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ARTICLE INFO ABSTRACT

Article history:

Creatinine is an indicator of hindrance in urination and renal insufficiency. Creatinine levels are the mar-
ker of the late stages of prostate cancer. Early and sensitive detection of creatinine can reduce deaths
associated with prostate cancer. In this work, nitrogen-doped porous carbon antimony (Sb/NPC) nanopar-
ticles are fabricated to be employed as a non-enzymatic biosensor. Sb/NPC has promising redox activity
and is synthesized by a two-step reaction using low-cost precursors. Electrochemical sensing by Sb/NPC
is conducted for standard creatinine solutions on a three-electrodes system. Cyclic voltammetry, amper-
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Iggltﬁfcrds" ometry, and electrochemical impedance spectroscopy are used to sense creatinine. LOD and LOQ of the
Creatinine Sb/NPC modified electrode are 0.74 uM and 2.4 uM, respectively. This electrode system analyzes crea-

tinine in the serum of prostate cancer patients who have elevated PSA levels. More than 90% creatinine
is recovered from a spiked serum sample of a prostate cancer patient. A direct relation is observed
between PSA levels and creatinine levels in prostate cancer. The developed cyclic voltammetric setup
detects trace concentrations of creatinine in serum.

Prostate cancer
Electrochemical sensing
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1. Introduction

Cancer has been playing havoc by causing 7.6 million deaths
throughout the world [1]. The death rates are on the rise and rea-
sons are not clearly understood. Some of the factors may include
aging and increasing population [2]. Cancer is generally combated
through chemotherapy, surgical removal of tumors, and radiother-
apy. These therapeutics become less efficient because of drug resis-
tance, drug metabolic rates, and lesser drug selectivity for tumor
cells [3]. Prostate cancer is the third leading cancer [4]| and origi-
nates from the outer coat of the prostate where it undergoes epige-
netic variations. Serum creatinine levels are the biomarker of
prostate cancer and their fluctuations can prognosis prostate can-
cer [5]. Diagnostics of prostate cancer is better made by estimating
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the PSA levels [6], however, no method measures PSA specifically
and sensitively. Besides PSA, other parameters are looked at in sev-
eral prostate cancer patients that have shown normal PSA levels
[7]. A relation between metastatic prostate cancer or tumor stage
and sarcosine/creatinine ratio also serves as a clinical indicator
[8]. Creatinine can also be a marker for the late stages of prostate
carcinoma [9,10].

Other than the Jaffe method, creatinine is determined spec-
trophotometrically [11]. GC-MS is also integrated with the Jaffe
method for finding creatinine in urine [12]. HPLC is used for deter-
mining creatinine in the serum of mice [13]. Electrophoretic meth-
ods detect creatinine from urine [14]. These strategies for
creatinine detection have limitations such as the number of sample
preparation steps, slower detection, difficult apparatus handling,
and higher limits of detection.

Nanomaterials as biosensors are advantageous due to precise
results [15-17]. Nanomaterials are also used as fluorescent [18],
chemiluminescent [19], and immunosensors [20,21] for the detec-
tion and recognition of biomolecules [22]. Nanoparticles coated on
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electrodes have enhanced surface area for binding of species and
thus better sensing [23-25]|. Electrochemical nano-bio sensors
developed for creatinine detection are the platinum electrode
modified with zinc oxide-chitosan-c-MWCNT/polyaniline [26],
iron oxide/chitosan graft polyaniline composite film [27], carbon
nanofibers coated with polymeric dye-based metal [28], and Cu
doped dendritic poly methylene blue (PMB) [28]. Quantum dots
of cadmium selenide are also used for the analysis of creatinine
in urine [29]. Nickel nanocomposites are assembled on a glassy
carbon electrode (GCE) and CuO-MIP/CPE is immobilized on a car-
bon electrode for creatinine detection [30,31]. Fe30,4 over polyani-
line nanoparticles (Fe304@PANI NPs) based molecularly imprinted
electrochemical sensor (MIES) is also used for creatinine detection
[4]. Ag coated ZnO/Fe30, composite for SERS photochemically
detects creatinine from urine [32]. CuNPs/PDA-rGO-NB/GCE coupled
ratiometric electrochemical biosensing senses creatinine [33].
Nickel nanoclusters (NiNCs) over molecularly imprinted polymers
(MIPs) detect creatinine via electrochemiluminescence detector
[34]. PEI-CdS/Au@SiO,@RuDS/PANI and creatinine imprinted poly
film detect creatinine using the same approach [35].

In this work, Sb/NPC is synthesized in a two-steps reaction. Sb/
NPC is selected due to its high conductivity and promising redox
activity and easy synthesis. Moreover, its rod-like structure pro-
vides more surface active sites. It is synthesized from low-cost pre-
cursors, which is another advantage of the study. The electrode is
modified by coating with Sb/NPC nanomaterial for non-
enzymatic sensing of creatinine first in PBS buffer under the opti-
mized conditions and then from serum samples of prostate cancer
patients.

2. Experimental
2.1. Chemical and reagents

Nickel chloride hexahydrate (99.5%), nitrilotriacetic acid
(99.9%), isopropanol (99.9%), ethyl alcohol (99.9%), antimony chlo-
ride (99.9%), ethylene glycol (99.9%), streptavidin-coated
microparticles, and creatinine (99.9%) were purchased from Sigma
Aldrich. anti-PSA-Ab ~ biotin (Cat: MA1-10447) was obtained from
Thermo Fischer Scientific. Deionized water was obtained from the
Milli-Q water purification system (Merck, Millipore).

2.2. Synthesis of N-doped porous carbon antimony nanoparticles

Sb nanoparticles were synthesized by two steps methodology,
as reported earlier [36]. In the first step, nickel chloride (1.4 g)
was dissolved in a mixture of deionized water (30 mL) and iso-
propanol (10 mL). 0.6 g of nitrilotriacetic acid (NTA) was added
and the suspension was stirred for 30 min. The mixture was trans-
ferred to a Teflon-lined autoclave and reacted for 6 h at 180 °C.
After cooling, the product was washed with isopropanol and ethyl
alcohol thrice, respectively. Obtained Ni/NTA precursors were
dried overnight in an oven at 60°C. The dried product was
annealed in an argon furnace at 600 °C and Ni/NPC was obtained.

In the second step, Ni/NPC and SbCl; were reacted by in situ
replacement reaction of Ni with Sb. Ni/NPC (70 mg) and SbCls
(700 mg) were sonicated at 35 °C for a half-hour in the presence
of ethylene glycol (40 mL). The mixture was sealed in a Teflon-
lined autoclave and heated overnight in an oven at 150 °C. The
obtained Sb/NPC nanoparticles were filtered, washed, and dried
in an oven for 12 h at 60 °C.

2.3. Electrochemical sensing of creatinine by Sb/NPC-GCE

Different concentrations of creatinine in PBS were electrochem-
ically sensed on a three-electrodes system of cyclic voltammetry.
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The electrodes were washed in ethanol and water via sonication.
Sb/NPC nanoparticles were deposited on a glassy carbon electrode
through the homogenous slurry and dried at room temperature.
Sb/NPC-GCE was used as a working electrode, platinum wire as a
counter electrode, and Ag/AgCl as a reference electrode. Creatinine
solutions of different concentrations were prepared in PBS. All the
measurements were taken at room temperature. Experimental
parameters like concentration, pH, interferences, the limit of detec-
tion, the limit of quantification, recovery, and stability were
optimized.

2.4. Serum sample collection and Elecsys total PSA assay

Serum samples from the prostate cancer patients were collected
from Nishtar Medical University Multan after prior approval and
under the guidelines of the Ethical Committee.

Elecsys® total PSA quantitatively determines prostate-specific
antigen (PSA). Total PSA includes PSA either coupled or free found
in serum and plasma. This assay is paired with a digital rectal
examination (DRE) for diagnosing prostate cancer patients. It is
an electrochemiluminescence immunoassay “ECLIA” used on Elec-
sys and Cobas E Immunoassay Analyzers.

The sandwich principle was followed for PSA detection. The test
duration was 18 min. In the first incubation, a 20 uL sample was
reacted with biotinylated monoclonal PSA-specific antibody and
a monoclonal Prostate-specific antibody labeled with ruthenium,
causing complexation. In the second incubation, streptavidin-
coated microparticles were added to the above-formed complex.
This incubation caused the binding of the solid phase via the inter-
action of biotin and streptavidin. The reaction mixture was then
aspirated into the measuring cell where microparticles under the
influence of magnetic field got trapped onto the electrode. The
unattached particles were washed away and ProCell/ ProCell M.
Chemiluminescent emission was produced at the applied poten-
tial. Illuminant emission was determined by a photomultiplier.
The calibration curve was obtained by 2-point calibration and a
master curve was used for determining PSA levels.

3. Results and discussion
3.1. Morphological characterization of Sh/NPC

Sb/NPC are synthesized by in situ nanoconfined replacement
reaction [36]. In the first step, Ni-NTA nanowire precursors are fab-
ricated by hydrothermal reaction (Equation (1)).

Ni2* + 2H;NTA + 2H,0 = HyNi(NTA),-2H,0 + 2H* M

The precursor is annealed in argon at 650 °C for 2 h resulting in
the pyrolysis of NTA into N-doped porous carbon (NPC). Nickel ions
in the precursor are reduced to Ni nanoparticles and adsorbed onto
porous carbon (Ni/NPC). In the last step, Ni is replaced by Sb
nanoparticles via in situ nanoconfined replacement and one dimen-
sional Sb/NPC are formed.

An aqueous solution of Sb/NPC particles is prepared for UV anal-
ysis and nickel appears at 204 nm which is the characteristic sur-
face Plasmon resonance (SPR) of metallic nickel (Fig. S1A).
Antimony is observed at 216 nm as reported earlier [37]. A broad
peak at 281 nm depicts carbon matrix in the sample regarding -
n* of C and C double bond and shifting of n-n* C(=C/C=, respec-
tively. FTIR spectra of Sb and Ni/NPC are taken on JASCO FTIR
4200 spectrometer (Fig S1B). IR spectrum of Ni/NPC shows peaks
at 1444, 1576, and 1645 cm™! referring to C=N and nickel as a
result of annealing at 650 °C. A peak at 1050 cm ™' suggests the
presence of Sb/N which confirms the substitution between Sb
and C=N.
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X-ray diffraction (XRD) of Sb/NPC is carried out on Advanced
Bruker D8 Discover X-ray diffractometer having non-
monochromatic Cu Koo X-ray radix at 26 ranges scanned at 20°-
100°. X-ray transparent beryllium inlet is used for the placement
of electrodes. The peaks of diffraction angle are indexed to stan-
dard diffraction data of metallic Sb (jcpd card 350732). The lattice
structure of composites shows peaks at 22, 30, 41, 45, 48, 55, 67,
81, 86, and 96 which are assigned as (003), (101), (012), (104),
(015), (202), (122), (214), (125) and (1010) showing crystal
planes of the hexagonal rhombohedral structure of Sb (Fig S1C).
The highest intensity peak is at 46° correspondings to (015)
diffraction mode. Peaks at 35° and 42° depict the presence of N
doped porous carbon. The refined lattice parameters in hexagonal
(rhombohedral) Sb pure crystal parameter phases are
a=b=4.309A and c=11.288 A. Scherer equation is applied for
the size confirmation of crystals (Equation (2)).

D =0.9.4/8.Cos6 (2)
A = X-ray wavelength used, B = Peak value at the half peak height,
and 0 = Angle of incidence. The size of Sb nanoparticles is 16 nm
by applying this equation.

TGA (thermogravimetric analysis) is carried out for the compo-
sitional evaluation of Sb/NPC (Fig. S1D). It confirms carbon as well
as antimony content in Sb/NPC. Initially, the weight loss is
observed at 100°C and it continues till 600 °C. From 100 to
450 °C, the little weight loss is due to the loss of adsorbed water
leaving behind N-doped porous carbon antimony nanoparticles.
Major weight loss occurs from 450 °C to 600 °C that is due to the
decomposition of organic precursors. Sb content in the composite
is calculated as 67.9%.

The structure and morphology of Ni/NPC and Sb/NPC are shown
in SEM images (Fig. 1A and 1D). The diameter of Ni/NPC is 55 nm
and that of Sb/NPC is 14 nm. Sb/NPC particles are evenly dis-
tributed in nitrogen-carbon porous web structure (Fig. 1B and
1E). AFM analysis shows the surface topology of nanoparticles of
Ni and Sb/NPC (Fig. 1C and 1F).
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3.2. Electrochemical characterization of Sb/NPC-GCE

3.2.1. Electrochemical surface area

For determining the electrochemical surface area (ECSA) of Sb-
NPC/GCE, the conductivity of the modified electrode system is esti-
mated using the solutions of K3[Fe(CN)g] and potassium chloride
(Fig. S2). Cyclic voltammetric results of Sb-NPC/GCE immersed in
the given solution are different from bare GCE. For further calcula-
tions, the active surface area of the electrode system involved in
the electrochemical phenomenon is calculated at different scan
rates in the range of 20-70 mVs~!. Randles-Sevcik equation is
applied as given in Eq. (3) [38].
Peak current = + (2.69 .1o5> nX3/2. AXD/2 CX v/2 3)
where A = Area of an electrode surface (cm?), D = Diffusion coeffi-
cient=72 x (10)® cm? s !, n=Numbers of electrons in
oxidation-reduction reaction = 1, C = Concentration of Ks[Fe(CN)g]
=0.04 mM. The electrochemical surface area for bare GCE, A is
0.073 cm? and for Sb/NPC is 0.144 cm?.

3.2.2. Roughness factor

The roughness factor of Sb/NPC-GCE and bare GCE is measured
by calculating the peak current, Ip, and from the peak current, the
electrochemical surface area is calculated. The roughness factor
depends on the number of redox cycles occurring on the dimen-
sions of the electrode surface area [39]. The roughness factor (fr)
of electrodes is calculated by Eq. (4).

Roughness factor (fr) = Ay /A (4)

where A, is the electrochemical surface area of bare Sb/NPC and A,
is the electrochemical surface area of bare GCE. So, the roughness
factor can be derived by the ratio of the surface area of the bare
electrode and Sb/NPC-GCE and the value is 1.97. This value indi-
cates the higher charge transfer in the case of Sb/NPC-GCE due to
more roughness of the electrode surface after deposition of
material.
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3.3. Electrochemical parameters optimization of Sb/NPC by cyclic
voltammetry

Redox activities of Ni/NPC and Sb/NPC modified electrodes are
measured in Kz[Fe(CNg)] solution by cyclic voltammetry. For com-
parison, a blank electrode is also run. The voltage window is set on
0.8-0.5V and the scan rate as 30 mVs~' (Fig. S3). Blank electrode
shows some oxidation-reduction potentials due to the presence
of iron radical in potassium ferrocyanide. The redox potential of
Ni/NPC is more than that of blank due to the conductive nature
of Nickel. The highest conductivity is observed for Sb/NPC because
of elevated oxidation-reduction potential.

To optimize the electrochemical parameters, different concen-
trations of creatinine solutions (0.6-1.0 uM) were analyzed by cyc-
lic voltammetry. The potential window is set at —0.2-0.10V and
the scan rate is kept at 30 mVs~'. Anodic peaks current increases
with the increase in concentration (Fig. 2A). The reduction peak
current of the cathode decreases with an increase in concentration.
The highest oxidation peak is obtained at 0.6-0.8 V and reduction
at 0.4 V. A linear relationship is attained between the concentra-
tion of creatinine and current (Fig. 2D).

Limit of detection (LOD) and limit of quantification (LOQ) for
Sb/NPC-GCE are calculated by following Egs. (5) and (6).

LOD = 3S/m (5)

(6)

where S is the standard deviation=3.07 x 1077, m is the
slope=1.24 x 107%, LOD and LOQ for Sb/NPC-GCE are 0.74 uM
and 2.4 pM, respectively.

The effect of scan rate for sensing creatinine by Sb/NPC-GCE is
also studied. By increasing the scan rates from 20 to 70 mVs™},
the current also increases. The highest peak is measured at 70
mVs~'. A direct relation between scan rate and oxidation-
reduction peak is thus observed (Fig. 2B and 2E). The pH of the buf-
fer also influences the detecting capability of material as pH alters

LOQ = 10.5/m
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linkage between template molecules and the sensing material of
electrode [40]. The impact of buffer pH is evaluated at a pH range
of 7.2 to 8.0. The creatinine peak current increases from 7.2 to 7.6.
Maximum peak current is obtained at physiological pH i.e 7.4.
After 7.6, no prominent increase in peak current is observed
(Fig. 2C and 2F). At pH below physiological pH, lesser electrostatic
interactions occur that generate small signals. As pH increases
from 7.4, lesser protonation of creatinine amino acids leads to les-
ser signals. So, the PBS buffer of pH 7.4 maximizes the sensitivity of
the creatinine sensor. Anodic peak goes toward less positive values
with increasing pH. Oxidation of creatinine gives one electron and
one proton per molecule of creatinine [28]. So, creatinine can be
electrochemically detected by measuring its oxidation current.
The cyclic voltammetric detection of creatinine over the Sb/NPC
coated sensor is due to the fine electrocatalytic and conductive
activity of Sb/NPC-GCE.

3.4. Electrochemical impedance analysis

There are a variety of factors that influence the impedance of
the electrode system. Initially, the effect of modification of elec-
trode on impedance is studied. Greater the conductivity of a mate-
rial, lesser is the impedance as is observed for Ni/NPC, Sb/NPC, and
bare GCE. Sb/NPC is the most conductive and shows the least impe-
dance while bare GCE is the least conductive and shows maximum
impedance. Ni/NPC exhibits intermediate behavior for impedance
(Fig. 3A). The impedance at different concentrations is also studied.
The least impedance is observed at 0.8 mM concentration that
indicates the least resistance (Fig. 3B). Above or below this concen-
tration, a rise in impedance is recorded. Slight complex behavior is
observed at different concentrations, this may be due to fouling of
electrode surface during the electrochemical reaction [41]. Oxida-
tion of creatinine can change the charge transfer process due to
the formation of oxidized products (Scheme 1). Altering the pH
of the buffer system also affects impedance. Buffer pH for Sb/NPC
modified electrode system is varied as 7.0, 7.2, 7.4, 7.6, 7.8 and
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Fig. 3. (A) Impedance of Ni, Sb/NPC, and blank electrode, (B) Impedance and concentration relationship, and (C) pH effect on impedance.

8.0. The electron transfer resistance increases with the increase in
pH. A direct relation between impedance and pH is shown in
Fig. 3C. Rct value for bare GCE is 1290 Q and for Sb/NPC is
1131 Q. Rct values for concentration and pH are presented in
Table S1 (supporting information). A lower Rct value for Sb/NPC-
GCE than bare GCE indicates lower charge transfer resistance.

3.4.1. Heterogeneous rate constant (K°)

The standard heterogeneous rate constant (K°) can be drawn by
using EIS to modify each electrode. K° gives the kinetics of the
redox reaction. A system having a greater value of K° would
achieve equilibrium more rapidly and sustain its equilibrium for
a greater period as compared to that of a low K° value system. K°
values are calculated by Equation (7);
K° = RT/(F)’Ret.A.C (7)
where R = Global gas constant = 8.314 ] mol~' K~!, T = Thermody-
namic temperature = 298.15 K, F = Constant for Faraday = 96,485C
mol~!, R, = Electron transfer resistance = 1131 Q (Sb), 1290 (GCE),
A= Electrode surface area=0.73 cm? and C=Concentration of
K3[Fe(CN)g] = 0.04 mM.

K° for bare GCE and Sb/NPC-GCE are 7.07 x 108 cms~! and
1.76 x 10 cms™! respectively. K° value of Sb-NPC/GCE (8.06 x
1078 cms™') is greater than bare GCE (7.07 x 1078 cms™!)
that depicts the stability and equilibrium maintenance capability
of Sb-NPC/GCE system in electrochemical biosensing [42].
Hence, Sb/NPC electrochemical sensor offers a swift transfer of
electrons than that of the bare electrode [43].

(

Scheme 1. Mechanism of electrochemical sensing of creatinine by Sb/NPC-GCE.
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3.5. Effect of interfering substances

Non-specific interfering species are encountered when biologi-
cal molecules are electrochemically analyzed. Interfering species
are added to creatinine solution in 0.1 M PBS to observe the effect
(Fig. S4). Urea, uric acid, glycine, lactose, sarcosine, glucose, and
ascorbic acid are added at their physiological concentrations. None
of the contaminants gives a distinct peak. Urea appears at a higher
potential that leads to a slight decrease in current for creatinine
detection. Sb/NPC deposited glassy carbon electrode is thus selec-
tive in detecting creatinine in the presence of biological interfering
species.

Similarly, the effect of NH, containing biomolecules on crea-
tinine sensing is evaluated and results are presented in Fig. S5.
CV of the mixture containing, urea, uric acid, lysine, and creatinine
is taken oven Sb/NPC in PBS buffer of biological pH to check the
interfering effect. It is observed that these molecules did not affect
the detection of creatinine. However current produced by the cre-
atinine is reduced due to the presence of these molecules.

3.6. Stability and reproducibility of Sb/NPC modified electrode

The electrode is set at 30 redox cycles for verifying the stability
of the Sb/NPC modified electrode by cyclic voltammetry. A specific
continuous pattern of redox peaks is obtained where oxidation
peak is at 0.4V and reduction at 1.0V (Fig. 4A). The stability of
the Sb/NPC modified electrode is also evaluated by chronoamper-
ometry (Fig. 4B). A linear response is recorded for creatinine at
the scan rate of 30 mV/s. Current decreases for 1000 s and becomes
stable for more than 4000 s. The steady-state current suggests the
electrode system as a steady-state energy source.

3.7. Recovery analysis of creatinine by Sb/NPC-GCE from serum sample

Sb/NPC-GCE analyzes creatinine from serum samples via recov-
ery testing. The serum samples are spiked with known creatinine
concentration. The calculated recoveries from five serum samples
are in the range of 94% to 100% (Table S2). Mechanism of sensing
of creatinine is given in scheme 1. Electrostatic interactions and
m-1t stacking are the main forces between aromatic creatinine
and Sb/NPC. Sb particles offer electrostatic interactions, while 7-
1 of porous carbon facilitates the charge transfer between the elec-
trode surface and the electrolyte.

3.8. Quantitative determination of creatinine from serum samples of
prostate cancer

The serum creatinine and PSA levels are associated with a high
risk of prostate cancer [5] as can be seen by the obtained data here.
Normal ranges of creatinine in blood may be from 0.84 to 1.21 mg
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Table 1

Comparison of PSA level (determined by Elecsys total PSA analysis) and creatinine concentration (obtained from electrochemical sensing) in prostate cancer patient serum.

Sample No. PSA value (ng mL™") Current (A) Conc. of Creatinine (mg dL™") Scan rate (Vs 1) Potential window (V)
1 04 —-4.371077 0.99 0.03 —0.5t0 0.8
2 25 -1.18 x 1077 1.75 0.03 -0.5to 0.8
3 99 ~1.04 x 1077 2.56 0.03 —0.5t0 0.8
4 525 -1.01 x 1077 3.71 0.03 —0.5t0 0.8
5 978 —33x10°° 5.15 0.03 -0.5t0 0.8
6 1057 —21x107 5.59 0.03 —0.5t0 0.8
7 1130 -21x10°° 6.03 0.03 —0.5t0 0.8
8 1133 -19x10°° 6.15 0.03 -0.5t0 0.8
9 1370 -1.7x10°° 7.16 0.03 ~0.5 t0 0.8
10 1677 -12x107 7.43 0.03 —0.5t0 0.8
Table 2
Comparison of different materials for electrochemical sensing with Sb/NPC nanoparticles.
Sensing Material Target LOD Linear Range Ref.
Poly ethylene-co-vinyl alcohol(EVAL) Creatinine 40 ng mL™! 0.05ugmL~! to 2 pygmL™! [44]
PANi-Nafion-Cu composite Creatinine and urea 0.5 M 1to 125 uM [45]
Quartz conductive sheets Urine creatinine - 1 to 30 mM [46]
Fe304@ Polyaniline nanoparticles (Fe304@PANI NPs) Urine and plasma creatinine 0.35 nmol/L [47]
screen-printed electrode made of carbon black Urine creatinine 0.043 mM L™! 0.10-6.5 mM [48]
platinum electrodes Urine creatinine 45M 0-500 M [49]
Reduced graphene pasted screen printed carbon electrode Creatinine 0.22 mM 0.01 to 2.0 mM [28]
TGA capped Zn S: Mn -ZnS QDs Creatinine 7.25nM 0.07 to 3.4 uM [50]
Ni-PANI NPs Creatinine 0.2 nM 40 to 800pM nM [30]
PMB-PVAc-Cu-CNF/ACF Creatinine 0.2ng mL™! 0.5-900 ng [28]
CuO nanoparticles -MIP/CPE electrode Creatinine 0.083 M 0.5 to 200 M [31]

dL~'. The samples are first analyzed by Elecsys Assay to evaluate
the PSA levels where samples show different PSA concentrations.
Sb/NPC-GCE is then used for the quantitative determination of
creatinine in prostate cancer serum samples under the optimized
conditions (Fig. S6). The creatinine concentration increases in the
serum samples with higher PSA levels (Table 1). A comparison
of Sb/NPC-GCE with other electrochemical sensors is given in
Table 2.

4. Conclusion

One-dimensional nitrogen-doped porous carbon nickel (Ni/
NPC) and antimony (Sb/NPC) nanoparticles are synthesized by a
two-step hydrothermal method. Nickel is displaced with antimony
on NPC through in situ displacement method. SEM, AFM, FTIR, XRD,

UV, and TGA confirm the synthesis, size, morphology, structure,
and thermal stability of Sb/NPC. Sb/NPC shows better electrochem-
ical results compared to Ni/NPC. Sb/NPC is optimized for creatinine
detection at different concentrations, scan rates, and pH in PBS. The
stability of Sb/NPC is estimated by cyclic voltammetry for 30 cycles
at the potential window of —0.5 to 0.8 V. Stability is also verified by
Chronoamperometry. Interfering substances are added to the crea-
tinine solution for verifying the selectivity of Sb/NPC-GCE. The
material shows recovery up to 100% in serum samples. Finally,
the quantitative determination of creatinine from serum samples
of prostate cancer patients shows that creatinine levels are directly
related to PSA concentrations. Low-cost and sensitive non-
enzymatic sensing of creatinine by the designed biosensing plat-
form make it a point-of-care unit for the prognosis of prostate
cancer.
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