE evaluated by CA, (a) Current densities for successive additions of interferences and creatinine; (b) Current 
response percentages for interferences and creatinine; (c) I-t curve for successive additions of creatinine; (d) Stability and reproducibility of the SPE with Cu- 
MOF@MXene over multiple assessments.

Fig. 6. Comparison of statistical data between this work and previously re
ported references.
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electrical conductivity, good stability, and selectivity of Cu- 
MOF@MXene, showcasing high sensitivity, selectivity, and reproduc
ibility in the electrochemical detection of creatinine. These attributes 
enable accurate detection of creatinine in complex biological samples, 
even in the presnece of other interfering substances. This study not only 
introduces a cost-effective approach for synthesizing composite mate
rials but also provides valuable insights and references for the 
advancement of high-performance biosensors in clinical and medical 
diagnostics.
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Fig. S1 

 

Fig. S1. (a, b) SEM images of MXene; (c, d) TEM images of MXene. 

 

 

  



Fig. S2 

 

Fig. S2. EDS maps of the six elements (C, O, F, Cl, Ti, Cu). 

 

  



Fig. S3 

 

Fig. S3. 3D waterfall plot showing the relationship between current density, creatinine 

concentration, and time. 

  



Fig. S4 

 

Fig. S4. Comparison of electrochemical performance of glassy carbon electrodes with 

or without Nafion. 

  



Fig. S5 

 

Fig. S5. Long-term stability performance of Cu-MOF@MXene sensor. 
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