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ARTICLE INFO ABSTRACT

Keywords: Acute kidney injury is among the most severe health problems today, with the greatest fatality ratios. The kidney
Acute kidney injury injury molecule-1 (KIM-1) is considered to be a potential biomarker for diagnosis of the acute kidney injury.
COFS'A“NPS . Herein, a sensitive, selective, and swift sandwich-type electrochemical KIM-1 immunosensor was fabricated
gfg&?é;;i’fizgceoz microspheres based on porous NiCoS4@CeO2 microspheres as a signal amplifier and covalent organic frameworks-gold
Immunosensor nanoparticles (COFs-AuNPs) composite as an electrochemical sensor platform. The affinity of amino-gold be-

tween capture antibody and COFs-AuNPs composite led to immobilization of the capture antibody. The sec-
ondary antibody was then conjugated to NiCo02S4@CeO, microspheres via electrostatic interactions.
Transmission electron microscopy (TEM), scanning electron microscopy (SEM), fourier-transform infrared
spectroscopy (FTIR), x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) techniques were per-
formed to characterize the as-prepared materials. Some electrochemical characterization techniques including
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry
(DPV) were employed to gradually characterize the constructed immunosensor. The detection limit (LOD) of
KIM-1 in plasma samples was calculated as 2.00 fg mL ™}, making it an effective tool for the monitoring of acute
kidney injury.

1. Introduction creatinine, on the other hand, are important indicators of renal function
rather than kidney injury [8,9]. Hence, there is a considerable need for
alternative biomarkers to detect kidney injury with high precision. The

KIM-1 is considered to be the most viable protein among blood and/or

Acute kidney injury (AKI), a prevalent severe illness with significant
treatment expenses, frequently causes hospitalized patients to die [1-3].

AKI is observed in approximately 5% of hospitalized patients, 27% of
patients in the critical care unit, and more than 30% of adults after heart
surgery, with 3% requiring dialysis, and the fatality rate reaches more
than 70% [4,5]. Despite significant technological advancements in
therapy, the mortality rates linked with acute kidney injury remain high.
Although serum creatinine and urine volume are routinely used to
determine AKI in primary care, they are an imprecise indicator during
acute alterations in renal function [6,7]. Urine volume and serum
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urine biomarkers thanks to its applicability in the earlier diagnosis of
AKI. Moreover, KIM-1 is capable of invasively expressing the injury and
recovery processes [10]. Since kidney injury molecule-1 is not present in
healthy people’s urine, its detection can be employed as an appropriate
biomarker for acute kidney injury [11-15]. Traditionally, KIM-1
tracking is performed through enzyme-linked immunosorbent assays
which take approximately 3-4 h, or the microsphere-based Luminex
xMAP methods, needing a massive optical analysis tool [11]. Although
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these methods’ lower limits of quantification and high durability fea-
tures have been verified, there is still a substantial need for developing
cost-effective, easy, and convenient ways. Owing to its versatility,
flexibility, swift inquiry time, low energy requirement, and cheap cost of
the tool, electrochemical sensing approaches have been considered
amongst the most sensitive and facile techniques for the detection of
substances [16]. In particular, the electrochemical immunosensor
associated with the high-affinity antibody-antigen synergy may reach
superior specificity for KIM-1 biomarker monitoring [17,18]. Bio-
enzymes are commonly utilized as catalysts in conventional electro-
chemical immunosensors, however, they have some drawbacks such as
poor stability and high expense [19]. As a result, over the last quarter,
non-enzymatic electrochemical immunosensors have become increas-
ingly attractive [20-22].

As a consequence of the rapid advancement of nanomaterial break-
throughs, numerous nanomaterials have been used in the fabrication of
non-enzymatic electrochemical immunosensors due to their several
advantages including high stability, robust electrocatalytic perfor-
mance, and simplicity of modification [23,24]. Amongst the various
metal-based nanostructures, gold nanoparticles (AuNPs) with a diam-
eter range between 1 nm and 100 nm is of peculiar features such as
superior electrical conductivity and stability in electrochemical sensor
applications [25,26]. AuNPs can lower the overpotential of electro-
chemical reaction and enhance the redox reaction reversibility.
Furthermore, by tuning the AuNPs, the oxidation reaction between the
surface of sensor and the electroactive molecules may be accelerated
[27].

Organic monomers linkers have been used to prepare porous and
crystalline COFs via reversible covalent bonding [28-31]. Currently,
COFs have been utilized in several applications such as gas storage [32],
catalysis [31] and photoelectrochemistry [33]. COFs have a number of
benefits including uniform pore distribution, unique electronic system,
and thermal stability [34]. In addition, it provides superior scaffolds for
charge migration and the signal amplification improvement [35].
Generally, due to polymers’ wide pore size, the polymeric structures
cause irregular channels, providing an average path for proton trans-
port. COFs, on the other hand, as a crystalline substance, have a distinct
pore size distribution that allows protons to easily diffuse [35]. As a
result of COFs’ large specific surface area and tunable pore structure,
effective and functional sensors/biosensors can be fabricated.

NiCo2S4 as the electrode material has gained significant attention
owing to its high theoretical specific capacitance, superior cycling sta-
bility, and low cost [36,37]. However, the poor conductivity of transi-
tion metal sulfides significantly hampers the reversible capacitance and
cycling stability [38,39]. Several methods have been proposed to over-
come these problems, the preparation of the NiCo,S; based nano-
structures including carbonaceous materials [40] or transition metal
oxides [41] are also amongst these methods. Cerium dioxide (CeO5) is of
rich oxygen vacancies, thereby providing the easy conversion between
Ce®* and Ce*", and facilitating the charge transfer from CeO, to the
sensor surface [42]. Therefore, it is presumed that the preparation of
NiCo,S4@CeO2 composite is one of the effective ways for enhancing of
the electrochemical performance. Furthermore, the three-dimensional
microspheres with mesoporous pore structure can offer high mechani-
cal strength, superior electrical conductivity, and efficient specific sur-
face area facilitating the permeation of the electrolyte at the
electrochemical sensor platform surface. The reshaping of morphology
via the incorporation of the active materials is regarding an effective
way for enhancing the specific surface area, reversible capacitance, and
stability [43].

Herein, in the light of all aforementioned points in mind, the main
objective of this paper was to construct an innovative electrochemical
KIM-1 immunosensor based on porous NiCo5S4@CeO microspheres and
COFs-AuNPs for the first time in the literature. The fabricated immu-
nosensor provided a number of benefits, including simplicity, fast
response time, and selectivity. A precise LOD of 2.00 fg mL™! was
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determined with superior selectivity and no interference in plasma
samples. Hence, it can be speculated that the fabricated electrochemical
KIM-1 immunosensor may open a new perspective in the facile and swift
monitoring of acute kidney injury.

2. Experimental
2.1. Materials

Kidney injury molecule-1 (KIM-1), anti-KIM-1 capture antibody
(anti-KIM-1-Ab;), anti-KIM-1 secondary antibody (anti-KIM-1-Aby),
bovine serum albumin (BSA), a-fetoprotein (AFP), cystatin C (CysC),
prostate-specific antigens (PSA), NiCly-6H30, CoCly-6H0, cetyl-
trimethyl ammonium bromide (CTAB), NayS-9H50, sodium dodecyl
sulfate (SDS), Ce(NOs3)3-6H30, 3,5-tris(4-aminophenyl)benzene (TAB),
p-phthalaldehyde (PTA), dimethyl sulfoxide (DMSO), trisodium citrate
(TSC) and gold(Ill) chloride hydrate (HAuCls) were supplied from
Sigma-Aldrich. As a supporting electrolyte and diluting buffer solution,
a 0.1 M phosphate-buffered saline (PBS) solution (pH = 7.0) was
utilized.

2.2. Apparatus for evaluation of nanomaterials

Surface morphological characteristics were explored by using a
ZEISS EVO 50 SEM and a JEOL 2100 TEM. X-ray patterns of nano-
materials was collected by a Rigaku X-ray diffractometer with Cu-K
radiation (A = 0.150 nm). The PHI 5000 Versa Probe spectrometer
was used to perform the XPS survey. UV-Vis and FTIR measurements
were performed by Mettler Toledo and Bruker-Tensor FTIR spectrom-
eter, respectively. Electrochemical characterization techniques such as
CV, EIS and DPV were also conducted via the Gamry Reference 600
workstation (Gamry, USA).

2.3. Preparation of COFs based on TAB and PTA

The dispersion of TAB (0.100 g) and PTA (0.05 g) was prepared in
DMSO (100.0 mL) under vigorious stirring over 10 min. Following,
CH3COOH (2.0 mL) was introduced to the resulting solution and incu-
bated at 25 °C for 45 min. Followed by the centrifugation at 5000 rpm,
COFs based on TAB and PTA was collected and rinsed two times with
ethanol. After the drying at 60 °C, COFs was grounded into powder [44].

2.4. Preparation of COFs-AuNPs composite and GCE modification with
COFs-AuNPs as electrochemical sensor platform (COFs-AuNPs/GCE)

Followed by the ultrasonication of COFs (30.0 mg) in deionized (DI)
water, TSC (30.0 mmol, 4.0 mL) was gentely poured into as-obtained
solution under magnetic stirring. After the boiling treatment, HAuCly
solution (2.0%, 750.0 uL) was promptly added under stirring for 20 min,
providing brown conversion. Subsequently, the COFs-AuNPs composite
was washed with ethanol two times, followed by drying treatment under
a vacuum medium.

The glassy carbon electrode (GCE) was prepared as follows to be
utilized in the further steps [45]: Firstly, 0.1 um and 0.05 pm alumina
(Al203) slurries were transferred on cleaning pads, respectively.
Following, the GCE was polished with these Al;O3 slurries for 20 min.
Subsequently, the electrodes were rinsed with isopropyl alcohol and
acetonitrile, respectively to eliminate the residual alumina, and dried at
25 °C. The electrode modifications with COFs and COFs-AuNPs com-
posite dispersions (15.0 pL, 0.2 mg mL 1) were performed by a simple
drop-casting method inclusing coating the related dispersions onto the
clean GCEs surface dropwisely. After 20 min, the solvent evaporation
from the electrode surface was accomplished by an infrared (IR) heat
lamp, thereby resulting COFs and COFs-AuNPs modified GCEs (COFs/
GCE and COFs-AuNPs/GCE).
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Scheme 1. Schematic illustration of the fabrication procedure of electrochemical KIM-1 immunosensor.

2.5. anti-KIM-1-Ab; and antigen KIM-1 immobilizations on COFs/GCE
and COFs-AuNPs/GCE

The anti-KIM-1-Ab; immobilization on COFs-AuNPs/GCE was con-
ducted by introducing anti-KIM-1-Ab; dispersion (20.0 pL, 20.0 pg
mL™!) onto the COFs-AuNPs/GCE via strong amino-gold interactions.
The prepared electrode was kept at 37.0 °C over 15 min (anti-KIM-1-
Ab;/COFs-AuNPs/GCE). Afterward, BSA (3.0% w/v) was incubated on
anti-KIM-1-Ab; /COFs-AuNPs/GCE at 37.0 °C over 15 min to eliminate
the non-specific interactions (BSA/anti-KIM-1-Ab;/COFs-AuNPs/
GCE). The KIM-1 solutions at each specified concentration values
interacted with BSA/anti-KIM-1-Ab1/COFs-AuNPs/GCE through spe-
cific antigen-antibody interactions over 15 min at 37.0 °C (KIM-1/BSA/
anti-KIM-1-Ab1/COFs-AuNPs/GCE). At the end, the final electrode
containing KIM-1 and anti-KIM-1-Ab1 was treated with 0.1 M PBS (pH
7.0) to eliminate non-interacted antigens and antibodies.

2.6. Preparation of NiC03S4 and NiCo02S4@CeO2 microspheres

The mixture of NiCly-6H50 (8.0 mmol) and CoCly-6H50 (16.0 mmol)
was firstly prepared in ethanol and deionized water (1:1, v/v). Subse-
quently, CTAB (2.0 g) and urea (25.0 mmol) were added into the as-
obtained mixture under the vigorous stirring for 45 min. The resultant
dispersion was placed into Teflon stainless autoclave and subjected to
the heating treatment at 180 °C for 10 h. Following cooling to 25 °C,
centrifugation at 10000 rpm was conducted, and the resulting product
was washed twice with ethanol. After the preparation of NayS-9H;0
solution (30.0 mmol/L) in DI water, the solution was slowly added into
Ni-Co precursor. Afterward, the resultant mixture was heated at 150 °C
for 12 h and washed with ethanol two times, providing NiCo02S4
microspheres.

The NiCo2S4 microspheres (0.50 g) and SDS (0.25 g) was dispersed in
a solution of ethanol and deionized water (1:1, v/v) (Solution 1). Ce
(NO3)3-6H20 solution (Solution 2) and the urea (0.20 g) solution were
prepared in deionized water and labeled as Solution 2 and Solution 3,
respectively. Subsequently, Solution 2 and Solution 3 were slowly added
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Fig. 1. (A) XPS spectra for NiCo,S4@CeO, microspheres, high-resolution of (B) Ni2p, (C) Co2p, (D) S2p, (E) Ce3d and (F) O1s of NiCo,S4@CeO, microspheres.

into Solution 1 for 4 h. The as-obtained solution was transferred into
Teflon stainless autoclave reactor and heated at 150 °C for 12 h. After
that, the product was calcined at 280 °C for 3 h under a high purity argon
atmosphere to acquire NiC02S4@CeOQ2 (6.0 wt%) microsphere powders
[46].

2.7. NiCo2S4@CeOy microspheres signal amplification with anti-KIM-1-
Ab; conjugation

anti-KIM-1-Ab; conjugation was performed by addition of secondary
antibody (20.0 L, 20.0 pg mL™!) into NiC0,S4@CeO; (20.0 pL, 20.0 mg
mL 1) signal amplification via strong electrostatic interactions. After the
vigorous stirring at 37.0 °C for 30 min, anti-KIM-1-Ab3/NiCo03S4@CeO>
was centrifugated at 5000 rpm for 30 min.

2.8. Electrochemical evaluations

The resulting KIM-1 immunosensor was constructed by antibody-
antigen interactions between anti-KIM-1-Aby/NiC02S4@CeO2 and
KIM-1/BSA/anti-KIM-1-Ab;/COFs-AuNPs/GCE.  anti-KIM-1-Ab,/NiC-
02S4@Ce0, dispersion (20.0 pL, 20.0 mg mL™') was dropped on elec-
trode surface at a 30 min immunological response time. The final
electrochemical immunosensor was tagged as NiCo2S4@CeO2z/anti-
KIM-1-Ab,/KIM-1/BSA/anti-KIM-1-Ab;/COFs-AuNPs/GCE, and it
was stored in 0.1 M PBS (pH 7.0, 3.0 mL) without pressure fluctuations
at 25 °C. The electrochemical performance of KIM-1 immunosensor was
monitored in 0.1 M PBS (pH 7.0, 2.0 mL) containing 1.0 mM H30> so-
lution in the potential range of + 0.0/+0.4 V.

2.9. Processing of samples

Sample preparation process was detailed on Supplementary Data
[471].

3. Results and discussion

3.1. Fundamental of electrochemical KIM-1 immunosensor based on
COFs-AuNPs as electrochemical sensor platform and NiCo2S;@CeO>
microspheres as signal amplification

Fundamentals of electrochemical KIM-1 immunosensor were

illustrated on Scheme 1. TAB and PTA as monomer materials were used
for the preparation of covalent organic frameworks by ultrasonic solvent
method through imine bonding. COFs based on TAB and PTA provided
large electrochemical sites for the incorporation of AuNPs and increased
the specific surface area of the electrode. The combination of COFs based
on TAB and PTA with AuNPs peformed the binding between Au and
amino groups. After the modification of GCE with COFs-AuNPs com-
posite by IR lamp, both of surface area and electrochemical conductivity
improved, thereby providing more KIM-1 immobilizations on electro-
chemical sensor platform via the high affinity between amino groups of
KIM-1 and gold elements of COFs-AuNPs composite.

NiCo,S4 microspheres having nanoparticles were prepared by a hy-
drothermal process. Afterward, NiCo,S;@CeO, microspheres with
nanosheets were tailored by a morphology reshaping process. The
incorporation of CeO altered the nanoparticle morphology of NiCo2S4,
thereby rendering incompact nanosheet. The porous and incompact
nanosheet areas not only increased the charge transfer but also facili-
tated the electrochemical diffusion, leading more electrochemically
active sites for antibody conjugation. In immunosensor construction, the
strong physical electrostatic interactions between amino group of anti-
KIM-1-Ab, and porous NiCoyS4@CeO, microspheres also provided the
seconder antibody immobilization on electrode surface. Finally, HyO4
was utilized as a redox probe in this work due to its easy oxidation into
O, and continuous monitoring [22,24].

3.2. Characterizations of NiC02S4 and NiCoS4@CeO2 microspheres

Fig. S1 demonstrated XRD patterns of NiCo2S4 and NiCo,S4@CeO4
(6.0 wt%) microspheres. The XRD peaks detected at 16.43°, 27.11°,
32.07°, 50.63° and 55.43° were attributed to (111), (220), (311),
(400), (511) and (400) planes corresponding NiCo3S4 [48]. The novel
XRD peaks observed at 28.32°, 47.69° and 56.27° were attributed to the
(111),(220) and (311) planes of CeO2 [49]. There were no other XRD
peaks observed, confirming the preparation of high purity NiCo2S4 and
NiCo,S4@CeO4 microspheres. XPS analysis was carried out to enlighten
the chemical states of NiCo2S4@CeO2 microspheres (Fig. 1). According
to Fig. 1A of the full range XPS survey spactra, the peaks belonging to Ni,
Co, S, Ce and O elements confirmed the succesful preparation of NiC-
02S4@Ce0, microspheres. Ni2p XPS spectrum (Fig. 1B) deconvoluted
into Ni2p3/2 and Ni2p1/2 offered the coexistence of Ni>* and Ni>* for
NiCo2S4 [50]. According to Fig. 1C, two spin-orbit doublets at 786.1 and
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Fig. 2. SEM images of (A-C) pristine NiCo,S4 and (D-F) NiC0,S4@CeO, (6.0 wt%) microspheres.

803.1 eV were corresponded to satellites peaks. In addition, the peaks at
794.1 and 779.1 eV were attributed to Co>", whereas the peaks at 781.1
and 798.2 eV were ascribed to Co?* [51]. Moreover, the peaks (Fig. 1D)
at 161.68 and 163.03 eV were corresponded to S2pl/2 and S2p3/2,
respectively, confirming the presence of S2~ ion at a low coordination
state. In addition, the peak at 163.44 eV was attributed to M—S (M = Co
and Ni) bonds [52]. For Ce3d spectrum (Fig. 1E), the peaks at 882.15,
889.07 and 899.96 eV were corresponded to Ce3d5/2 whereas the peaks
at 901.64, 903.16, 908.18 and 917.16 eV were attributed to Ce3d3/2,
respectively [53]. According to XPS data, the formation of oxygen va-
cancy or oxygen defect occurred on NiCo02S4@CeO2 microspheres,
indicating the boosted electronic conductivity [46]. The peaks at 530.11
and 531.78 eV corresponding to Ce-O and oxygen vacancy, respectively
and the peak at 533.07 eV attributing to the chemisorbed oxygen were
observed in O1s spectra (Fig. 1F) [46].

SEM characterizations (Fig. 2) were performed to examine the
morphological features of NiCosS4 and NiCo2S4@CeO2 microspheres.
The microsphere morphology having a diameter of 2-3 pm suggested
pristine NiCo,S4, indicating irregular particles (Fig. 2A-C). The micro-
sphere morphologies of pristine NiCo0,S4, on the other hand, did not alter
after the preparation of NiCo2S4@CeO2 (6.0 wt%) microspheres. The
porous polyhedron crystals formed after the incorporation of CeO2
(Fig. 2D-F). In addition, an incompact nanosheets structure was formed
on NiCoyS4@CeO, microspheres (6.0 wt%). Thus, the specific surface
area enhanced thanks to the porous and incompact nanosheet structure.
The interconnected nanosheets also revealed a hierarchical nano-
architecture, with open space between thin blocks. Hence, NiC-
05S4@Ce0y microspheres resulted in high accessible electrochemical
active surface, thereby facilitating of electron transfer. Finally, EDS
mapping (Fig. S2) of NiCo,S4@CeO, (6.0 wt%) microspheres was ac-
quired to verify the presence of Ni, Co, S, Ce and O, confirming a uniform
distribution of CeO, on NiCo,S4 surface.

TEM and HR-TEM images (Fig. S3) of NiCo2S4 and NiCosS4@CeO2
(6.0 wt%) microspheres were also obtained for further morphological
investigation. According to TEM images of NiCoyS4 (Fig. S3A) and
NiCo,S4@CeO4 (6.0 wt%) microspheres (Fig. S3C), the morphological
structures of NiCo2S4 having irregular nanoparticles and NiCo,S4@CeO2
having nanosheet were observed. In addition, according to HR-TEM

images of NiCoyS4 (Fig. S3B) and NiCo2S4@CeO4 (6.0 wt%) micro-
spheres (Fig. S3D), four specific interlayer spacings were calculated as
0.194, 0.269, 0.237 and 0.334 nm attributing to (422), (222), (400)
and (220) planes of NiCo»S4, respectively. The interlayer spacing of
0.310 nm was also attributed to (111) plane of CeO,. Hence, it was
concluded that the successful synthesis of pristine NiCo2S4 and NiC-
02S4@Ce03 (6.0 wt%) microspheres was accomplished in harmony with
XRD results.

The specific surface area and pore size distribution of NiCoyS4 and
NiCo0,S4@CeO2 (6.0 wt%) microspheres were provided by nitrogen
adsorption-desorption isotherm (Fig. S4) indicating type IV behavior
[54,55]. The relative pressure (P/Pg) between 0.4 and 1.0 confirmed the
presence of mesopores [56]. The specific surface area of NiCo2S4 and
NiCo0,S4@CeO5 (6.0 wt%) microspheres were obtained as 39.873 m? g’1
and 137.073 m? g7}, respectively. As a result, it was concluded that the
incorporation of CeO5 increased morphology reshaping, thereby facili-
tating the electrolyte permeation and electron transfer rate [46].

3.3. Characterizations of COFs-AuNPs

TEM micrograph (Fig. 3) was obtained for morphological in-
vestigations of COFs based on TAB and PTA and COFs-AuNPs composite.
COFs based on TAB and PTA including thin sheet structures (Fig. 3A)
and the incorporation of AuNPs into COFs based on TAB and PTA
(Fig. 3B) were observed. According to EDS mapping (Fig. 3C), the
presence of C, N, O and Au elements confirmed the successful synthesis
of COFs-AuNPs composite. In addition, C elements formed the basic
skeleton and the other three elements (C, O and N) were dispersed ho-
mogeneously. However, the less uniform distribution of AuNPs was
observed in comparison with the other elements. This condition can
arise as a result of the accumulation of sheet-like COFs based on TAB and
PTA, obstructing the distribution of AuNPs. Moreover, XRD patterns
(Fig. S5A) of COFs based on TAB and PTA and COFs-AuNPs composite
were recorded. According to XRD pattern of COFs based on TAB and
PTA, no important XRD peaks in range of 20 = 30°- 80° were observed.
On the other hand, the XRD pattern of COFs-AuNPs composite offered
the peaks at 37.93°, 44.61° and 65.09° corresponding to Au 111, 200
and 220 planes. UV-Vis spectra (Fig. S5B) of COFs based on TAB and
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Fig. 3. TEM images of (A) COFs based on TAB and PTA, (B) COFs-AuNPs composite and (C) the corresponding element distribution mapping of C, N, O and Au of

COFs-AuNPs composite.

PTA and COFs-AuNPs composite were obtained. The absorption band at
530 nm corresponding to AuNPs and the absorption band at 461 nm
attributing to COFs based on TAB and PTA were observed in harmony
with the literature [26]. The red-shift on the absorption band of AuNPs
from 530 nm to 555 nm confirmed the partial incorporation of AuNPs on
the composites.

Fig. S6 demonstrated the FTIR spectra of TAB, PTA, COFs based on
TAB and PTA and COFs-AuNPs composite. The specific peaks at 3430,
3351 and 3211 cm ™! on FTIR spectrum of TAB were attributed to the
stretching vibration resulting from —NH group. The absorption band at
1697 cm ™! on FTIR spectrum of PTA indicated the presence of —C=0
absorption. In addition, the absorption peaks at 1510 cm™! were cor-
responded to —C—C— stretching vibration [57]. The specific peak at
1620 cm ™! indicated —C=N of COFs based on TAB and PTA. Moreover,
the disappearances of —C—O— vibration and TAB amino group’s
reduction revealed that the complex formation between TAB and PTA
resulted from the condensation reaction of amino and carboxyl groups.
—C—C— stretching vibration on COFs based on TAB and PTA and COFs-
AuNPs composite decreased in comparison with the peak at 1510 cm ™.
The decrease in the peak intensity suggested that TAB’s benzene ring
and PTA’s —C—0— group formed an imino bond. FTIR spectra of COFs

based on TAB and PTA and COFs-AuNPs composite were essentially
identical, indicating that incorporation of AuNPs had little influence on
the structural characteristics of COFs based on TAB and PTA. Finally, the
absorption bands observed at ca.3341 cm ™! confirmed the presence of
carboxyl groups. These absorption bands resulted from the acid
remained in the complex after the preparation of COFs based on TAB and
PTA.

XPS analysis was carried out to examine the chemical states of COFs
based on TAB and PTA and COFs-AuNPs composite (Fig. S7). According
to Fig. S7A of the full range XPS survey spactra, the peaks belonging to C,
N, O and Au elements confirmed the succesful preparation of the com-
posite. Au4f XPS spectra (Fig. S7B) demonstrated the complete reduc-
tion of Au(0) in presence of excess TSC. In addition, N1s spectrum
(Fig. S7C) proved the presence of -NH; groups on COFs based on TAB
and PTA at 400.04 eV. Nonetheless, the binging energy of N1s on COFs-
AuNPs composite was higher in comparison with COFs based on TAB
and PTA. This decrease was caused by the interaction between —-NHjy
group and Au [44,58].

The specific surface area and pore size distribution of COFs based on
TAB and PTA and COFs-AuNPs composite were provided by nitrogen
adsorption—-desorption isotherm (Fig. S8A). The pore volume and
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Fig. 4. (A) Cyclic voltammograms, (B) EIS reponses at (a) bare GCE, (b) COFs/GCE, (c) COFs-AuNPs/GCE, (d) anti-KIM-1-Ab;/COFs-AuNPs/GCE, (e) BSA/anti-KIM-
1-Ab,/COFs-AuNPs/GCE, (f) KIM-1/BSA/anti-KIM-1-Ab;/COFs-AuNPs/GCE, (g) the final immunosensor including anti-KIM-1-Ab;, KIM-1 and anti-KIM-1-Ab, (scan
rate of 50 mV s~ !) in 1.0 mM [Fe(CN)g]3~ containing 0.1 M KCl and (C) DPV responses of the proposed immunosensors incubated with 5.00 pg mL ! KIM-1 using
anti-KIM-1-Ab,/NiC0,S4 (curve b) and anti-KIM-1-Ab,/NiC0,S,@CeO- (curve c) in absence of H,O, (curve a) and in presence of 1.0 mM H,0,,

specific surface area were calculated as 0.173 cm® g ! and 58.93 m? g !
for COFs based on TAB and PTA, respectively, and the pore size and
specific surface area were computed as 0.227 cm® g ™! and 65.31 m? g~}
for COFs-AuNPs composite, respectively. Thus, a larger surface area and
pore volume provided more antigen KIM-1 immobilizations on electro-
chemical sensor platform. Lastly, the thermal stability of COFs based on
TAB and PTA and COFs-AuNPs composite was also investigated
(Fig. S8B). COFs based on TAB and PTA and COFs-AuNPs composite
demonstrated an important mass loss after 400 °C, providing high
thermal stability.

3.4. Electrochemical characterizations of sensor platform and signal
amplification

The electrochemical investigations for the prepared sensor platform
were progressively performed by using CV and EIS methods in the
presence of 1.0 mM [Fe(CN)6]3’/ 4= as redox pair. Firstly, the anodic and
cathodic signals on bare GCE were observed at E,; = 600 mV and E,c =
400 mV, respectively, (curve a of Fig. 4A). When COFs/GCE was used
towards 1.0 mM [Fe(CN)6]3’/ 4’, the more obvious electrochemical
signals were obtained in comparison with bare GCE (curve b of Fig. 4A)
due to the large specific surface area of COFs and tunable pore structure
of it [59]. The highest electrochemical responses were observed on
COFs-AuNPs/GCE (curve c of Fig. 4A) in comparison to COFs/GCE due
to the enhanced catalytic activity and electrochemical conductivity of
COFs-AuNPs composite [44]. However, as expected, the obvious elec-
trochemical sensor signals decreased owing to anti-KIM-1-Ab,’s block-
ing effect on electron transfer (curve d of Fig. 4A). After the
immobilizations of BSA (curve e of Fig. 4A) and KIM-1 (curve f of
Fig. 4A), respectively, it was observed that the sensor signals gradually
decrased. Thus, it was concluded that the immobilization treatments of
BSA and KIM-1 on electrode surface were successfully carried out.
Finally, when the resulting immunosensor was used (curve g of Fig. 4A),
further decrease on sensor signals were observed because of more
antibody-antigen interactions.

Secondly, EIS experiments were performed to confirm the CV find-
ings, and according to Fig. 4B, the obtained charge transfer resistances
were calculated as 150, 100, 60, 110, 120, 130 and 140 ohm for bare
GCE (curve a), COFs/GCE (curve b), COFs-AuNPs/GCE (curve c) anti-
KIM-1-Ab;/COFs-AuNPs/GCE (curve d), BSA/anti-KIM-1-Ab;/COFs-
AuNPs/GCE (curve e), KIM-1/BSA/anti-KIM-1-Ab;/COFs-AuNPs/GCE
(curve f), and the final immunosensor (curve g), respectively. Hence, it
was confirmed that the preparation procedure of immunosensor was
completed successfully based on CV and EIS results.

For electrochemical performance characterization (Fig. 4C) of the
prepared signal amplification, several immunosensors using anti-KIM-1-
Ab,/NiCo0,S4 (curve b) and anti-KIM-1-Abs/NiC0,S4@CeO5 (curve c)
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Fig. 5. Concentration effect (from 0.01 to 50.0 pg mL~! KIM-1) on immuno-
sensor signals, Inset: Calibration curve for electrochemical KIM-1 immuno-
sensor (Potential range is + 0.0/+0.4 V; Parameters are frequency of 100 Hz,
pulse amplitude of 20 mV and scan increment of 5 mV).

were developed by using 5.00 pg mL~! KIM-1 at the immune reaction
time of 30 min, and the DPV signals were observed in 1.0 mM H0,. As
expected, the highest electrochemical performance was acquired by the
immunosensor based on anti-KIM-1-Aby/NiCo2S4@CeO> in comparison
with anti-KIM-1-Aby/NiCo,S4 due to the incorporation of CeO; facili-
ating the electrolyte permeation and the electron transfer rate.

Table 1
The observed electrochemical signals for the calibration equation (n = 6).

KIM-1 concentration (pg mL™}) Current signals (uA)*

0.01 0.020 + 0.001
0.05 0.100 + 0.002
0.1 0.200 + 0.002
0.2 0.400 + 0.003
0.5 1.00 £ 0.01
1.0 2.00 + 0.03
5.0 11.00 £ 0.02
10.0 21.00 £+ 0.01
20.0 38.00 + 0.02
50.0 95.00 + 0.03

* X: Mean =+ Standard Error.
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Table 2
The comparison of the prepared electrochemical immunosensor with the other
techniques for protein detection.

Material/Method Target  Linear Range LOD Stability Ref.
Hydroxyapatite KIM-1 10.0-100.0 17.0 - [11]
ng mL~! ng
mL!
PdPtBP NPs/ KIM-1 0.50-100.0 86.0 pg 93.06% [60]
MXene ng mL ! mL ! (10 days)
PbS Quantum Dot HER2 1.00-100.0 280.0 - [61]
ng mL~! Pg
mL~!
HRP IgA 0.0-250.0ng  19.0 90.00% [62]
mL~! ng (1 week)
mL™!
Pt/Ru/C CRP 0.20-20.0 ng 100.0 90.00% [63]
Nanoparticle mL~ Pg (1 month)
mL™!
ELISA KIM-1 0.0-5.0 pg 39.0pg 5 days [61]
mL! mL!
Electrochemical KIM- 0.01-50.00 2.00 fg 97.81% This
immunosensor 1 pgmL~! mL™! (7 weeks) study

3.5. Optimization for electrochemical measurements

The effects of the solution pH, immune reaction time, HyO», anti-
KIM-1-Aby/NiCo2S4@CeO; solution concentration, secondary antibody
(anti-KIM-1-Ab,) concentration and incubation time of anti-KIM-1-Ab,
were presented in detail (Fig. S9).

3.6. Linearity range

The calibration equation obtained by using both KIM-1 concentra-
tions and the observed electrochemical immunosensor signals was
calculated as y = 1.8981x + 0.3854, with a correlation coefficient of R?
= 0.9994, where y and x represented the current (pA) and KIM-1 con-

centration (pg mL7l), respectively (Fig. 5). The observed
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electrochemical signals against KIM-1 concentrations were obtained by
using the constructed sandwich-type electrochemical KIM-1 immuno-
sensor on Table 1. According to Table 1, the constructed sandwich-type
electrochemical KIM-1 immunosensor was used for KIM-1 detection at
+0.25 V. The quantification limit (LOQ) and LOD were found to be 0.01
pg mL ™! and 2.00 fg mL~}, respectively. Eqs. (1) and (2) were employed
to calculate LOQ and LOD:

LOQ = 10.0S / m (@]
LOD = 33S/m (2)
In addition, Table 2 gave some comparison features between the

constructed sandwich-type electrochemical KIM-1 immunosensor and
the other protein detection methods. In this study, a novel and sensitive
electrochemical KIM-1 immunosensor was firstly prepared based on
porous NiCo2S4@CeO4 microspheres as signal amplification and COFs-
AuNPs composite as electrochemical sensor platform, providing early
detection of acute kidney injury. The constructed immunosensor
possessed satisfactory long-term stability. Especially, the elimination of
the time-consuming steps in KIM-1 immunosensor preparation allowed
portable usability in comparison with the other detection methods
[11,60]. In addition, the production of fast DPV immunosensor signals
resulted in efficient analysis in short time of 20 s. Finally, the immu-
nosensor preparation with the minimal waste formation demonstrated
that the fabricated immunosensor was friendly to the environment and
human health. Hence, it can be concluded that the developed stable and
reproducible electrochemical KIM-1 immunosensor may offer a poten-
tial for early disease detection.

3.7. Recovery

The recovery experiments including plasma samples were carried out
by the portable electrochemical KIM-1 immunosensor. Close values to
100.00 % were reported in Table S1, supporting the fabrication of a
highly selective electrochemical KIM-1 immunosensor. Moreover, the

Fig. 6. (A) Immunosensor selective responses against the prepared solutions (n = 6): (i) 100.00 pg mL~' AFP + 100.00 pg mL~! BSA + 100.00 pg mL ™' CysC +
100.00 pg mL ™! PSA, (ii) 5.00 pg mL ™! KIM-1 + 100.0 pg mL ™! AFP, (iii) 5.00 pg mL~! KIM-1 + 100.0 pg mL ™! BSA, (iv) 5.00 pg mL ™' KIM-1 + 100.0 pg mL ™! CysC;
(v) 5.00 pg mL~! KIM-1 + 100.0 pg mL~! PSA; (B) Stability test of electrochemical KIM-1 immunosensor including 5.00 pg mL~! KIM-1 (n = 6) at 25.0 °C.
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standard addition method was applied to the plasma samples, and y =
1.8993x + 11.1736, with R% = 0.9993 was obtained as calibration
equation. Thus, the close slope values between direct calibration (inset
of Fig. 5) and standard addition methods again verified the high selec-
tive acute kidney injury detection.

3.8. Selectivity, stability and reproducibility

For selectivity measurement, the several electrochemical KIM-1
immunosensors were prepared by using different target dispersions
such as (i) 100.00 pg mL~* AFP + 100.00 pg mL ™! BSA + 100.00 pg
mL~! CysC + 100.00 pg mL ™! PSA, (ii) 5.00 pg mL~! KIM-1 + 100.0 pg
mL~! AFP, (iii) 5.00 pg mL~! KIM-1 + 100.0 pg mL~! BSA, (iv) 5.00 pg
mL ! KIM-1 + 100.0 pg mL ™! CysC; (v) 5.00 pg mL ™! KIM-1 + 100.0 pg
mL~! PSA. Afterward, these electrochemical immunosensors were
applied to 1.0 mM H30; solution. Fig. 6A confirmed that the prepared
electrochemical immunosensor demonstrated the high selectivity to-
wards KIM-1.

Fig. 6B demonstrated the stability test results of the prepared elec-
trochemical KIM-1 immunosensor at 25.0 °C for 7 weeks. The immu-
nosensor signals were found about 97.81% of the first electrochemical
signal, implying the high stability of immunosensor.

Finally, for reproducibility, 15 different electrochemical KIM-1
immunosensors were developed by the same protocol which was
explained in section of 2.8. The relative standard deviation (RSD) was
calculated as 0.49 by using the recorded electrochemical signals of 15
different KIM-1 immunosensors, confirming the high reliability of
immunosensor production procedure.

4. Conclusions

In this work, sensitive and selective electrochemical kidney injury
molecule-1 immunosensor based on covalent organic frameworks-gold
nanoparticles (COFs-AuNPs) composite as electrochemical sensor plat-
form and porous NiCo3S4@CeO, microspheres as signal amplification
was reported. The proposed immunosensor was constructed by capture
antibody immobilization via gold-amino affinity and secondary anti-
body incubation via strong electrostatic interaction. Hence, the stable
electrochemical signals were accomplished in terms of acute kidney
injury disease detection. In addition, the prepared electrochemical
immunosensor offered excellent ability in selective and sensitive
determination of kidney injury molecule-1 in a short response time.
Moreover, it was confirmed that the prepared immunosensor was
reproducible biosensor and did not include in time-consuming steps
such as sensor preparation.
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