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ARTICLE INFO ABSTRACT

Keywords: A novel electrochemical sensor with inherent redox activity mediated by ferrocene for Cystatin C (CysC), an
Redox probe-free early kidney failure biomarker, is described. The current response was mediated by graphene oxide-ferrocene
Cystatin C nanofilm with redox-activity coming from electroactive species surface-confined. Anti-CysC antibodies were
Renal failure immobilized by their Fc portions on the drop-casting polyethyleneimine (PEI) film for improving the sensitivity
Lr::;l;c:ls:nsor and reproducibility. Stepwise modifications of the nanostructured surface were characterized by electrochemical
Graphene techniques, FT-IR and AFM. FT-IR confirmed the formation of the Fc-GO nanocomposite and PEI deposition on

the electrode surface. The AFM micrographs confirmed a nanometric film of Fc-GO and PEL The sensor platform
showed a response from 0.1 to 1000 ng/mL and lower limit of detection (LOD) of 0.03 ng/mL of CysC, with good
accuracy, specificity and it was successfully applied for CysC detection. Advantages of this immunosensor in-
clude rapid testing with minimal steps by the simple use of an intrinsic redox probe, working in a reduction
potential, which avoids potential interferences. This proposal attempts to circumvent amperometric detection
limitations and provides a promising candidate for future point-of-care diagnostics without redox probe addi-

tional solutions for measurements.

1. Introduction

Studies have shown that the incidence of Acute Kidney Injury (AKI)
has been increasing over the last decades and can very likely result in
permanent kidney damage (Coca et al., 2012). AKI incidence has been
reported to be as high as 20% in the USA and very similar in other
countries (Gharaibeh et al., 2018; Hoste et al., 2015). Since AKI is an
independent risk factor for Chronic Kidney Disease (CKD), End-Stage
Renal Disease (ESRD), cardiac diseases and death, it bears a significant
public health concern worldwide (Chawla et al., 2014; Coca et al.,
2012; Hoste et al., 2015; Webster et al., 2017). More than half Intensive
Care Unit (ICU) patients develop AKI and in-hospital death rates in
hospitalized patients with AKI is very high among patients in need of
dialysis (Chawla et al., 2014; Hoste et al., 2015). In attempting to in-
crease the chances of patient survival, early detection of renal failure is
important and could result in a lower burden for ICU and earlier hos-
pital discharge. Cystatin C (CysC) is a nonglycated 13kDa protein
considered an early marker for AKI related with the glomerular filtra-
tion rate (GFR) (Lau et al., 2016; Tao et al., 2016). Evidence has sug-
gested that the increase of serum CysC levels as a marker of renal
function may detect kidney dysfunction earlier than creatinine, which is
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currently the most used diagnostic marker (Gaygisiz et al., 2016).
Contrary to creatinine levels, recent studies indicated that serum CysC
concentration is more stable and accurate in GFR estimation and is
independent of sex, diet and muscle mass (Fox et al., 2014; Mi et al.,
2016; Ravn et al., 2017; Shlipak et al., 2013). In this context, the de-
velopment of a fast and low-cost method for CysC detection is of great
importance, aiming to identify early signs of AKI and monitoring of
hospitalized patients.

Thus far, a variety of analytic strategies have been used for detec-
tion of serum CysC, such as enzyme-linked immunosorbent assay
(ELISA), turbidimetric and nephelometric immunoassays (Delanaye
etal., 2014; Fonseca et al., 2015; Jiang et al., 2014). However, these are
timeconsuming methods and require specialized personnel to operate.
Due to this and the great interest in CysC rapid detection, attempts have
been made to develop biosensors and immunosensors for CysC. Yang
et al. (2016) were able to develop an electrochemical genosensor using
gold nanoparticles and iron oxide to amplify the signal. Although the
detection limit was low for this work, it is not clinically relevant and the
sensor requires many steps for conversion of the signal. Some optical
sensors were also developed, such as the work of Gorodkiewicz and
Luszezyn (2011) and Tao et al. (2016), which used Surface Plasmon
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Resonance Imaging and Near-Infrared Quantum Dots, respectively, for
detection of CysC. The major problem in optical systems is the difficult
miniaturization of the methods. In this context, electrochemical am-
perometric immunosensors have the advantage of specific and sensible
detection, easy miniaturization and quick results.

In label-free electrochemical immunosensors, the sensing platform
requires transport of the redox species to generate the amperometric
signal that is proportional to the diffusion of species on electrode sur-
face hindered by antigen/antibody adsorbed. The redox species are
indispensable for label-free electrochemical detection and the most
common method is to add the redox species into electrolyte solutions
(Wang et al., 2017). One of the drawbacks of this method is that it
requires washes and several steps that delay real point-of-care detec-
tion. Recently, the focus has been on redox probe-free platform for
immunosensing applications (Moreira et al., 2018; Trindade and Dutra,
2018). In this sense, redox active molecules such as ferrocene (Fc) units
can be attached to sensor surface as the center for electrochemical ac-
tivity, dispensing the use of external redox probe as used in conven-
tional immunosensor (Yamanaka et al., 2016). Electrochemistry of
ferrocene and its derivatives are well known, and they are appreciated
for excellent stability, being of considerable interest in electrochemistry
due to the almost reversible oxidation of iron II. This site provides the
redox catalytic pair released in electrochemical readings (Fery-Forgues
and Delavaux-Nicot, 2000; Lu et al., 2015). The fast electron transfer
rate and two-state redox stability are other attractive electrochemical
characteristics exhibited by Fc and similar compounds that make them
excellent mediators, mainly as used in association with different na-
nomaterials (Cho et al., 2018; Rabti et al., 2016).

Many strategies based on nanomaterials have been applied in
electrochemical immunosensors owing to the improvement of its per-
formances (Amani et al., 2018). Thus far, many nanomaterials have
been employed in the development of sensing platforms such as metal
oxide nanoparticles (Moreira et al., 2018), noble metal nanoparticles
(Vilian et al., 2015) and carbon-based nanomaterials (Roushani and
Abdi, 2014). Graphene is a one-atom-thick two-dimensional planar
carbon nanosheet. It has attracted attention due to its high surface area
and chemical stability. Since the bulk production of graphene is diffi-
cult, its derivative Graphene Oxide (GO) is more frequently used due to
easy production and presence of functional groups protein-reactive
(Rodriguez et al., 2015). Thus, this proof-of-concept study aimed at the
functionalization of GO with aminoferrocene (Fc), which appears as an
innovative approach to produce a catalytic nanocomposite in order to
develop a stable sensor platform. Herein, an electrochemical im-
munosensor was developed, allowing for Cystatin C detection without
the use of redox probes (“redox probe-free”).

2. Material and methods
2.1. Reagents

Aminoferrocene (Fc), graphene oxide (GO), polyethyleneimine
(PEID), 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide (EDC), N-hy-
droxysuccinimide (NHS), potassium ferricyanide (K3[Fe(CN) ¢]) and
potassium ferrocyanide (K4[Fe(CN) ¢]) were obtained from Sigma-
Aldrich (United States). Cystatin C peptide was obtained from Abcam
(United Kingdom). Cystatin C antibody (Anti-CysC) was obtained from
Sigma (United States). All other chemicals used were of analytical grade
and all the solutions were prepared in ultra-pure water acquired from a
Milli-Q station (United States) with a conductivity below 18 MQ em L

Spiked human serum was used to perform analytical response tests.
Serum pool samples were obtained after approval by the Research
Ethics Committee of the University of Pernambuco, Brazil. The blood
collected from healthy individuals was centrifuged and the serum se-
parated from the blood cells. Positive samples were spiked with CysC
diluted in PBS with the same volume to obtain the wished concentra-
tions. Likewise, negative samples were obtained, using the same
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volume, however without CysC adding. Serum samples were processed
and freshly prepared, and all incubations with electrodes were per-
formed at room temperature (approximately 24 °C) at 7.4 pH (Silva
et al., 2015).

2.2. Apparatus

Electrochemical measurements were performed in a three-electrode
system: helical platinum wire as counter electrode, Ag/AgCl (3M KCI
Sat.) as reference and working gold electrode (GE) (@ = 1 mm). The
electrochemical measurements were performed with a potentiostat/
galvanostat Ivium Compact Stat (Eindhoven, Netherlands) coupled to a
microcomputer and controlled by the IviumSoft software. Cyclic vol-
tammetry (CV) and square wave voltammetry (SWV) techniques were
employed to electrochemically characterize the modifications of the
GE. The CV (0.05 V/s scan rate) and SWV (10 Hz frequency and 10 mV
pulse amplitude) measurements were carried out at 10 mV step po-
tential with a potential window between —0.3 and 0.2V in 0.1 M KCI
electrolyte.

Morphological analyses of modifications on the GE surface were
carried out by means of Atomic Force Microscopy (AFM) in the non-
contact mode, using the Nanosurf Flex AFM (Liestal, Switzerland)
equipped with a C3000 controller and the TAP190AI-G tip. The images
obtained were treated and analyzed by Gwyddion (free version 2.49).

Chemical surface characterization of the platform was accomplished
by attenuated total reflectance with Fourier transform infrared spec-
troscopy (ATR-FTIR) using the Bruker IFS 66 model FT-IR spectrometer
(Billerica, USA), set up for spectra from 4000 to 500 cm ™. All AFM
images were obtained using a circular gold electrode, with 4 mm dia-
meter made of evaporated gold film onto an acetate sheet.

2.3. Synthesis of PEI/Fc-GO nanostructured surface

Prior to modification, the GE was cleaned by mechanical polishing
with 0.5 um alumina slurry, followed by sonication in distilled water to
remove any residual alumina powder. Modifications were performed
only after cleaning evaluation with CVs. To confirm GO functionaliza-
tion, then electrochemical analysis was carried out with three different
solutions: GO control, Fc control, and Fc-GO nanocomposite. The Fc-GO
nanocomposite was obtained by mixing GO (1 mg/mL, dispersed in
water) with Fc in a mixture 1:1 of 20 mM EDC and 50 mM NHS (pre-
pared in acetate buffer 0.037 M, pH 5.0) for 1 h in an ultrasonic bath. Fc
concentration was optimized by incubating the GO modified with
various concentrations of Fc (0.01; 0.025; 0.05; 0.075; 0.1; 0.2; 0.3 and
0.4 M). The GE surface was modified with 5 L of the Fc-GO solution by
drop casting and dried on the incubator at 50 °C. After the solvent
evaporation, the Fc-GO surface was coated with 5L of 2% PEI pre-
pared in ethanol and dried at room temperature (approximately 24 °C).

2.4. Immobilization of anti-CysC and analytical measurements

For antibody immobilization, an aliquot (5puL) of 10 mg/mL anti-
CysC solution was pipetted on the nanostructured surface and in-
cubated for 1h at room temperature (24 °C). In order to block the re-
maining adsorption-reactive sites, the anti-CysC-immobilized electrode
was incubated with a solution of 0.05M glycine, also prepared in PBS
(10mM, pH 7.4) for 1h. The electrode was carefully rinsed with dis-
tilled water between each step of immunosensor assembly.

The electrochemical detection of CysC was performed by using SWV
technique using 0.1 M KCl solution as supporting electrolyte. The as-
prepared immunosensor was incubated with 5 pL of CysC peptide PBS
diluted at various concentrations (0.1, 1, 10, 50, 100, 500 and 1000 ng/
mL) in a moist chamber at 4 °C during 15 min. The analytical response
was obtained by the difference of current (Al) in the square wave vol-
tammograms (SWV) before (blank) and after the addition of CysC. All
graphs and statistical analyses were carried out with Origin Pro 8.0
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Fig. 1. SWV of the: bare electrode (GE), GO control, Fc control, and Fc-GO nanocomposite; inset: CVs of Fc control and Fc-GO nanocomposite showing an increase of

electroactive area with Fc-GO nanocomposite.

software.

3. Results and discussion
3.1. Catalytic activity of Fc-GO electrode surface

Fc redox sites generate very distinctive redox pairs with cathodic
and anodic peaks at —0.1 V and close to —0.0 V, respectively due to the
almost reversible oxidation of iron II, as can be seen in Fig. 1, in which
shows SWVs of the bare electrode, GO control, Fc control and Fc-GO
nanocomposite, and CVs of Fc control and Fc-GO nanocomposite. All
the characterizations were carried out in KCl 0.1 M as supporting
electrolyte as means to not interfere with electrochemical activity in-
herent of Fc. SWV of the bare electrode and GO control show no
cathodic peak at the potential attributed to Fc catalytic activity. Fur-
thermore, the functionalization of graphene using Fc allowed for higher
electroactive activity than the Fc control, as seen in Fig. 1 and Fig. 1 -
inset. SWV and CV both showed a current increase after functionaliza-
tion. This can be attributed to a higher electroactive area provided by
GO after stable Fc attachment. The optimal concentration of Fc used for
GO functionalization was found at 0.1 M of Fc and used in subsequent
experiments based on highest electroactive area.

Fig. 2 (a) shows a schematic representation of nanostructured
platform development steps and CV characterization of all the steps is
shown in Fig. 2 (b). It can be observed that the deposition of PEI film
onto the Fc-GO surface resulted in an increase of 17.8% in the elec-
troactive area compared to Fc-GO (Fig. 2: inset). PEI contains a large
number of amine groups that act as a crosslinker, attaching the GO by
amide bonds while leaving enough amine sites free to bond with the
carboxylic groups present at the Fc portion of antibodies. The functio-
nalization of the sensing surface by introducing reactive groups for
oriented immobilization of the antibodies is a crucial step to obtain an
immunosensor with a high performance (Gomes-Filho et al., 2013).
Addition of the antibody, glycine, and readings with CysC resulted in a
decrease of the current. This was attributed to electron transfer hin-
dering in the diffusion barrier caused by these molecules, as expected
(Valipour and Roushani, 2017).

In presence of 0.1 M KCl, the immobilization of Fc on the graphene
was evaluated by scan rate studies varying from 10 to 110 mV/s, at the
potential window from —0.3 to 0.2V (Fig. S1 (a)). Since the plot of the
square root of the scan rate vs. current peak exhibited a linear depen-
dence, with square R of 0.987 and 0.915 for anodic and cathodic peaks,
respectively, it was concluded that the process was diffusion-controlled

(Fig. S1 (b)). Additionally, by obtaining the plot of scan rate vs. log
current as seen in Fig. S1 (c); the slope of cathodic and anodic peaks
were 0.48 and 0.57, respectively, confirming that current was con-
trolled by diffusion (Tavares et al., 2013), as also observed by studies
with ferrocene moieties adsorbed on polyallylamine film (Jingyuan
et al., 2006). This remarkable presence of the faradaic current without
redox probe in bulk, with current redox peaks kept at a low potential
between —0.1 and 0.0V, and also the potentials of current peaks that
practically did not change seemed to indicate a synergic effect between
GO and Fc. Cathodic and anodic peaks (Ipc and Ipa, respectively) in-
creased quasi proportional and symmetrically with scan rate (Fig. S1
(b)), The difference between redox peak potential was less 0.10V,
meaning a voltammetric behavior close to the reversible process (Bard
and Faulkner, 2001). Reversibility of the Fc on the nanostructured
platform was also evaluated by applying 20 consecutive cycles of CVs in
a 0.1 M KCl solution (Fig. S2). The coefficient of variation showed good
reproducibility for anodic and cathodic current peaks of 2 and 3%,
respectively; arguing the chemical stability of Fc. This good stability
was attributed to the covalent bond of the Fc-GO, as confirmed by ATR-
FTIR.

AFM was used to characterize the morphology of the electrode. As
seen in Fig. 3 (b), (c) and (d), the gold surface was fully covered by
layers of the GO control, GO-Fc, and PEI/GO-Fc, respectively, all
showing increased average roughness (Ra) when compared with the
clean electrode (Ra = 1.00nm * 0.02) (Fig. 3 (a)), which exhibited a
very smooth and regular morphology. Fig. 3 (c¢) showed a rougher
surface (Ra=1.80nm =+ 0.03) than that showed in (b)
(Ra = 1.63nm =* 0.03), suggesting that Fc allowed for an increase in
surface area, when compared with the GO control (Shearer et al.,
2016). The PEI film drop-casted on the GO-Fc nanocomposite surface
(Fig. 3 (d)) produced a slight increase in roughness (Ra = 1.89nm =+
0.04) compared to GO-Fc surface (Lau et al., 2018).

ATR-FTIR has been a valuable technique for biosensors due to al-
lowing the characterization of chemical bonds and functional groups on
the surface material. Herein, the spectra obtained at the electrode
surface in each step of immunosensor are shown in Fig. 4 as follows: Fc
control (spectrum I), Fc-GO nanocomposite (spectrum II) and Fc-GO
with PEI (spectrum III). In spectra, I and II, the N-H stretching (am-
monium ion) that is usually observed between 3400 and 3300 cm—1
(Fan et al., 2012; Hishikawa et al., 2017; Stuart, 2005) can indicate the
presence of the amine groups attributed to Fc. In spectra I, II and III, the
bands between 1650 and 1550 cm™' are due to secondary amine
(amide II) bending and in spectrum II the asymmetric band at
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Fig. 2. (a) Schematic representation of nanostructured platform development, (b) CVs of each modification step as follows: (I) Fc-GO, (II) PEI, (III) Anti-CysC, (IV)
Glycine and (V) Cys C; inset: Plot of steps for platform development versus electroactive area of CVs; experiments in presence of 100 mM KCI.

1637 cm ™! results from amide I mode (Coates, 2006; Service et al.,
2010), that could be attributed to the amide bonds present in the Fc-GO
nanocomposite. In spectrum II, the bands between 1242 and
1245cm ™! are due to C-C, C-O and C=0 stretch (Fan et al., 2012),
then suggesting the presence of GO. In spectrum III, the band found at
1301 cm ! is indicative of amine polymer film on the electrode surface,
according to the database from the National Institute of Standards and
Technology (U.S. Department of Commerce).

3.2. Analytical responses to the CysC

The analytical performance of the sensor surface was evaluated by
submitting the electrode to different concentrations of CysC diluted in
PBS (0.1, 1, 10, 50, 100, 500 and 1000 ng/mL). Since the incubation
time exerts an important role on the analytical performance, different

time incubations were tested, varying from 10 to 45 min, with 15 min
adopted as optimal due to steady-state reached, similarly to previous
studies (Montes et al., 2016; Singh et al., 2014). The analytical response
was obtained by the difference of current (AlI) in the SWV before and
after the addition of CysC samples (Fig. 5 (a)). The analytical curve
showed a decrease in the cathodic peaks proportional to CysC con-
centrations increase (Fig. 5 (b)). This decrease of the current peak is
attributed to the hindering in electron transfer by the insulating nature
of CysC increasing the diffusion barrier (Dias et al., 2013). The curve of
Al as function of CysC concentrations exhibited in a monolog plot re-
sulted in a broad range analytical curve linear from 0.1 to 1000 ng/mL
(inset Fig. 5 (b)), with linear equation of I (HA) = 0.0045 log
[CysC] + 2.63 and LOD of 0.03 ng/mL CysC (3.3 o). These con-
centrations in lower values met in clinical reference that is up to
950 ng/mL (Gaygisiz et al., 2016). Therefore, for use samples needs to
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Fig. 4. FT-IR spectra of sensor platform in each step of modifications: Fc control
(spectrum I), Fc-GO nanocomposite (spectrum II) and after PEI drop-casting
(spectrum III).

be 10 to 100 times diluted in PBS before measurements, with the ad-
vantage of minimizing the non-specific bindings.

Different analytical methods for detection of CysC are shown in
Table S1 (Sup information). Comparing this immunosensor with all
already described for the detection of CysC, it is observed that it pre-
sents several advantages. Regarding to the amperometric sensors, this
approach is more practical and faster, since it does not require further
reading stages, such as the introduction of redox probe solutions and
washes (Yang et al., 2016; Desai et al., 2018). While here, the samples
can be diluted in PBS or even KCl being ready for reading. Additionally,
detection of CysC is directly performed by the antigen-antibody reac-
tion with more advantages, which does not occur with the cited works.

In the first, Yang et al. performed the detection via immunoreaction-
induced DNA strand displacement and T7 Exonuclease (T7 Exo)-as-
sisted protein cyclic enzymatic amplification. Desai et al.(2018), the
second work, developed an assay employing the screen-printed elec-
trode based on K3 [Fe (CN) 4] as an indicator. Although they have
achieved an optimal range and a low limit of detection, the use of pa-
pain as sensor element, a serine protease that detects enzymatic ac-
tivity, render the sensor limited for using only in urine. Thus, mea-
surements in samples with protein contaminants like the serum are
restrictive, in contrast to this proposed sensor that used antibody Anti-
CysC making serological samples feasible, and detections in this fluid
are easier and more commonly employed. Optical approaches by using
surface plasmon resonance (SPR) was also applied by Gorodkiewicz and
Luszczyn (2011) being quite sensitive, however, SPR has the dis-
advantage of using papain and presents itself as a technology of difficult
portability, limiting as point-of-care. Lin et al. (2013) performed an
optical detection with nanoparticles using also the papain. Mi et al.
(2016) using CysC-specific nanobodies achieved low detection limits in
optical transduction based on the photocurrent decrease using an
electrochemical workstation to measure photocurrent under visible
light irradiation with a 150 W Xe lamp; this application was extended to
real sample by monitoring the CysC in human serum samples. Thus, the
technology here developed is simpler, and quite liable for a point-of-
care diagnostic. To our best knowledge, there are no electrochemical
immunosensors for CysC similar to the one here developed.

The matrix effect and selectivity was also tested with this im-
munosensor by using a real human serum samples, since these complex
samples contain a great amount of interferers. Here, it was used a pool
of serum, by mixing samples of different volunteers, further increasing
the possibility of interferents. As exclusion criteria in samples selec-
tions, hemolyzed or hypercholesteremic samples were not included.
The assays were carried out by successive incubations with the spiked
CysC (10ng/mL) and non-spiked human serum samples at the same
electrode in each experiment (Fig. 6). Analytical responses indicated a
gradual decrease in the SWV peaks proportional to the increase of the
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analytical detections measured in 100 mM KCI; (b) Analytical curve of Cys C
antigen in PBS buffer (10 mM, pH 7.4), inset: Monolog plot of the Cys C con-
centration vs current variations subtracted from the blank with linear fitting.
Bar error represents the standard deviations of three replicate measurements.

CysC concentrations of positive samples, contrary to the non-spiked
serum response. Cutoff value was established at mean of negative
sample responses plus two deviations, which was found at 20 ng/mL,
thus up to this value the immunosensor was able to selectively identify
CysC in positive samples, e.g. below of this cutoff, the presence of in-
terferences in the samples are significant and can generate positive
false.

The nanoimmunonsensor was assessed regarding repeatability
(intra-assay) and reproducibility (inter-assay) (Rezaei et al., 2018; Shen
et al., 2015). Good repeatability (Figure S3) with a coefficient of var-
iation of 2% was found, using an incubation with concentration of
100 ng/mL CysC and submitting the same electrode to 20 successive
SWV readings, with attention to remove the electrode from the elec-
trochemical cell in each reading. Reproducibility tests (Figure S4) were
performed showing a good performance, according to the coefficient of
variation of relative peak currents of SWV that was found at less than
5% (CV = 4%) obtained by five electrodes prepared in the same con-
ditions applying 100 ng/mL CysC in serum samples. Here, the analytical
responses from different electrodes were normalized to compare
themselves, e.g. SWV fluctuations on the blank from different electrodes
due to the charge effect on the electrode by producing different DC
current levels were minimized dividing by blank SWV in each electrode.
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Fig. 6. Matrix effect and selectivity studied in successive incubations in real
samples of human spiked serum (with 100 ng/mL Cys C in PBS) and human
negative serum (diluted in PBS 10 mM, pH 7.4). Plots represent cathodic peak
currents of SWVs subtracted from the blank; SWV measurements performed in
presence of 100 mM KCI.

4. Conclusions

A novel electrochemical immunosensor with inherent redox activity
mediated by ferrocene was developed. Amperometric responses ob-
tained by SWV were mediated by graphene oxide-ferrocene nanofilm
with redox-activity coming from electroactive species surface-confined.
As a proof-of-concept, this immunosensor was applied to Cystatin C
detection, a biomarker for renal failure. The detection was based on
antigen-antibody interaction, differing from most CysC sensors, that
have used papain to produce the current responses that allow its ap-
plication to blood samples and other biological fluids. This platform is
simple than optical biosensor to miniaturization and does not need
redox probe solutions for measurements, simplifying the steps and
being an important advancement towards real point-of-care testings.
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