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A B S T R A C T   

Herein, we developed a novel, enzyme-free electrochemical biosensor that can directly quantify creatinine within 
complex biological fluids in a highly specific and sensitive manner. Our approach utilizes the synergistic effects 
of zwitterion-functionalized Cu2O-Au core satellite nanohybrids with sophisticated 3D granular structures, which 
were synthesized via a rapid room-temperature combinatory protocol. Through nanoscale zwitterion surface 
engineering, outstanding antifouling capabilities were obtained and interferents were effectively eliminated by 
generating a pseudo proton exchange membrane (PEM). This pseudo-PEM can potentially serve as an alternative 
to traditional methods of removing interference; thus, analytes can be directly detected in untreated biofluids. 
The optimized biosensor platform demonstrated a linear response to creatinine with exceptional reproducibility 
and an excellent limit of detection (LOD) in the following sensing ranges: (i) 10.0–200 µM (R2 =0.99, RSD=1.22 
%, n = 10, LOD=0.72 µM) and (ii) 1.00–35.0 mM (R2 =0.99, RSD=1.32 %, n = 10, LOD=2.41 mM). These 
ranges are clinically relevant and cover the entire physiological range of creatinine in human serum and urine, 
respectively. Furthermore, we successfully detected creatinine directly in untreated human urine samples and 
observed a high correlation with clinically determined values (r = 0.98). Overall, our proposed biosensor 
platform offers significant improvements over existing methods and provides a reliable and efficient approach for 
practical point-of-care (POC) creatinine quantification.   

1. Introduction 

Creatinine is an extensively studied biomolecule and the second most 
significant biomolecule in the clinic, with only glucose ranking higher. 
As a versatile biomarker, creatinine is used to perform diagnoses, 
monitor treatments, and provide prognoses for various muscular [1], 
cardiovascular [2], and renal diseases [3,4]. Creatinine is a byproduct of 
creatine metabolism and is typically excreted by the kidneys at a con
stant rate, regardless of hydration levels [5]. As a result, creatinine is an 
ideal internal standard molecule for calibrating other urinary bio
markers [6]. The levels of creatinine are precise markers for the early 
detection of acute muscle loss [7] and can also indicate renal damage 
caused by certain drugs [8] and surgical interventions [9]. Additionally, 

creatinine levels determine the glomerular filtration rate (eGFR) and the 
urinary albumin-to-creatinine ratio (ACR), which are clinical markers 
for kidney damage associated with renal dysfunctions, such as chronic 
kidney disease (CKD). CKD has a significant global burden, directly 
contributing to 1.2 million deaths, 19 million disability-adjusted life-
years, and 18 million years of life lost. The disease is also closely linked 
to cardiovascular disorders [10]. Considering the high mortality rate of 
end-stage CKD and its asymptomatic nature in the early stages, early 
diagnosis is crucial to ensure timely and appropriate treatment, leading 
to improved survival rates [11]. Furthermore, the recent pandemic has 
underscored the impact of kidney disease on increased in-hospital 
mortality among patients with COVID-19 [12]. 

The current gold standard for creatinine quantification, which 
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involves using the colorimetric Jaffé method, is susceptible to optical 
interferences and analytical inaccuracies, including temperature and 
variations in sample pH. Therefore, creatinine biosensing technologies 
that enable fast and reliable point-of-care analysis are being widely 
investigate [13]. Creatinine can be quantified in various biofluids, 
including saliva, sweat, tears, blood/serum, and urine; as a result, 
different detection techniques can be applied, such as colorimetric [14], 
spectroscopic [15], and chromatographic techniques [16]. However, 
sample handling in these traditional methods is complex and expensive, 
thus limiting their applicability in POC settings. Consequently, extensive 
research efforts have been focused on enabling creatinine analysis with 
reasonable clinical accuracy in a user-friendly manner [17]. Electro
chemical biosensors have gained significant popularity for POC appli
cations due to their sensitivity, reliability, cost-effectiveness, and simple 
detection mechanism, which allows for easy miniaturization and inte
gration with portable readouts [18]. 

Various electrochemical methods for the quantification of creatinine 
have been reported in recent years, including those based on 
multienzyme-assisted decomposition of creatinine [19], electrochemical 
latent ratiometric probes [20], selective filtration through a function
alized membrane [21], antibody [22] or molecularly imprinted poly
mers (MIPs) [23] based affinity detection, and nanomaterial-assisted 
enzymeless detection [24]. Although highly specific, enzymatic bio
sensors are susceptible to external factors, such as pH and temperature 
[17]. Affinity-based biosensors offer robust stability but require 
cumbersome sample handling and long assay times. Conversely, selec
tive membranes provide specificity but the sensitivity may be compro
mised due to changes in electrode surface morphologies. Alternatively, 
highly sensitive quantization based on the chelating ability of creatinine 
with transition metal ions, including Cu(II) in particular, has been suc
cessfully performed [25,26]. 

Previously, we demonstrated highly specific, enzyme-free electro
chemical detection of creatinine in human serum utilizing zwitterion- 
functionalized Cu2O nanoparticle (NP)-based biosensors [27]. The 
semiconductor nature of Cu2O NPs limits the overall electron transfer 
capabilities of the sensing layer. Thus, the resulting in constrained 
sensing range restricts its application for creatinine detection in other 
biofluids, such as human urine. A realistic approach to improve the 
overall analytical performance is to increase the conductivity of Cu2O 
nanocubes via nanohybridization with highly conductive metals, such as 
gold. Moreover, the synergistic effects of nanohybrids with complex 
nanostructures exhibiting novel properties and ambient stability have 
shown immense potential for enzyme-free biosensing technologies [28]. 

Herein, we report on the development of an enzyme-free electro
chemical biosensor platform to accurately measure creatinine levels in 
human serum and urine utilizing zwitterion (N-hexadecyl-N,N- 
dimethyl-3-ammonio-1-propanesulfonate, hereon referred to as 
SB3C16)-functionalized Cu2O-Au core satellite nanohybrids (SB3C16 
@Cu2O-Au), which exhibits four distinct nanostructures. As positive and 
negative charge centers are present, zwitterions are an ideal choice for 
antifouling. Sulfonate- and phenyl-based zwitterions are widely inves
tigated as low-impedance coatings for enhanced specificity [29,30] The 
SB3C16 functionalization generates a proton exchange membrane 
(PEM), which provides excellent antifouling by electrostatically elimi
nating interferents. Under the established optimal conditions, the syn
ergistic effects of the synthesized nanohybrid were utilized to develop a 
disposable, robust, and cost-effective enzyme-free electrochemical 
biosensor platform. The proposed biosensor demonstrated a fast 
response time, high specificity, and linear response to creatinine with 
outstanding reproducibility and excellent limit of detection (LOD) in the 
following sensing ranges: (i) 10.0–200 µM (R2 =0.99, RSD=1.22 %, n =
10, LOD=0.72 µM) and (ii) 1.00–35.0 mM (R2 =0.99, RSD=1.32 %, n =
10, LOD=2.41 mM). These sensing ranges are clinically relevant and 
cover the entire physiological range of creatinine in human serum and 
urine. To establish the feasibility of the developed biosensor for POC 
testing, we performed creatinine quantification directly in human urine 

samples. The accuracy of the biosensor was verified by comparing the 
results with clinically determined values, showing a high correlation (r 
= 0.98) and highlighting practical feasibility. 

2. Methods/experimental 

2.1. Materials 

Copper (II) chloride dihydrate (CuCl2.2 H2O, 99.99 %) was acquired 
from Alfa Aesar, N-hexadecyl-N,N-dimethyl-3-ammonio-1-propane
sulfonate (C24H50N2O4S,≥97.0 %), sodium L-ascorbate (C6H7NaO6, ≥98 
%), uric acid (C5H4N4O3, ≥99 %), potassium hexacyanoferrate(III) 
(K3Fe(CN)6, ≥ 99.0 %), potassium hexacyanoferrate(II) trihydrate (K4Fe 
(CN)6.3 H2O, 98.5–102.0 %), creatinine (C4H7N3O, ≥98 %) human 
serum albumin (HSA powder, ≥99 %), actin (powder, ≥90 %), creatine 
(C4H9N3O2, ≥98 %), glucose (C6H12O6, ≥99.5 %), ascorbic acid 
(C6H8O6, ≥99 %), urea (NH2CONH2, ≥99.5 %), uric acid (C5H4N4O3, 
≥99%), ammonia solution (NH4OH, 25 %) and human serum (sterile- 
filtered) were purchased from Sigma Aldrich, phosphate-buffered saline 
(PBS) was purchased from UniRegion Bio-Tech, NaOH (pellets, 97 %) 
was purchased from SHOWA Chemical Co. Ltd. Artificial human urine 
was prepared using a previously reported protocol. All solutions were 
prepared in DI (ρ = 18.2 MΩ) unless mentioned otherwise. 

2.2. Rapid room temperature synthesis of SB3C16-functionalized Cu2O- 
Au core-satellite nanohybrid 

An SB3C16-functionalized Cu2O-Au core-satellite nanohybrid was 
synthesized at room temperature following two cardinal steps, which 
included a coreduction coupled rapid galvanic replacement reaction. 
The step-by-step schematics for the rapid room temperature synthesis of 
the SB3C16 @Cu2O-Au core-satellite nanohybrid are given in Fig. 1(a). 
First, Cu2O nanocubes were synthesized by adding 1.00 mL of NaOH 
(2.00 mM) to 40.0 mL of CuCl2 (1.00 mM) followed immediately by 
1.00 mL of sodium ascorbate (20.00 mM), which was then left undis
turbed for 5 min. After the reaction was stirred for another 5 min with 
0.20 g of SB3C1, the mixture was centrifuged at 8000 rpm for 15 min to 
generate SB3C16 @Cu2O and was redispersed in DI water to generate 
solution 1 (2.50 mg/mL). Alternatively, four morphologically distinct 
SB3C16 @Cu2O-Au core-satellite nanohybrids were prepared by adding 
(a) 0.50 mL, (b) 1.00 mL, (c) 2.00 mL, or (d) 3.00 mL of 1.50 mM HAuCl4 
dropwise to the reaction mixture containing unfunctionalized Cu2O 
nanocubes under vigorous stirring for 15 min followed by 0.20 g of 
SB3C16 with an additional 5 min of stirring. The reaction mixture was 
then centrifuged at 8000 rpm for 15 min with DI water three times and 
redispersed in DI water to generate solution 2 (2.50 mg/mL). 

2.3. Fabrication of SB3C16 @Cu2O-Au core-satellite nanohybrid- 
modified electrodes 

First, a screen-printed carbon electrode (SPCE) with a single working 
electrode design was fabricated using an inexpensive and scalable 
screen-printing process by printing nanomaterial-based carbon paste on 
a flexible PET substrate. The SPCE was then modified using a simple 
drop casting method, as shown in Fig. 1(b). Four different SPCEs were 
modified with SB3C16 @Cu2O-Au core-satellite nanohybrid (referred to 
hereon as Electrode 1, Electrode 2, Electrode 3, and Electrode 4) by 
simply drop casting 10.0 µL, 15.0 µL, 20.0 µL and 25.0 µL of optimized 
solution 2, respectively, onto the surface of the working electrode and 
were set aside to dry under vacuum at 40 ◦C (Fig. 1b). This step elimi
nates moisture and facilitates binder-free adhesion of the 
SB3C16 @Cu2O-Au core-satellite nanohybrid to the electrode surface. 
Additionally, a control electrode (referred to hereon as Electrode 5) was 
also fabricated using solution 1. 

R.K.R. Kumar et al.                                                                                                                                                                                                                            



Sensors and Actuators: B. Chemical 399 (2024) 134787

3

2.4. Feasibility tests for POC creatinine quantification 

The linear range and limit of detection (calculated as LOD=3.3 x 
standard deviation of the regression line (σ)/Slope) of the selected 
optimized electrodes for creatinine detection were investigated using 
differential pulse voltammetry (DPV) (potential range= 0.00–0.35 V, 
modulation= 0.25 scan rate= 100 mV/s) in 20.0 mM (PBS) solutions 
(maintained at pH=7.40 and pH=6.40 to mimic the pH conditions of 
real human serum and urine, respectively) spiked with creatinine con
centrations varying between (i) 10.0 and 200 µM and (ii) 1.00 and 
35.0 mM. Additionally, the observed background signal at zero creati
nine concentration may induce inaccuracies. Thus, to ensure reliability, 
the biosensor response to creatinine was measured by normalizing the 
current variation observed during biosensing [△I = I (creatinine 
spiked) - Io(Blank)] with the current value observed during blank scans 
[Io(Blank)] as follows: 

Normalized current response[△I/Io]% =
△I(during biosensing)

Io(Blank) x 100. 
The analytical concerns of the background signal were effectively 

eliminated by implementing this straightforward signal normalization. 
Finally, the normalized current response [△I/Io]% to creatinine con
centrations was translated to calibration graphs to determine the LOD 
for serum and urine-based creatinine quantification. Furthermore, the 
specificity of the SB3C16 @Cu2O-Au core-satellite nanohybrid-based 
biosensor was investigated by performing two separate interference 
studies against interferents such as HSA, actin, creatine, glucose, 
ascorbic acid, urea, uric acid, and ammonia spiked in 20.0 mM PBS, 
which was maintained at pH= 7.40 and pH= 6.40 (the spiked concen
trations are listed in Table S3). In addition, the stability of the modified 
electrodes was examined to demonstrate their robust shelf life by per
forming DPV scans in 20.0 mM PBS using modified electrodes stored 
under ambient conditions for extended time periods (180 days). Finally, 
the DPV signal response of the optimized electrodes to 10.0, 20.0, 40.0, 
80.0 and 120 µM creatinine in fetal bovine serum (FBS) and 1.00, 5.00, 
10.0, 15.0 and 20.0 mM creatinine in artificial urine was recorded to 

establish the accuracy and reliability of the developed biosensor. 

2.5. Real sample analysis 

Although clinical creatinine analysis is widely performed in serum, 
urine-based detection is better suited to realize biosensor-aided POC 
testing. Hence, the feasibility of the developed biosensor for direct 
creatinine quantification in untreated human urine was investigated. 
Primarily, ten urine samples (designated P1-P10) were collected from 
ten volunteers and stored at − 80.0 ◦C prior to testing. Typically, each 
urine sample was introduced to the working surface of the developed 
biosensor at room temperature. The DVP signal response for each sam
ple was collected, and the peak current, which was measured as the 
normalized current response [△I/Io]%, was translated to its corre
sponding creatinine concentration. Additionally, the creatinine levels 
indicated by the developed biosensor were compared to the corre
sponding clinical results (obtained using a DXC 700 AU chemistry 
analyzer). Experiments involving human urine samples were performed 
according to protocols and guidelines approved by the Ethics Review 
Committee of National Sun Yat-sen University (Kaohsiung, Taiwan), and 
written consent was obtained from all participants. 

3. Results/discussion 

3.1. Characterization of the synthesized SB3C16@Cu2O-Au core-satellite 
nanohybrid 

A smooth template of Cu2O nanocubes with a uniform size distri
bution (Fig. S1) was obtained by reducing [Cu(OH)4]- with sodium 
ascorbate, as shown in Fig. 2(a). The subsequent addition of 1.5 mM 
HAuCl4 solution induces island-mode growth of Au satellites at the 
surface of the Cu2O core due to the simultaneous reduction of Au3+ in 
the presence of sodium ascorbate and the electroless galvanic replace
ment reaction (GRR) of Cu1+ with Au3+, which favors a lower rate of 

Fig. 1. Synthesis and fabrication. Step-by-step schematic representation of (a) rapid room temperature synthesis of SB3C16 @Cu2O-Au core-satellite nanohybrid. (b) 
Fabrication of SB3C16 @Cu2O-Au/SPCE-based modified electrode. (c) Schematic of the three-electrode electrochemical system used (left) and SB3C16 @Cu2O-Au 
core-satellite nanohybrid (right). 
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surface diffusion at room temperature. Notably, Au3+ shows preferential 
absorption based on the surface energy of the template facets [31]. 
Hence, the utilization of the cubic template, which exhibits only (100) 
facets, ensures that the Au satellites grow uniformly on all surfaces of the 
cubical Cu2O core. Thus, the extent of Au satellite deposition was 
effectively tailored by adjusting the volume of 1.5 mM HAuCl4 solution 
added (0.50–2.00 mL) (Fig. S2 and Fig. S3). Cu2O cores with uniformly 
deposited Au satellites (the calculated surface area coverage was 44.52 
%), as shown in Fig. 2(b-c), were obtained at a HAuCl4 volume of 
1.50 mL and were therefore chosen as the optimal nanohybrid structure 
for further electrode modifications. The XRD patterns in Fig. S4 reveal 
the diffraction peaks of the Cu2O core indexed solely to a single phase 
cubic cuprite crystal (JCPDS No. 65-3288) with a Pn3‾m space group 
and that of face centered cubic (FCC) Au nanoparticles (JCPDS No. 
01-1172) [32,33]. The respective crystallographic planes with their 
peak positions (2θ) are listed in Table S1. Additionally, the layered SAED 
patterns in Fig. 2(d) and the lattice fringes in Fig. 2(e-g) with d spacings 
of 2.10 Å (green) and 2.30 Å (red) corresponding to the (200) and (111) 
planes of Cu2O nanocubes and Au nanoparticles, respectively [34], 
validate that the synthesized Cu2O core and Au satellites are single 
crystalline. SEM images contrasting the surface morphologies of the 

smooth Cu2O nanocubes and the granular SB3C16 @Cu2O-Au 
core-satellite nanohybrid are shown in Fig. 2(h-i). 

Dense yet uniformly distributed Au satellites on the Cu2O core were 
successfully observed using EDS elemental mapping analysis, as pre
sented in Fig. 2(j-n). Furthermore, surface chemical characterization 
was performed using XPS, and the corresponding spectra are presented 
in Fig. S5. The XPS spectra at the core level show Cu 2p1/2, Cu 2p3/2 and 
Cu LMM peaks at 952 eV, 932 eV and 570 eV, respectively, which were 
assigned exclusively to Cu1+, while the cuprite-associated oxygen peak 
in the O 1 s region was observed at 530 eV [35]. Finally, the peaks at 
85.1 eV and 89.2 eV were attributed to Au f5/2 and Au f7/2 [28], 
respectively. Hence, the presence of a cuprite core with Cu in its + 1 
oxidation state was validated, which was decorated with gold satellites 
with Au in its metallic state. Moreover, the presence of multiple Au 
satellites on the Cu2O core triggers interband transitions and scattering, 
which can be seen as the broadening and blueshift of the UV–vis ab
sorption peak of the Cu2O core at 465 nm (Fig. S6) [36]. 

Fig. S7 shows the FTIR spectra of the unmodified Au-Cu2O core- 
satellite nanohybrid depicting the characteristic peak of copper- 
oxygen stretching in the Cu2O phase at 615 cm− 1. The additional IR 
signals for the SB3C16 @Au-Cu2O core-satellite nanohybrid that 

Fig. 2. Characterization of the SB31C6 @Cu2O-Au core-satellite nanohybrid. High-resolution transmission electron micrographs of (a) SB31C6 @Cu2O nanocubes 
and (b-c) SB31C6 @Cu2O-Au core-satellite nanohybrid from two different viewing angles [Scale bar = 100 nm]. (d) SAED pattern of the synthesized SB31C6 @Cu2O- 
Au core-satellite nanohybrid (green= Cu2O, red=Au). (e) HRTEM image showing the lattice fringes in red and green that correspond to (f) the (200) plane of the 
Cu2O core (green) and (g) the (111) plane of the Au satellite (red) with d spacings of 2.10 Å and 2.30 Å, respectively [Scale bar = 1 nm]. SEM micrographs of the (h) 
Cu2O core and (i) SB31C6 @Cu2O-Au core-satellite nanohybrid [Scale bar = 100 nm]. (j-n) Elemental analysis of the Cu2O-Au core-satellite nanohybrid showing the 
elemental composition comprising Cu (orange), O (yellow) and Au (cyan) [Scale bar = 50 nm]. SEM images showing the surface morphologies of (o) bare SPCE and 
(p-s) modified electrodes (Electrodes 1, 2, 3 and 4). [Scale Bar= 1.00 µm]. 
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correspond to the C-N stretching signal at 1198 cm− 1 and the S––O 
stretching peak at 1030 cm− 1 confirm the presence of tertiary amine 
(since the broad N-H stretching peak at 3000–2800 cm− 1 is absent) and 
sulfonate groups, respectively, which are the positive and negative 
centers of the SB3C16 zwitterion. The C-H bending signals at 755 cm− 1, 
715 cm− 1, and 1465 cm− 1 and C-H stretching signals were recorded at 
2915 cm− 1 and 2845 cm− 1. Moreover, zwitterion surface functionali
zation resulted in a significant negative shift in the zeta value from 
− 14.8 ± 5 mV to − 39.4 ± 4 mV, suggesting the preferential orienta
tion of the negative head of SB3C16 (-SO3

- ) at the surface of the nano
structure (Fig. S8). The positive (-N+) head of SB3C16 shows higher 
capabilities for interfacial orientation (relative to the negative head) 
[37], which integrally facilitates the colloidal stabilization of the 
developing Au-Cu2O nanostructure. Thus, the negative head (-SO3

- ) faces 
outwards, resulting in a highly anionic surface environment that gen
erates the pseudo proton exchange membrane (PEM). 

3.2. Morphology of the nanohybrid-modified electrodes 

The clear morphological differences of the flaky surface of the bare 
SPCE shown in Fig. 2(o) and the increasingly granular surface of elec
trodes 1–4, as shown in Fig. 2(p-s), verify that the SPCE was successfully 
modified using the simple drop-casting method. The granular 
morphology causes the nanohybrids to exhibit staggered positions, 
which inherently increases the electroactive surface area and leads to 
improved sensitivity compared to that of the smooth Cu2O cores in Fig. 2 
(h-i), which likely show hindered electron transfer due to surface-to- 
surface stacking. Notably, electrode 2 and electrode 3 in Fig. 2(q-r) 
exhibited ideal electrode surface morphologies with a homogeneous and 
uniformly thin layer of SB3C16 @Cu2O-Au core-satellite nanohybrid. 
Although preliminary SEM micrographs indicate that electrode 2 and 
electrode 3 could exhibit superior electrochemical properties, further 
confirmatory investigations are needed to ascertain the optimal fabri
cation conditions, as discussed below. 

Fig. 3. Electrochemical characterization of SB31C6 @Cu2O-Au core-satellite nanohybrid-modified electrodes. (a) Nyquist plots and (b) cyclic voltammograms (scan 
rate = 0.10 V/s) of bare SPCE, SB31C6 @Cu2O-Au core-satellite nanohybrid-modified SPCE (Electrodes 1, 2, 3 and 4) and Cu2O-modified SPCE (Electrode 5). (c) 
Comparative bar graph showing the peak current and the corresponding calculated electroactive surface area of the bare and modified electrodes. (d-f) Typical 
voltammograms showing oxidation and reduction peaks of bare SPCE, optimized electrode 2 and electrode 3 with varying scan rates (0.02 V/s- 0.10 V/s) in 5.00 mM 
[Fe(CN)6]2-/[Fe(CN)6]3-. (g) Oxidation/reduction peak current (ip) versus scan rate (v), extracted from the voltammograms shown in (d-f). (h) Electrochemical 
performance of the optimized electrodes under different pH conditions. (i) Antifouling capabilities of the fabricated optimized electrodes against 1 % BSA, human 
serum and brine and urine. 
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3.3. Electrochemical behavior of the modified electrodes 

The modified electrodes exhibited diverse morphologies because the 
quantify of SB3C16 @Cu2O-Au core-satellite nanohybrid present at the 
electrode surface varies, which predictably translates to distinct elec
trochemical behaviors. The electrochemical performance of the modi
fied electrodes (namely, Electrodes 1–4) was investigated using 
electrochemical impedance spectroscopy (EIS). The corresponding 
Nyquist plots representing the semicircular impedance profiles of the 
bare and modified electrodes are shown in Fig. 3(a). The resistance to 
charge transfer (Rct) was relatively small for electrodes 2 and 3, signi
fying superior charge transfer characteristics. Furthermore, the cyclic 
voltammograms in Fig. 3(b) depict high peak currents for electrodes 2 
and 3. Finally, the observed peak current values were used to calculate 
the electroactive surface area of each electrode, as shown in Fig. 3(c). 
Under optimized fabrication conditions, the synergistic effect of the 
SB3C16 @Cu2O-Au nanohybrid ensured ideal electrode performance, 
which is attributed to the catalytic nature of the Cu2O core and the Au- 
mediated efficient charge transfer to the underlying SPCE. Additionally, 
due to the anchoring of the Au satellites, the SB3C16 @Cu2O-Au nano
hybrid possess an overall granular structure, thereby promoting a 
staggered position with adjacent nanohybrids. As a result, the electro
active surface area was effectively improved, enabling rapid electron 
transfer and ensuring excellent surface adhesion with the underlying 
SPCE. Conclusively, electrodes 2 and 3 exhibited high electroactive 
surface areas with superior charge transfer characteristics and were 
therefore determined to be the optimal modified electrodes. In addition, 
detailed simulations were conducted by constructing an equivalent 
circuit based on the Randles circuit, as shown in Fig. S9(a), which closely 
fit the observed impedance data, as shown in Fig. S9 (b-f) and Table S2. 
In addition, the transport behavior of charged species at the electrode- 
electrolyte interface of the bare SPCE and the optimized electrodes 

was also investigated using voltametric scan-rate studies. Fig. 3(d-f) 
shows typical sigmoidal voltammograms that revealed absorption- 
controlled diffusion profiles at low and high scan rates (0.02 V/s to 
0.10 V/s). The peak oxidation/reduction currents were found to vary 
linearly with increasing scan rates (Fig. 3g), thereby indicating the 
presence of absorption-controlled electron transfer kinetics at the 
electrode-electrolyte interface. The optimized electrodes demonstrated 
excellent sensing stability, as evidenced by the minimal variations in the 
signal response to 10.0 µM and 1.00 mM creatinine in a pH range of 
6.00–8.00 (Fig. 3h). Additionally, negligible differences in signal 
response were observed the optimized electrodes exhibited even after 
extended incubation in complex fluids, including 1 % bovine serum al
bumin (BSA), human serum, brine, and urine. This resilience toward 
variation in pH and sample fluid environments is attributed to the 
antifouling capabilities of the pseudo-PEM and indicates the possibility 
for directly detecting analytes without pH adjustment or sample puri
fication steps. 

3.4. Creatinine quantification in two distinct sensing ranges 

Electrode 2 and electrode 3 were implemented as enzyme-free bio
sensors for electrochemical quantification of creatinine. The DPV curves 
of different concentrations of creatinine recorded using Electrode 2 and 
Electrode 3 are presented in Fig. 4(a) and (d), respectively. A directly 
proportional relationship between creatinine concentration and 
normalized peak current response [△I/Io]% with high reproducibility 
was observed in both cases. Electrode 2 exhibited an increasing DPV 
peak response with high linearity in the creatinine concentration range 
of 10.0–200 µM (R2 =0.99, RSD=1.22 %, n = 10) covering the entire 
physiological range of creatinine in human serum (Fig. 4b). Similarly, 
electrode 3 demonstrated a linearly increasing DPV peak response in a 
creatinine concentration range of 1.00–35.0 mM (R2 =0.99, RSD=1.32 

Fig. 4. Electrochemical quantification of creatinine. DPV response of optimized electrodes to varying creatinine concentrations ranging from (a) 10.0–200 µM (using 
electrode 2) and (d) 1.00–35.0 mM (using electrode 3), which covers the clinically relevant serum and urinary creatinine levels, respectively. Calibration curves 
displaying high linearity with small error bars demonstrating the feasibility and good reproducibility of the developed biosensor for creatinine quantification in (b) 
serum (R2 =0.99, RSD=1.22 %, n = 10) and (e) urine (R2 =0.99, RSD1.32 %, n = 10). Interference studies for (c) electrode 2 and (f) electrode 3 highlight the 
improved specificity observed owing to the presence of the zwitterion-enabled pseudo PEM. 
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%, n = 10), which encompasses both healthy and harmful creatinine 
levels in human urine (Fig. 4e). These two calibration curves can be 
represented by the linear equations (Serum) [△I/Io]%= 0.55 Ccreatinine 
(µM)+ 0.19, R2 = 0.99 and (Urine) [△I/Io]%= 5.61 Ccreatinine (mM)+
2.57, R2 = 0.99. Accordingly, LODs of 0.72 µM and 2.41 mM (calculated 
as LOD= 3.3 x standard deviation of the regression line (σ)/slope) were 
observed for serum and urine creatinine quantification, respectively. 
The observed RSD values of 1.22 % and 1.32 % indicate excellent 
reproducibility, which results from the high homogeneity among the 
fabricated biosensors and emphasizing the potential for mass produc
tion. Moreover, storage stability is an important aspect in biosensor 
development that critically determines amenability to POC testing. 
Moreover, the design and fabrication of the optimized modified elec
trodes do not involve volatile components or organic enzymes; thus, the 
fabricated creatinine biosensors, namely, Electrodes 2 and 3, retained 
their original surface morphologies and electrochemical performance 
for sensitive creatinine detection even after a prolonged storage period 
of 180 days under ambient conditions (Fig. S10 and Fig. S11). 

Finally, the specificity of the developed biosensor for creatinine was 
tested against physiological levels of major interferents, such as HSA, 
actin, creatine, glucose, ascorbic acid, urea, uric acid, and ammonia 
(Table S3). Fig. 4(c) and (f) shows the relatively marginal normalized 

current response for physiological levels of interferents (HSA, actin, 
creatine, glucose, ascorbic acid, urea, uric acid, and ammonia) against 
the superior response for 10.0 µM and 3.00 mM creatinine. These results 
highlight the outstanding specificity imparted by the zwitterion surface 
engineering of the Cu2O-Au core-satellite nanohybrid, which generates a 
pseudo-PEM to electrostatically eliminate interferents. Additionally, 
creatinine quantification using the optimized electrodes in PBS main
tained at pH values of 6.00, 7.00 and 8.00 resulted in overlapping DPV 
signal responses, as shown in Fig. S12. This result demonstrates the 
capability for creatinine detection in a wide pH range. In conclusion, the 
developed biosensor exhibited excellent specificity against major 
interferents and signal stability in a wide pH range. Therefore, biofluids, 
such as serum and urine, can be utilized to directly detect creatinine 
without pH adjustment or sample purification steps. 

3.5. Sensing mechanism 

The sensing mechanism was proposed based on the interpretations of 
three key observations. First, three consecutive DPV scans resulted in 
minimal variations in signal amplitude (<2.00 %), indicating a small 
electro-oxidative depletion of the nanohybrid layer [38]. However, as 
depicted in Fig. 5(a-b), the signal response to 200 µM and 35.0 mM 

Fig. 5. Proposed creatinine sensing mechanism. DPV curves depicting the change in current response to three consecutive blank scans and in the presence of (a) 
200 µM and (b) 35.0 mM creatinine. (c) Nyquist plots highlighting the change in Rct of Electrode 2 and Electrode 3 after creatinine quantification. Scanning electron 
micrographs of pristine (d-e) and used (f-g) electrode 2 and electrode 3, respectively. (h) The proposed creatinine sensing mechanism, which involves adsorption- 
controlled Cu(II)-creatinine complexation coupled with a signal amplification step via Au-mediated charge transfer. 
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creatinine was significantly intensified by Electrode 2 and Electrode 3, 
respectively. This indicates the presence of a creatinine-dependent in
crease in the signal response. Second, EIS investigations of pristine and 
used biosensors in Fig. 5(c) indicated that the Rct values increased due to 
depletion of the catalytic Cu2O core and conductive Au satellites [39], as 
depicted by the SEM micrographs in Fig. 5(d-g). This depletion of the 
nanohybrid layer presumably results from electro-oxidation and disso
lution of the Cu2O core, which manifested as the observed variations in 
Rct. 

Based on the above observations, we propose a dual phase sensing 
mechanism in which each phase pertains to the specificity and sensi
tivity of the developed creatinine biosensor, as shown in Fig. 5(h). 
Herein, the specificity results from a negatively charged ionic shield 
(composed of the -SO3

- head of the SB3C16 zwitterion), which acts as a 
pseudo-PEM to electrostatically repel interferents from reaching the 
working electrode surface while facilitating the absorption of creatinine 
molecules; these molecules are known to exist as positively charged 
amino tautomers (pKa= 4.89 at 20.0 ◦C) at physiological pH [5,40]. 
Concurrently, the sensitivity is directed by absorption-controlled soluble 
Cu(II)-creatinine complex formation initiated by potential-assisted 
electro-oxidation of Cu2O from Cu(I) to Cu(II) accompanied by the 
generation of electrons. The Au satellites then facilitate the transfer of 
the generated electrons to the underlying SPCE, thus functioning as a 
signal amplifier. Primarily, the adsorbed creatinine at the electrode 
surface complexes with the free Cu2+ ions generated during the DVP 
scan (via delocalization of π electrons around the three endocyclic N 
atoms), thus forming a soluble Cu(II)-creatinine complex that goes into 

the test solution, thereby depleting the nanohybrid layer. The creatinine 
molecule thus acts as a scavenger for free Cu2+ at the 
electrode-electrolyte interface, thereby promoting the generation of 
more Cu2+. Thus, electro-oxidation is improved, resulting in an ampli
fied signal with increased creatinine concentrations. 

3.6. Creatinine detection in spiked and real samples 

The DPV signal response of electrode 2–10.0, 20.0, 40.0, 80.0 and 
120 µM creatinine in fetal bovine serum (FBS) and that of electrode 
3–1.00, 5.00, 10.0, 15.0 and 20.0 mM creatinine in artificial urine was 
recorded. The outstanding accuracy (%) presented in Fig. 6(a-b) in
dicates the excellent feasibility of the fabricated biosensor for highly 
sensitive and specific creatinine quantification in human serum and 
urine. Although clinical creatinine analysis is widely performed in 
serum, urine-based detection is better suited for the development of 
biosensors for POC testing. Hence, the viability of the developed 
biosensor (electrode 3) for direct creatinine quantification in untreated 
human urine was also investigated. The creatinine levels in urine sam
ples collected from ten volunteers (designated P1-P10) were determined 
using the developed biosensor and were compared to the corresponding 
clinical results (obtained using a DXC 700 AU chemistry analyzer). The 
observed results and the calculated accuracy (%) of the biosensor are 
shown in Table S4. As depicted in Fig. 6(c), the creatinine concentra
tions established using the biosensor (Electrode 3) were found to possess 
a high correlation with the clinically quantified results (Pearson’s 
r = 0.98). A comparative table highlighting the significant 

Fig. 6. Practical feasibility evaluation. Creatinine quantification in (a) spiked human serum with electrode 2 (n = 3) and (b) spiked artificial urine with electrode 3 
(n = 3). (c) Determination of creatinine levels in real human urine collected from ten volunteers and correlation with the corresponding clinically determined values, 
demonstrating improved accuracy and a high Pearson’s correlation coefficient (r = 0.98). 

R.K.R. Kumar et al.                                                                                                                                                                                                                            



Sensors and Actuators: B. Chemical 399 (2024) 134787

9

improvements of the developed biosensors over existing methods is also 
provided in Table S5. 

4. Conclusion 

In summary, we have developed a novel universal enzyme-free 
electrochemical creatinine biosensor platform that can directly quan
tify creatinine in untreated human urine utilizing the synergetic effects 
of zwitterion-functionalized Cu2O-Au core satellite nanohybrids. In 
addition to a robust shelf life, the biosensor also established outstanding 
specificity and accuracy with reasonable inertness to variation in 
sensing conditions (such as pH); as a result, the presampling steps and 
stringent sensing parameters were eliminated, facilitating user-friendly 
sample handling and emphasizes the immense amenability of the 
developed biosensor for POC creatinine testing. The sensing mechanism 
primarily follows a potential assisted electro-oxidation of the Cu2O core 
(Cu1+ to Cu2+) and the consequent chelation of creatinine with Cu2+ to 
form a soluble Cu(II)-creatinine complex. Additionally, the highly 
conductive Au satellites facilitate the transfer of electrons generated 
during electro-oxidation for amplified signal generation. The pseudo 
PEM generated via nanoscale zwitterion surface engineering electro
statically eliminated interferents to ensure excellent specificity against 
major interferents (HSA, actin, creatine, glucose, ascorbic acid, urea, 
uric acid, and ammonia) and a minimal decrease in signal (<2.00 %) 
over an elongated storage period of 180 days. Moreover, the proposed 
zwitterion pseudo-PEM can be extended to other applications as a simple 
yet effective alternative to traditional cover layers, ensuring high spec
ificity without compromising the surface morphology of the modified 
electrode. 
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