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The prevalence of chronic kidney disease (CKD) is increasing, affecting more than 10 % of the global population.
In addition, subclinical inflammation associated with COVID-19 infection leads to a progressive decline in kidney
function, resulting in chronic kidney disease. Early intervention in candidates with early-stage CKD may delay, or

Easzgn c avert, progression to end-stage complications. It is widely accepted that serum Cystatin C is a reliable and early
Biyosensor indicator of CKD. Urinary Cystatin C tends to increase with the progression of kidney malfunctioning. Thus, early

detection can lower the morbidity and mortality associated with CKD. This study includes the design of a pro-
teotronic platform for the rapid detection of CKD. Here, we have developed a biosensor that is highly specific
to Cystatin C and shows a negligible response to other urinary biomarkers. The sensitivity of the biosensor was
50889.6 A cm ™2 mg ! and the limit of detection for Cystatin C in the sample was calculated as 26 ng mL™. The
stability of the biosensor was studied by measuring the change inthe differential pulse voltammetric current at
every month of storage at 4 °C. The biosensor was established to be stable for 12 months, with approximately 10
% loss in the preliminary peak current (Ip) value with storage at 4 °C. Thus, the fabricated proteotronic biosensor
exhibited an analytical yet simple approach for point of care diagnostics (POCD) of CKD. The developed POCD is
economical and proficient, and will enable CKD management in non-hospitalized patients.

1. Introduction

Worldwide Covid-19 has affected more than 680 million people; co-
morbidities like diabetes, cardiovascular disease, and hypertension have
added to the severity of COVID-19, emphasizing the need to curb life-
style diseases at an early onset. A major post COVID complication is
chronic inflammation and minor injuries of the kidney reflected by
reduced function leading to advanced kidney failure. COVID-19 infec-
tion tends to generate thrombotic clots resulting in occlusion of smaller
blood vessels, inducing a slow, yet constant impairment in kidney
function (Biswas et al., 2021). Moreover, COVID-19 induces tubular
damage via a complement cascade, resulting in infiltration of
CD68" macrophages in the interstitial cell of the tubules. Some osmo-
lytes like myo-inositol, sorbitol, glycine betaine, glycerophosphocholine
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and taurine have been observed to impart integrity to the tubular walls
of the kidney yet they are not able to combat the perforations caused by
clots (Dar et al., 2017, Hassan et al., 2020). Data indicate that 5 % of
COVID survivors demonstrate a 30 % decline in the kidneys’ glomerular
filtration rate (GFR) (Athari et al., 2020). Chronic kidney disease (CKD)
is characterized by progressive deterioration of tubular secretion in the
kidneys. The malfunctioning of tubular secretion results in leakage of
biomarkers into the urine, which are generally metabolized in a normal
functional kidney. Dysbiotic microbial population, obesity, and smok-
ing, in addition to lifestyle diseases such as diabetes, cardiovascular
disease, hypertension, and hormone imbalances are key regulators
resulting in intensification of symptoms (Lee et al., 2018). Additionally,
patients with mild CKD were found to be prone to COVID-19, and vice
versa. With long COVID evident in one out of every eight patients (Davis
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Scheme 1. Schematic outline of a non-invasive proteotronic approach to find the CKD biomarker CysC in human urine. A covalent immobilization of papain as a
probe was achieved on the Au/MPA/PAMAM nanohybrid working surface through the application of EDC: NHS chemistry. A 5 mM potassium ferricyanide indicator

was used to measure the current generated by SPGP upon incubation with increasing
electrochemical reaction to CysC was tested using DPV.

et al., 2023), the kidney becomes prone to tubular injury, vascular
injury, or podocytopathy (Long et al., 2022). Studies indicated that
patients with long COVID predisposed to kidney malfunction suffer from
an eGFR loss of —3.26 ml/min/1.73 m? annually (Lai et al., 2023).
Additionally, CKD itself carries a burden, affecting almost 843.6 million
individuals worldwide (Jager et al., 2019). The statistics of CKD has
prompted initiatives to develop and implement effective preventative
measures aimed at detecting CKD and slowing its progression to ESRD.
Detection of CKD is solely based on hospital-based diagnostics; presence
of in-vitro diagnostics (IVD) for kidney is almost non-existent (Akben
2018). Early detection followed by prognostic care might prevent the
symptomatic progression to end-stage kidney failure.

Currently, several biomarkers have been reported to monitor tran-
sition and progression of kidney malfunction. Cystatin C (CysC) is a 13
kD proteinase inhibitor generated by nucleated cells; serum CysC serves
as a novel biomarker indicating false-positive decreased GFR. Addi-
tionally, CysC is identified as one of the consistent biomarkers present in
urine corresponding to tubular impairment of the kidney (Fischer, 2024,
Desai et al., 2018). Normal glomerular filtration ensures proper CysC
excretion; malfunction in the tubular anatomy, also known as ‘shrunken
pore system’ of the kidney results in a decrease in GFR coinciding with
elevated CysC in urine (Qi et al., 2023, Kesson et al., 2020, Marc et al.,
2016). A cohort-based study revealed CysC may be used as a measure of
kidney dysfunction following COVID-19 and may be used to monitor
patients even after they leave the hospital (Gottlieb et al., 2023,
Sjostrom et al., 2023, Matuszewski et al., 2022). Thus, elevated sCysC
measures glomerular damage and COVID-19 severity, whereas uCysC
presents itself in tubular injury, acting as a certified biomarker for
assessing, grading, and staging of CKD (Lin et al., 2021).

With the current load on the healthcare system and pandemic
prevalence, individuals may be reluctant to undergo frequent hospital
screenings. Biosensors as a point of care diagnostic tool enable enhanced
sensitivity and selectivity with the possibility of rapid data collection
without logistic hassles (Azad & Chandra, 2023, Datta et al., 2017,
Soveri et al., 2020, Purohit et al., 2019). Availability of a CysC confir-
matory test as a point of care diagnostics (POCD) tool may enable sub-
stantial monitoring of the recovered COVID-19 candidates with an
appropriate resource utilization for patients at increased risk for CKD
complications.

In this article, we report a nano-biosensor for CKD stage detection. As
a functional control electrode, a dendrimer-modified screen-printed

concentrations of CysC for 10 min at room temperature. Probe’s (SPGP/papain)

gold electrode (SPGE) immobilized with papain was created. Using
differential pulse voltammetry (DPV), the binding affinity of papain to
the CKD biomarker CysC (Desai et al., 2018) on the working electrode
was determined. When compared to other methods, the label-free
electrochemical sensor’s advantages in terms of sensitivity, specificity,
and limit of detection (LOD) were validated. As a result, a template for
creating IVD devices for kidney abnormalities was developed and vali-
dated using a non-invasive, quick, inexpensive, and highly sensitive
analytical method (Nocek et al., 1996).

2. Experiments
2.1. Materials

Sigma-Aldrich, USA supplied the following: Albumin, Amylase, and
Papain, N-hydroxy succinimide (NHS), mercaptopropionic acid (MPA),
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and poly-
amidoamine dendrimer (PAMAM) (fourth generation, MW 14215.0).
Thermo Fisher Scientific provided CysC, and Sigma Aldrich provided
the. While ethanol and other chemicals were acquired from Qualigens,
India, potassium hexacyanoferrate (III) K3[Fe(CN6)] and screen-printed
gold electrode (SPGE) were acquired from DropSens and modified in the
lab. Every reagent used was of analytical quality, and solutions were
made in phosphate buffer (0.01 mM) at pH 7.2.

2.2. Fabrication of functionalized electrode

SPGE was chemically altered to function as a biosensor, with gold
working and counter electrodes and silver as the reference electrode.
Initially, a stable monolayer was formed by applying 6 ul of 99 % MPA
on the working electrode (surface area: 0.126 cm2) for 18 h at room
temperature (RT, 27 °C)(Kumar et al., 2020, Lee et al., 2014). After
removing extra MPA from the electrode, it was dried at RT. In auto-
claved Milli-Q water, an equimolar solution of 10 mM EDC and NHS (1:1
v/v) was incubated for one hour on SPGE (Coates), cleaned, and dried at
RT. Next, the working electrode was incubated with 6 pl of PAMAM
solution for 3 h. The dendrimers (poly-amidoamine, PAMAM) enable
improved loading efficiency of the probe and increase the sensitivity of
the designed electrochemical platform (Satija et al., 2011). Through
EDC:NHS chemistry, an amide bond is created between the -COOH and
—NH;, groups of PAMAM. The electrode was extensively cleaned (three to
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Fig. 1. ATR-FTIR transmission spectra of SPGE/MPA, SPGE/MPA/PAMAM, and SPGE/MPA/PAMAM/Papain from 650-4000 em™L,

four times) with distilled water in order to get rid of extra PAMAM after
bond formation, and it was then dried at room temperature. After
loading 6 pl of papain onto the working electrode [SPGP] at room
temperature, peptide bonds were formed by the covalent interaction
between the papain’s -COOH groups and the PAMAM’s -NH;, groups. In
order to eliminate unbound papain, DW washed three or four times, then
dried before electrochemical analysis. Using a NanoDrop spectropho-
tometer (ND-1000, Thermo Scientific), the amount of unbound papain
in the washout was measured at 280 nm.

2.3. Characterization of working electrode (SPGP)

Characterization of surface modification of the working electrode
was done by tapping mode atomic force microscopy (AFM, Bruker
MultiMode 8, Germany) and Fourier-transform infrared spectroscopy
(FTIR, Spectrum-RXI, Perkin Elmer, USA) at 650-4000 cm L.

2.4. Electrochemical detection of target biomarkers

Using DPV in a 5 mM K3[Fe(CN)g] solution as a redox indicator, the
electrochemical performance of the electrode was investigated at a 10
mVs ™! scan rate and a potential range of —400 mV to 600 mV. Initially, a
redox indicator (5 mM Ks[Fe(CN)g]) was used to quantify bare SPGP.
Thereafter, SPGP was incubated with different concentrations of CysC
(prepared in phosphate buffer) from 100 ng mL ! to 10 mg mL ! for 10
min, followed by washing and drying. DPV for SPGP incubated with
different concentrations was monitored using a redox indicator [50 pL].
As the concentration of CysC increased, a steady decline in peak DPV
current was noted. Scheme 1 illustrates how Au/MPA/PAMAM is made,
how papain is immobilized, and how CysC hybridizes to create SPGP/
CysC.

2.5. Sensitivity and selectivity of SPGP

Since albumin and other important proteins are frequently found in
urine, a study was done to find the sensor platform’s cross-reactivity.
Test solutions corresponding to albumin (0.6 mg mL ') and creatinine
(1 mg mL™1) (Govindhan et al., 2014, Soveri et al., 2020) were prepared
in phosphate buffer. To achieve this, 6 pl of the biomarkers’ test solution
was incubated on a fabricated SPGP for 10 min at room temperature
(RT), and then it was washed and dried. Following this, in a potential

range of —400 mV to 600 mV, electrochemical measurements (Palmsens
4, BaSi, USA) were carried out. Using the previously described method,
the selected biomarkers were tested on modified electrodes, and DPV
was used to track any changes in current.

Furthermore, SPGP stability was examined by storing at 4 °C for 12
months, with electrochemical measurements (DPV) performed monthly.

3. Results and discussion
3.1. Functionalization of working electrode

Immobilization of papain was conducted using PAMAM, enabling
improved loading of the probe and increased sensitivity of the designed
electrochemical platform (Lin et al., 2021). Through EDC:NHS chemis-
try, an amide bond is formed between -COOH groups and -NHjy groups
of PAMAM. Quantification of immobilized papain was calculated using a
NanoDrop spectrophotometer as described above. In the last step of
fabrication, the papain wash solution was collected and analyzed for
papain concentration. The NanoDrop-based quantification (280 nm)
indicated that approximately 98 pg papain was immobilized on the
working electrode.

3.2. Biophysical characterization of SPGP

The attenuated total reflectance-FTIR (ATR-FTIR) spectra was ob-
tained (650-4000 cm ! range) to confirm the surface functional groups
of crosslinker, after immobilization of papain and its binding with CysC
on a gold screen-printed electrode (Nocek et al., 1996, Datta et al.,
2017). The ATR-FTIR transmittance spectra of SPGE/MPA, SPGE/MPA/
PAMAM, and SPGE/MPA/PAMAM/Papain electrode are shown in
Fig. 1. The significant peaks at 2914 cm ! and 2840 cm ™! are explicit for
C = O and C-N stretches, respectively. The peak at 2590 cm ! was
formed due of MPA molecules onto the gold surface (Lee et al., 2014,
Lépez-Cabana et al,, 2015). The spectrum of Au/MPA/PAMAM
demonstrated peaks at 1230 cm ™! and 1366 cm ™! due to N-H bending
substituted amide. The peak at 1150 cm ! due to -C-G— bending in-
dicates the presence of PAMAM on the electrode surface (Coates, 2000).
The peaks at 2356 and 3434 cm™! are O-H stretching vibrations and
N-H stretching, respectively (Satija et al., 2011).

Amide bond formation between PAMAM (-NH,) and papain
(-COOH) was determined by peaks at 1600 and 1226 cm™* (Fig. 1)
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Fig. 2. Surface architecture of SPGE and SPGP. AFM micrographs and distribution of electrode surface thickness: (A & D) Au/PAMAM, (B & E) Au/PAMAM/Papain,

(C & F) Au/PAMAM/Papain/CysC. [Data generated by WSxM software].

(Fagerstrom et al., 2015). The peak at 1056 cm ! denotes a C-O stretch,
whereas peaks at 2118 em™!, 2236 em ™, 3214 cm™ !, 3568 cm Y, and
3822 cm ™! show C-H and O-H stretching. Papain-CysC binding has
already been demonstrated by protein-protein interaction in our pre-
vious study (Barth 2007, Skurup et al., 2008).

AFM (Tapping mode) was primarily used to examine the features and
roughness factor (Ra) of the surface during consecutive modifications of
the electrode. Fig. 2A shows the surface study of Au/PAMAM, with an
average Ra value of 9.7873 with 75.3 nm height. Immobilization of
papain on the electrode forms an Au/PAMAM/papain complex (Fig. 2
(B)), the surface of which was covered with globular protein molecules
with an average Ra value of 6.7414 and height of 68.3 nm. With hy-
bridization of CysC, the surface had 59.1 nm height and 6.0411 Ra
value, reflecting the papain-CysC (Fig. 2 (C)) interaction on the modified
Au surface (Fischer 2010).

3.3. Electrochemical study of biosensor

With progression in CKD severity, a marked increase in CysC con-
centration has been established. Assessment of the increase in CKD
biomarker was performed using DPV measurements, where the papain-
SPGP shows a prominent peak current (Ip) in comparison to the SPGP-
CysC. However, the Ip value significantly decreased with increasing
CysC concentration. Fig. 3B shows the plot between CysC concentration
and relative Ip value; also shown is the hyperbolic curve following the
linear equation [Ip (uA) = 3.8072 (uA ng™!) x CysC (ng) + 29.584],
with a regression coefficient (Rz) of 0.988. The sensitivity (S) of the
biosensor was calculated by the formula (S = m/A), where m was the
slope and A was the area of working electrode. The calculated S was
50889.6 uA cm 2 mg ! and the LOD, 3(o/S) for CysC in the sample was
calculated as 26 ng mL~! (Fig. 3 A (inset)), and the LOD for CysC in the

sample was calculated as 26 ng mL ™! (Kaushal et al., 2017). No change
was noted in Ip for concentrations corresponding to 15-20 mg mL ",
Using a calibration curve in Fig. 3B and as per the recommendations of
International Council for Harmonisation [ICH], LOQ (106/S) was
calculated to be of 86 ng mL 1.

3.4. Specificity and stability of the sensor

The DPV based specificity of the developed biosensor was tested with
different possible biomarkers. The Ip of SPGP at 10 min post incubation
with non-specific biomarkers (albumin and creatinine) (Fig. 4 (A)) was
weak and decreased after another 10 min (Devasenathipathy et al.,
2015, Desai et al., 2018). In contrast, Ip for CysC was consistent after 15
min of incubation, indicating a stable interaction with papain(Bjoerk
et al.,, 1989). As consistency in Ip value was obvious only in CysC,
selectivity and specificity of the designed CKD sensor was established.

The stability of the biosensor was monitored monthly based on the
changes in DPV current while in storage at 4 °C. It was established to be
stable for 12 months based on only 10 % approximate loss in preliminary
Ip value during storage at 4 °C [Fig. 4B].

4. Conclusion

A COVID-19-related inflammatory response leads to diffuse proximal
tubule damage, which progresses to symptomatic CKD. While detection
of CKD is generally serendipitous and is progressive and irreversible,
timely detection can postpone complications or requirement of kidney
transplant. Patients who suffered from COVID-19 demonstrate patho-
physiological mechanisms feed-forwarding the severity of CKD.
Assessing the severity of CKD depends on clinical methods, although no
bedside diagnostic test is available with timely detection. Due to COVID-
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Fig. 3. (A) The electrochemical response (DPV) of SPGP was studied using 5 mM K3[Fe(CN)g] as a redox reagent. The graph shows DPV of different CysC con-
centrations from 100 ng mL ™! to 10 mg mL~" (b-h). The peak current decreased with increasing concentration of CysC. (B) The CysC sensitivity graph, with the CysC
concentration in log10 on the Y-axis and relative peak current (uA) on the X-axis. The CysC sensitivity in both normal and spiked samples is displayed in the inset. The
Y-axis represents CysC concentration in log10, and the X-axis represents relative peak current (uA). A linear curve for lower concentrations of CysC (0.0001 to 10 mg

mL™!) indicates an LOD with an R? value of 0.988.

19, patients are hesitant to attend timely checkups, which can add to the
disease burden. Nearly the entire global population has been infected
with COVID-19 at least once, highlighting the importance of the prog-
nosis of CKD. Bedside diagnostics for CKD may facilitate timely in-
terventions for patients, curbing progression to ESRD.

CysC as a biomarker is more perceptive to sensitive fluctuations
during borderline kidney malfunctions and displays better responses as
compared to urea or creatinine in kidney impairment in cardiovascular
and diabetic patient groups (Zi and Xu, 2018, Stephen et al, 2017). As

per kidney disease: Improving Global Outcomes [KDIGO] ranges, uri-
nary CysC range from 0.03 to 0.18 mg/L in normal individuals; whereas
levels increase as the severity of kidney failure worsens [4.85 + 1.29 mg
L for stage III CKD; 7.39 + 1.0 mg L! for stage IV CKD;13.32 + 1.68 mg
L'! for stage V CKD]. CysC is a conventional marker of progressive renal
impairment, and association of CysC has been implicated with the in-
flammatory states of COVID-19 (Zinellu and Mangoni, 2022; Sjostrom
et al., 2023).

We demonstrated an ultrasensitive protein-protein interaction-
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shows the Ip current of DPV calculated in the range of —400 mV to 600 mV.

Table 1
Comparative table for available CysC kits in market.
TYPE OF DETECTION DETECTION TIME PRE-PROCESSING Range SENSITIVITY REFERENCES
ELISA (Rockland) 3 hr Yes 0.312- 20n g/ml 0.31 ng mL~! Stephen et al.,2017, Zhang et al., 2024
PETIA (Gentian) 10 min Yes 0.4—38.0 pg/ml 280 ng mL ! Stephen et al.,2017
PETIA (Diasys) 10 min Yes 0.06-1.96 pg/ml 43 ng mL ™! Stephen et al.,2017, Zhang et al., 2024
PENIA (Siemens) 6 min Yes 0.62-1.11 pg/ml 46 ng mL™* Koészegi et al., 2023
Sandwich ELISA (Abcam) 90 min No 0.312—20 ng/mL <10 pg mL~! Koészegi et al., 2023
SPGP sensor 10 min No 100—1 mg/ml 26 ng mL ™ Present

ELISA: Enzyme Linked Immunosorbent Assay; PENIA: Particle Enhanced Nephelometric Assay; PETIA: Particle Enhanced Turbidimetric Assay.

A comparative study was carried out to identify the significance of the fabricated sensor [Table 1]. A previously designed SPRI sensor could detect up to 100 ng mL " of
CysC in serum, which corresponds to the initial stages of kidney deterioration, but will not be able to distinguish from a normal functioning kidney. Additionally, the
described method is tedious and not user friendly. Other kits based on enzyme availability are sensitive (Larson et al,2011, but require pre-processing of samples and
are not as user friendly as POCT [Table 1]. These tests mentioned have been characterized as qualitative rather than quantitative and may become a hurdle for
classification of the CKD stages. Late or failed monitoring of CKD may result in patients incurring heavy burden and reduced quality of life. With the innovative
technology presented as a point-of-care solution it is possible to overcome losses arising from kidney malfunction. The developed POCT is economical and proficient,

and it will enable CKD management in non-hospitalized patients.

based SPGE platform designed for detection of CysC as a urinary
biomarker, a certified biomarker associated with COVID-19-induced
CKD. Urine collection as the diagnostic source for CKD detection is
painless and causes minimal discomfort to the patient. Hence, using
uCysC as a diagnostic source allows comfort and ease as a POCD.

The electrochemical sensor displayed a sensitive response to CysC
over a wide linear range of 100 ng mL~! to 1 mg mL™}, with a low
detection limit of 26 ng mL! as projected by DPV. The concentration
range corresponds to normal levels of CysC; any progression and
persistence of CysC in the urine indicates a deteriorating kidney. Binding
of the analyte to the probe was detected within 10 min, which is 30 times
shorter than previously reported methods [Table 1] (Bargnoux et al.,
2019, Larsson et al., 2011). This ultrasensitive and rapid POCD is
capable of detecting the kidney malfunction-specific biomarker CysC
with minimal volume (6 pL) and time (10 min) and a limit of quantifi-
cation (LOQ) of 86 ng mL™! and sensitivity of 50,889.6 pA cm ™2 mg~!
without sample preprocessing. CDC report 2024 cites medicare benefi-
ciaries with CKD had an expenditure of almost $87 billion, whereas for
ESKD patients it amounted to almost $115 billion globally. Many CKD
initiatives are being implemented for early detection of this progressive
degenerative diseases. To date, no diagnostics for CKD are available that
can serve as a standalone assessment for kidney degeneration, which
may be one of the first prototypes for POCT in the kidney. The average
expenditure of an EKSD patient is US$40,000 considering medicare- and
hospital-based testing; the availability of this device in the market will
lower the cost by 10 times. The technique discussed and validated in this

paper has sensitivity, specificity, and enhanced half-life, and requires no
trained manpower for handling; thus, the common man can utilize a
device developed on this technique from the comfort of his home.
Overall, we have achieved our goal of developing a specific and sensitive
biosensor for detection of CKD with prolonged shelf life.
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