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ABSTRACT

Kidney diseases are a major global health threat and the development of new and improved

detection methods for early diagnostic is imperative. Biosensors are devices capable of

delivering rapid and specific results, allied to the possibility of miniaturization and point-of-

care diagnostics. Different transducing methods are presented and different nanomaterials are

involved to produce optical and electrochemical approaches with low detection limits and fast

responses. This paper reviews the current state-of-the-art in biosensor researches regarding

efficient, specific and rapid detection of Cystatin C (CysC), an early kidney failure biomarker.

A comprehensive literature search was performed, which included primary research studies

on biosensors for Cystatin C detection. Although there have been great developments in the

area, the biggest problem is the miniaturization and the ability to accomplish readings directly

in blood or serum. This is a concern approached by some researchers in the biosensor field.
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Cystatin C is an effective biomarker for early diagnostic of kidney failure. The current

available literature shows a trend towards the development of methods capable of simple

detection with few steps to obtain readings. This has the potential to enhance outcomes for

patients in dialysis and intensive care units.
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1. Introduction

Studies have shown that the incidence of Acute Kidney Injury (AKI) has been increasing in

recent decades and can most likely result in permanent kidney damage [1] . The incidence of

AKI has been reported to be up to 20% in the USA and very similar in other countries [2,3]. It

is estimated that AKI occurs in the range of 20-200 per million of population, 7-18% of

hospitalized patients and approximately 50% of patients in the Intensive Care Unit (ICU) [3,4].

AKI has been associated with high morbidity and mortality, killing about 2 million people in

the world and hospital mortality rates in patients hospitalized with AKI are very high among

patients requiring dialysis [3,5,6]. Since AKI is an independent risk factor for Chronic Kidney

Disease (CKD), End Stage Renal Disease (ESRD), heart disease and death, it is a significant

public health concern worldwide [3,5,7].

Currently, CKD has a high global prevalence, estimated at 11 to 13%, with a higher

prevalence of the final stages (stages 3 to 5), and it is a significant cause of morbimortality

[8,9]. Low and middle class countries have experienced an alarming increase in the number of

CKD in the last 20 years, with a significant association with diabetes mellitus, hypertension,

cardiovascular diseases, high body mass index, among others [10,11]. Accordingly, there was

an annual increase in dialysis program expenses worldwide, ranging from 6% to 12% and

continuing to grow [12]. In the US, more than 400,000 americans have end-stage renal disease

and more than 300,000 of these patients require dialysis. Mortality rates remain above

20%/year with the use of dialysis, and the annual medical costs directly related to end-stage

renal disease is almost US$ 23 billion [13] . In Brazil, between 2000 and 2012, the incidence

increased by 20%, meaning 1.8%/year in all regions of the country and particularly in older

age groups. As observed, incidence and prevalence of CKD in patients who received dialysis
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treatment increased significantly [12] . In this sense, there is a great interest in the

development of analytical methods and new strategies for the early detection of kidney failure.

2. Methodology

This review has aimed to synthesize the literature encompassing biosensor development for

cystatin C detection, which allows the summary of the known literature regarding the research

in question into a succinct model that enables new understandings to emerge. This is not a

mature topic, but a subject matter that is in constant update due to constant research and

improvement on the field. The objective of this paper is to condense current state-of-the-art

research on biosensors in order to allow better understanding and further improvement on the

field.

3. Discussion

3.1. CURRENT DIAGNOSTIC OF KIDNEY FAILURE

The knowledge of Glomerular Filtration Rate (GFR) is essential for detection and monitoring

of decreased kidney function [14] . A decreased kidney function is a predictor of

hospitalization, cognitive dysfunction and bad quality of life [8] . There is an inverse

relationship between risk of CKD and GFR that is independent of age, gender, and other risk

factors. GFR measurement performed through external filtration markers is both

uncomfortable and impractical [15] , and it has long been estimated by equations using serum

creatinine concentrations [16]. However, creatinine is influenced not only by GFR, but also by

other factors, including muscle mass, age, gender, drugs, catabolic state, amount of ingested

meat and tubular secretion [17,18].

The search for an alternative marker for early detection of kidney diseases led to serum

cystatin C (CysC). CysC and creatinine are products of very different metabolic pathways and

are measured by independent assays [19] . Nevertheless, CysC is less sensitive to

physiological or pathological changes than creatinine [20] . Recent studies have indicated that

serum CysC concentration is a better marker in cases of mild renal failure, being more stable

in the estimation of GFR and more accurate for the risk prediction of CKD [21–25].
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CysC is a low molecular weight (13 kDa) glycosylated protein of the class of cysteine

protease inhibitors. It is produced at a constant rate by nucleated cells and is present in

biological fluids. It was suggested as an alternative marker for GFR in 1979, and the first

automated procedure for cystatin C analysis was introduced in 1994 [17,26] . CysC is freely

filtered by the glomeruli without tubular reabsorption or secretion [20] , and its serum

concentration is independent of diet, muscle mass and body weight, and there are no

significant differences between the reference values for females and males. Due to this, CysC

is considered an early marker of GFR-related renal dysfunction [26,27]. In addition, CysC is a

marker that has been increasingly used in the monitoring of patients on dialysis

(haemodialysis, peritoneal dialysis, etc.) [18,28]. Thus, this marker can indicate early signs of

kidney disease, allowing an early diagnosis and reduction of cases of CKD, as well as the

monitoring of this condition in patients using dialysis.

The detection of cystatin C can be done directly, through the binding of antigen-antibody, or

indirectly, by observing the activity of papain or the formation of a sandwich

immunocomplex (Fig. 1).

Figure 1. Indirect and direct strategies for Cystatin C detection.
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Papain is a 23 kDa protein belonging to the cysteine protease family [29] . As CysC is a

cysteine protease inhibitor, its detection is done indirectly by observing the decrease in papain

activity [30,31] . Indirect detection can also be achieved by the detection of a sandwich

immunocomplex formation, using an antibody marked with fluorescent or enzymatic

molecules, or elements of bioaffinity such as the biotin-streptavidin complex coupled with

other markers [32] . The direct detection of cystatin C, however, is done through the binding

of cystatin C to the anti-cystatin C antibody. Thus far several analytical strategies have been

used for the detection of serum CysC, such as Enzyme-Linked immunosorbent assay (ELISA)

[33] , particle-enhanced turbidimetric immunoassay (PETIA) and particle-enhanced

nephelometric immunoassay (PENIA) [20,34] . However, these are time-consuming methods

and require specialized personnel to operate. Due to this and to the great interest in the rapid

detection of CysC, biosensors involving the two ways of detection were found in the literature.

3.2. CONCEPT OF BIO AND IMMUNOSENSORS

Biosensors are analytical devices that use biological components as recognition elements for

detection of target analytes. Such devices combine a detection system (biological receptor

with biorecognition capabilities), transduction (which has the ability to translate the biological

binding signal into an electric signal) and amplification of the biorecognition signal generated

(which allows the signal visualization) (Fig. 2) [35] . There are several types of biosensors,

classified according to the transducer (optical, electrochemical, piezoelectric, etc.), or

according to the biomolecule immobilized on the detection surface (bioreceptor) (proteins,

DNA, antibodies, among others). In recent years, the number of researches on biosensors has

been increasing dramatically. This area has been growing rapidly in recent decades, with the

development of new nanomaterials and methods of surface functionalization, expanding the

possibilities in several areas [36].
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Figure 2. Schematic diagram of biosensors principle.

The biosensors based on antigen-antibody, lectin-carbohydrate or DNA interactions are

commonly classified as affinity sensors [37] . When the proteins used as bioreceptors are

antibodies or antigens, they can be further categorized as immunosensors [38,39] . Moreover,

when the biorecognition element is DNA, these biosensors are usually called genosensors [40]

and enzymatic sensors are those that use the activity of enzymes as detection elements [41].

3.3. BIO AND IMMUNOSENSORS FOR CYSTATIN C

Most biosensors developed in research today are based on immunological reactions or DNA

hybridization, and these tests allow fast results with great sensitivity [42]. For the detection of

serum cystatin C, biosensors, immunoassays and immunosensors were developed involving

many detection strategies and methods (Table 1). Papain was commonly used for indirect

biorecognition of CysC, which is generally based on the diminished activity of papain in the

presence of the inhibitor. Lin et al. (2013), for example, performed an optical detection using

a method for indirect Cystatin C detection by BSA-stabilized Au nanoclusters (Au NCs) as

fluorescent probe [31] . Au nanoclusters are fluorescent gold nanoparticles which have been

widely used for biosensor applications [43] . The fluorescence emitted by the BSA-Au

nanoclusters was reduced due to the degradation of BSA by papain. When in the presence of

CysC, the degradation stopped and fluorescence was restored. Another example is the work of

Gorodkiewicz and Luszczyn (2011) , which immobilized papain onto a gold surface
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functionalized with cysteamine, using Surface Plasmon Resonance Imaging (SPRI) for the

detection of CysC [29]. Additionally, there is the work of Tao et al. (2016), which used near-

infrared (NIR) light emitting PbS@BSA quantum dots (QDs) to detect CysC using papain to

hydrolyse BSA [27] . Quantum dots are semiconductor nanocrystals that generally have

dimensions in the range of 2–6nm [44] , with a wide range of light emitting frequencies. The

PbS@BSA QDs NIR fluorescence intensity decreased with the degradation of BSA and was

then restored by the inhibition action of CysC. Another optical method used in the detection

of CysC was LSPR (Localized Surface Plasmon Resonance). Puttaswamy et al., (2020) used

LSPR as the detection method for a microneedle array functionalized with anti-CysC for

analysis in filtrated whole blood [45] Lesnak et al., (2021), on the other hand, used SPRi

(Surface Plasmon Resonance imaging) for detection of anti-CysC in urine [46] . However,

these optical detection systems are very hard to miniaturize, which makes it difficult for

“point-of-care” detection. Papain was also used in an electrochemical biosensor using a

carbon nanotube-immobilized screen-printed electrode by Desai et al., (2018) [30] . Carbon

nanotubes can be described as hollow cylindrical tubes of graphene sheets with high aspect

ratios (length/diameter) [36] , providing efficient electron transfer and high surface area [30] .

Nevertheless, these papain-based detection methods have the disadvantage of being limited

for using only in urine, since papain is a serine protease that detects enzymatic activity [47].
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Table 1. Summary of the works presented in this review, categorized by detection methods for CysC, manner of detection, the biomolecule used, range of

detection and detection limits.

Detection method Manner of
detection Biomolecule Range of detection and LOD Reference

Electrochemiluminescence (Optic) Indirect Antibody-DNA
conjugates pg/mL - 100 ng/mL (0.483 pg/mL) Zhao et al., (2018) [49]

Localized Surface Plasmon Resonance (Optic) Direct Anti-CysC --- (0.01 µg/mL) Puttaswamy et al.,
(2020) [45]

Surface Plasmon Resonance imaging (Optic) Direct Anti-CysC --- (0.1 mg/L) Lesnak et al., (2021)
[46]

Cyclic Voltammetry/Electrochemical Impedance
Spectroscopy (Electrochemical) Direct Anti-CysC 0 – 300 ng/mL

(24 ng/mL)
Ferreira et al., (2020)

[54]
Cyclic Voltammetry/Square Wave Voltammetry

(Electrochemical) Direct Anti-CysC 0.1 – 1000 ng/mL
(0.03 ng/mL)

Trindade and Dutra,
(2019) [47]

Fluorescence Resonance Energy Transfer (Optic) Indirect Aptamers --- (0.16ng/mL) Wang et al., (2021) [51]

Linear sweep voltammetry (Electrochemical) Indirect Biotinylated anti-CysC
(sandwich immunoassay)

10 - 100 ng/mL
(6.0 ng/ml) Lopes et al., (2019) [50]

Photoelectrochemical Direct CysC-specific nanobodies 0.72 pM–3.6 nM (0.14 pM) Mi et al., (2016) [22]

Differential pulse voltammetry (Electrochemical) Indirect DNA strands 1 pg/mL – 30 ng/mL (3 fg/mL) Yang et al., (2016) [48]

Cyclic Voltammetry/Differential pulse voltammetry
(Electrochemical) Direct Molecularly imprinted

polymers (MIPs)
0.5 – 20 ng/mL
(0.5 ng/mL)

Gomes et al., (2021)
[53]

Surface Plasmon Resonance (Optical) Indirect Papain 0 – 0.6 µg/mL
(0.09 µg/mL)

Gorodkiewicz and
Luszczyn, (2011) [29]

Fluorescence (Optical) Indirect Papain 25 ng/mL – 2 µg/mL
(4 ng/mL) Lin et al., (2013) [31]

Cyclic voltammetry/differential pulse voltammetry
(Electrochemical) Indirect Papain 0.6 – 6.6 ng/µL

(---) Desai et al., (2018) [30]

Near-infrared Quantum dots (Optical) Indirect Papain and BSA 0.5 – 4 µg/mL (---) Tao et al., (2016) [27]

Surface-Enhanced Raman Spectroscopy
(optical)/Differential pulse voltammetry

(Electrochemical)
Direct Thiolated antibody

fragments

1x10-7 M - 1 pM (1 pM) (SERS)
6.25x10-8 M - 1 µM (62.5 nM)

(DPV)

Hassanain et al., (2018)
[52]
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Sensors using DNA hybridization were also developed. Yang et al., (2016a) performed the

detection by displacement of the DNA strand induced by an immunoreaction and cyclic

enzymatic amplification of the T7 Exonuclease protein (T7 Exo) [48] . In the presence of

CysC, a sandwich immunoreaction would induce proximity hybridization between two DNA

strands and the signal was read due to electron mediator thionine in this electrochemical

biosensor. The detection method obtained, however, relies on many steps to achieve CysC

detection and the use of external markers to achieve a measurable signal. Zhao et al., (2018),

on the other hand, used a graphene-rubrene (an organic semiconductor) composite in the

development of an electrochemiluminescence sensor [49] . Antibody-DNA conjugates were

used, and the sandwich immunocomplex formation was used to displace a ferrocene-labelled

blocker strand, decreasing the signal when there was an increase in CysC concentration. This

indirect detection by DNA developed was less tiresome than the latter, although it has the

same disadvantages of other optical detection techniques.

Some studies accomplished the detection of CysC was by using immunoassays. Lopes et al.,

(2019) used screen-printed electrodes in order to develop a sandwich-type electrochemical

immunosensor for cystatin C [32] . Gold nanoparticles were electrodeposited onto the

electrode and used to immobilize the capture antibody, which was then coupled with CysC.

Detection was mediated by a biotinylated anti-CysC using a tracer enzyme marked with

streptavidin. Wang et al., (2021) also used an external marker for detection of CysC,

developing a fluorophore-labelled aptamer-based platform for optical FRET analysis [51] .

However, these “point-of-care” detection systems relying on enzymes tend to lose activity

over time. Furthermore, the usual electrochemical sensor has the disadvantage of needing

external redox probes to achieve readings. The work of Hassanain et al., (2018), on the other

hand, used direct detection by anti-CysC fragments mixed with bond breaker TCEP to reduce

disulphide bonds and produce thiolated antibody fragments, and the mixture was loaded into a

gold coated silicon nanopillar in order to obtain the stable S-Au bond [52]. Surface Enhanced

Raman Spectroscopy (SERS) and electrochemistry were used for detection of CysC. The

detection by SERS showed an excellent detection range; however, these optical methods are

susceptible to the disadvantages mentioned before. Another work to use antibody fragments

was that of Mi et al., (2016) . A distinct type of antibody fragment derived from the variable

heavy chain known as nanobodies, considered the smallest antigen-binding fragment, was

used in a photoelectrochemical immunosensor based on titanium nanotubes. The detection

was accomplished by photocurrent response under radiation with visible light using a 150W
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Xe lamp. Gomes et al., (2021), however, developed plastic antibodies based on molecularly

imprinted polymers (MIPs) in order to build an electrochemical detection surface using CV

and DVP to allow measurements in serum [53] . Other works, however, opted for using the

whole anti-CysC monoclonal antibody to accomplish readings. That includes the work of

Ferreira et al., (2020), which used Interdigitaded Electrodes (IDEs) as platforms for

immobilization of the antibodies, accomplishing electrochemical readings using CV and EIS

(Electrochemical Impedance Spectroscopy) in human serum [54]. Trindade et al., (2019) used

the anti-CysC immobilized in a redox active surface composed of graphene-ferrocene

nanocomposite and polyethyleneimine [47] . Graphene is a two-dimensional sheet, composed

by carbon atoms that are densely packed in a regular sp2-bonded atomic scale as a hexagonal

pattern and is the base construction block for other carbon allotropes such as fullerene, carbon

nanotubes, graphite, nanoribbons, and others [36] ; ferrocene is a redox mediator widely

known and vastly used [47] . Electrochemical CysC readings were accomplished without

external redox probes, in an attempt to circumvent usual “point-of-care” detection limitations.

4. Conclusion

Rapid and direct detection of CysC remains a concern for researchers worldwide. Seeing that

metabolic diseases have been growing with the aging of the population and these diseases

frequently lead to kidney damage, the preventive and early detection of kidney failure is a

great concern. Thus, it is foreseeable that many more detection methods and strategies will be

developed in the near future for the screening and monitoring of kidney failure. There has

been some growth in the development of biosensors for CysC detection in the recent years,

but there is still great room for improvement. The biosensor field has been changing, and the

current trend tends towards the development of better electrochemical immunosensors that do

not rely on redox probes to achieve readings, in order to avoid “point-of-care” drawbacks and

allow the diagnostic at the bedside.
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