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immunosensor because it contains -COOH groups that can form a covalent bond with the
terminal -NH: of anti-ENaC. The result shows that the optimum concentration of anti-ENaC
was 1.0 pg/mL for 30 min incubation time. The various concentration of ENaC has a linear
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gll\/ éla sodium channets ng/mL, and the limit of detection was 0.198 ng/mL. The level of ENaC concentration in urine
( ¢ ) samples can be used for the realization of a point-of-care device for early detection of
Anti-ENaC h .

. ypertension.
Hypertension
Electrochemical
immunosensor

Reduced graphene oxide
© 2020 Growing Science Ltd. All rights reserved.

1. Introduction

Hypertension is a significant risk factor for heart attack, stroke, and kidney failure. One of the
markedly of hypertension is known because of a high salt intake especially, sodium salt in the blood
that can elevate blood pressure in hypertensive patients'. Physiological studies show that kidneys play
an essential role in maintaining sodium balance, extracellular fluid volume, and long-term blood
pressure control. Most of the sodium is absorbed to achieve the appropriate level of sodium excretion
in the urine®. An epithelial sodium channels (ENaC) protein, which acts as a sodium transporter in the
kidney is responsible for limiting the reabsorption of sodium in the distal nephron and extracellular
fluid balance®. ENaC is a transmembrane protein that is located mostly in the epithelium. As a
constitutively active channel, ENaC allows the flow of Na® ions from the lumen into epithelial cells,
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across the apical cell membrane. The absorbed Na+ ion is then pumped out of the cell into the interstitial
fluid by the action of Na*/K* ATPase located on the basolateral membrane. ENaC modulates the
amount of Na" in extracellular fluid, and it plays an essential role in regulating the extracellular fluid
volume and blood pressure®. ENaC levels can measure from various specific locations, one of which is
a kidney. The kidneys are a good source of sodium excretion related to hypertension. Urine is the
closest source of the kidney. Therefore the ENaC levels can be determined in the urine®.

Sofiatin & Roesli, 2018 was measured the ENaC concentration in various urine samples of three
group patients: non-hypertension, hypertension with and without a history, by using ELISA methods.
The ENaC protein was detected in the supernatant and the pellet of the urine after centrifugation. The
results showed that ENaC protein levels in non-hypertension patients were 1.12 ng/mL, hypertension
with history patients were 2.7 ng/mL, and hypertension without history patients were 4.0 ng/mL®. This
result indicated that ENaC concentration in the urine sample might be related to hypertension.
However, the ELISA method has several disadvantages, which are a time-consuming and expensive
instrument and reagent’®.

An electrochemical immunosensor is an alternative method to detect and measure the ENaC levels.
Electrochemical immunosensor is an analytical tool, which combines the specific interactions of
antibody or antibody fragments as element recognition against a particular antigen based on
electrochemical transduction. Immunosensors have known as a combination of immunochemistry and
sensor chemistry that detect the interaction of an antibody with an antigen with high selectivity and
sensitivity which is popularly used in the field of clinical diagnoses. The advantages of electrochemical
immunosensors are low detection limits, small volumes, simple instrumentation, and miniature systems
that can be easily made and integrated into biochips® 1!,

The screen-printed working electrode in the electro-analysis is most widely used because of the low
cost, small, high sensitivity, and the surfaces are easy to modify with other molecules such as proteins
or nanomaterials that can increase the active area and electrocatalytic properties'>. Many screens
printed electrodes are modified with nanomaterials such as graphene oxide, cerium dioxide, and nano-
gold to improve the electrochemical performance. Modification of SPCE with graphene oxide can
improve electrochemical performance'®. Graphene oxide is a derivative compound of graphene, which
contain not only carbon but also oxygenic residue that has attracted characteristics. It’s become
researches interest because of its potential in increasing the conductivity of sensors and providing an
attachment area for various biomolecules, such as proteins, enzymes, and nucleic acids. Graphene
oxide has applied in many applications in the electrochemical biosensor field. The graphene oxide-
based electrochemical sensor was developed for detecting various kinds of analytes, such as dyes
synthesized sunset yellow and tartrazine'*, glucose'”, uric acid, ascorbic acid, and dopamine'®, fat test'”,
organophosphate parathion pesticides'®, CRP proteins’, and cortisol and lactate®.

This work reported the modification of screen-printed carbon electrodes (SPCE) using graphene
oxide and used as an immunosensor for the detection of ENaC. We examined the immunosensor
proposed for the determination of ENaC in the urine sample. The optimum experimental conditions
that affect immunosensor performance also were studied.

2. Results and Discussion
2.1. Oxide Graphene Reduction and Modification of Electrodes
The GO must be sonicated before used as an electrode modifier. The sonication process is required

for the physical exfoliation of GO sheets and to reduce the Van der Waals forces that exist between the
layers of the 2D GO sheet if it stored for long period®. The electrochemical response of the SPCE before
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and after modified with RGO was observed using cyclic voltammetry of 10 mM Kj3[Fe(CN)¢]
containing 0.1 M KClI, as shown in Fig. 1 A.
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Fig. 1 A. Electrochemical characterization of [Fe(CN)s]*'*+ using cyclic voltammetry with the potential
range -1.0 to 1.3 V, scan rate 100 mV/s (a) SPCE, and (b) SPCE/RGO. B. FTIR spectrum of GO and
RGO.

Fig. 1A shows that the current response of [Fe(CN)s]*”* on the SPCE-RGO surface increases five
times higher than the SPCE before modification. This enhancement is because of the characteristics of
RGO, due to reduced oxygenic groups causes higher conductivity. Also, the electrostatic repulsion
between negatively charged species [Fe(CN)s]*”* and oxygenic groups of RGO cause better electron
transfer. The reduction of GO into RGO was characterized by using the FTIR method. Fig. 1 B depicts
the FTIR spectrum of GO and RGO. The O-H absorption appeared at a wavelength of 3398.9 cm™'.
Then there was also an absorption band at a wavelength of 1638 cm™'which was assumed as a stretch
of C = O of the carboxylic group. The peak intensity of all bands in the RGO was reduced compared
to GO due to the reduced oxygenic group electrochemically.

2.2. Immobilization of Anti-ENaC onto SPCE-RGO

In this study, two immobilization methods were carried out; they are passive adsorption and covalent
bond formation. The passive adsorption method was based on the electrostatic interaction and other
physical interaction between anti-ENaC with SPCE. Whereas, the covalent bond formation method was
done by using CMD and RGO to increase the sensitivity of the working electrode. According to Fig.
2, the passive adsorption of anti ENaC to the SPCE produces a decrease of current response of Al =
3.754 pA, while, in the covalent bond formation method, the Al = 6.516 pA, and the RGO-anti-ENaC
has a significant decrease that was 17.9749 pA. The decrease of current response occurs because the
covalent bond formation introduced more anti-ENaC to the electrode surface. The passive adsorption
produced less effective immobilization of anti-ENaC due to inconsistent orientation. When the anti-
ENaC was passively absorbed to the electrode surfaces, the anti-ENaC was stabilized and weakly binds
to the electrode surface via electrostatic and other physical interaction resulting in random paratope
orientation and perhaps result in significant loss of antibody activity!’. Whereas, the covalent bond
formation of anti-ENaC with CMD was not as good as using RGO because the availability anti-ENaC
binding site was not too much due to the incubation time of CMD to the electrode surface. Therefore,
the covalent bond formation using RGO was used because it facilitated the anti-ENaC attachment well
enough to produce a significant current reduction response.

When anti-ENaC was immobilized on the surface of a conductive electrode, there is an increase in
resistance of current of [Fe(CN)s]**. Since the protein structure demonstrates the isolated behavior of
non-conductor biomolecules, the transfer of electrons from the mediator [Fe(CN)s]>"* were blocked
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and the electrochemical signal decreases. The -COOH group present in RGO can be conjugated with
anti-ENaC covalently via an amide coupling. The carboxyl group was activated using EDC and NHS
because the carboxyl group is highly reactive to the carbodiimide group on EDC and forms the o-
asylorourea intermediates. Then when reacting with NHS, a succinimide ester that more stable
intermediate was formed!®!""?! and highly reactive to the terminal amine group of anti-ENaC. By
dropping the anti-ENaC on SPCE-RGO forms a stable amide bond between the amine group of anti-
ENaC and the carboxyl group of RGO, as illustrated in Fig. 3.
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Fig. 2. The comparison of two immobilization methods of anti-ENaC onto SPCE-RGO; via passive
adsorption and covalent bond formation.
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Fig. 3. Scheme of immunosensor for the detection of ENaC
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Fig. 4 A shows the Nyquist plot of the impedance resistance value. In contrast to the current value,
the resistance value of the electrode was decreased significantly after being modified with RGO.
Furthermore, after anti-ENaC immobilization, there was an increase in resistance because the electron
transfer during a redox reaction was difficult to penetrate the protein layer on the surface of the
conductive electrode. These results indicate that anti-ENaC has been successfully immobilized to the
electrode!”.

Immunoreaction that occurred between ENaC and anti-ENaC was characterized using cyclic
voltammetry of the [Fe(CN)s]*"*. Fig. 4 B shows that the decrease in peak current response occurred
after the addition of ENaC. The presence of ENaC protein on the surface of the electrode caused the
[Fe(CN)s]*'* species became farther away from the electrode surface. Therefore, the process of
electron transfer during the redox reaction was inhibited.
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Fig. 4. A.Cyclic voltammograms, and B. Nyquist plot of (a) SPCE. (b) SPCE/RGO. (c)
SPCE/RGO/anti-ENaC. Inset: zoomed spectrum.

v

Fig. 5. SEM surface images of (A) SPCE, (B) SPCE/RGO, and (C) SPCE/RGO/Anti-ENaC. The
magnificent was x5,000 and x30,000.

SEM characterization was carried out to determine the morphology of the SPCE before and after
modified with RGO. Fig. 5 A shows a smoother and more uniform SPCE surface before modification.
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Fig. 5 B shows a coarser structure of SPCE-RGO so that it can provide an active surface area for the
immobilization of anti-ENaC. Fig. § C reveals that a particulate appears with several aggregates above
the surface of the RGO, indicating that anti-ENaC was successfully immobilized.

2.3. Optimization of Analytical Parameter

The analytical parameters were tested using a redox system of [Fe(CN)s]*"*. The measurements
were conducted by differential pulse voltammetry technique with the potential range -1.0 to 1.0 V and
a scanning rate of 0.008 V/s. Optimizations of the immunosensor were done by using various
concentration of anti-ENaC (0.1; 0.5; 1; 2, and 10 pg/mL) and variation of incubation times (10, 30,
60, and 90 minutes).

Fig. 6A shows that the optimum concentration of anti-ENaC was 1 pg/mL because it produces the
lowest current response. As the anti-ENaC concentration increases, there is a decrease in electron flow,
which indicates that the anti-ENaC immobilized is well oriented. The anti-ENaC provides a
considerable active site for the immunoreaction with the ENaC. However, the current response
increased when the anti-ENaC concentration was higher than 1 pg/mL because of the high background
current response. Also, the high anti-ENaC density causes a non-uniform orientation so that anti-ENaC
loses antibody recognition activity, which might be due to the part of anti-ENaC attached to the
electrode was the active site, which should be bind to the antigen.
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Fig. 6 A. The optimization of anti-ENaC concentration, and B. The optimization anti-ENaC incubation
time by using a differential pulse of [Fe(CN)s]*"* containing 0.1 M KCI.

The optimum incubation time of anti-ENaC onto the electrode was 30 min, as shown in Fig. 6 B.
The attachment of anti-ENaC on the electrode surface, inhibit the ferricyanide redox process, caused
the reduction of peak currents. While the current response increased at 60 and 90 minutes, this might
be caused by, the electrode surface was saturated with anti-ENaC and produced a high electrochemical
signal.

2.4. The Calibration Curve

A calibration curve was made to determine the performance of the analytic parameters of the
immunosensor. Immunosensors were tested against various concentration of ENaC; (0; 0.009375;
0.09375; 0.1875; 0.375; 0.75; 1; and 1.5 ng/mL). Fig. 7 A shows the decrease of peak current with an
increasing concentration of ENaC. The attachment of ENaC creates a barrier to the electron transfer
process of the working electrode, which ultimately lowers the peak current. The linear relationship of
the immunosensor response to various ENaC concentration was plotted into a calibration curve, as seen
in Fig. 7 B.
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Fig. 7 A. Electrochemical response of the immunosensor at various concentration of ENaC; (a) 0,09375
ng/mL. (b) 0,1875 ng/mL. (¢) 0,375 ng/mL (d) 0,75 ng/mL. (e)1 ng/mL. (f) 1,5 ng/mL. B. Calibration
curve of the immunosensor for the detection of ENaC protein. Each concentration triplicate measured
its electrochemical response using a differential pulse voltammetry technique in the potential range -
1.0 to 1.0 V with a scanning rate of 0.008 V/s using a redox system of using differential pulse of
[Fe(CN)s]*"* containing 0.1 M KCl.

According to Fig. 7 B, the linearity of calibration curve obtained in the concentration range of
0.09375-1.5 ng/mL with the equation Al = 10.485 [ENaC] + 15.56 and R2 = 0.9789. Limit of detection
(LoD) was determined using the equation [ENaC] = (Y» + 3S5»)/b, Y» was the intercept of the calibration
curve, S» was the Sxyywhich estimates the random errors in the y-direction, and b was the slope'®. LoD
was 0.198 ng/mL, and the limit of quantification was 0.599 ng/mL.

2.5. The Analysis of Urine Samples

The proposed immunosensor was tested on urine samples containing ENaC protein. The procedure
was the same as determining the response of standard ENaC. The result shows that the fresh urine
sample has an ENaC concentration of 0.5967 + 0.014, compared to the ELISA method that was 0.6263
ng/mL. This result shows that the immunosensor method can be used as an alternative method for the
determination of ENaC protein in a urine sample.

3. Conclusions

Anti-ENaC was successfully immobilized on the surface of reduced graphene oxide-modified
screen-printed carbon electrodes by covalent bonds between -COOH groups of graphene oxide and -
NH:z terminals of anti-ENaC. The optimum concentration of anti-ENaC was 1 pg/mL for 30 min of
incubation time and has revealed in a better response of the immunosensor. The immunosensor has the
low-level detection of ENaC that can develop as a device for early detection of hypertension in urine
samples.
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4. Experimental
4.1. Materials and Methods

Anti-ENaC antibodies and ENaC (Abcam), Graphene oxide (GO) (Sigma Aldrich), hydrochloric
acid (HCI) (Merck; pa), bovine serum albumin (BSA) (Sigma Aldrich), carboxymethyl dextran (CMD)
(Sigma Aldrich), 1-ethyl-3- (3-dimethyl aminopropyl) carbodiimide (EDC) (Sigma Aldrich),
potassium ferricyanide (Ks[Fe(CN)s]) (Sigma Aldrich), graphene oxide (Graphenea SA ES
A75022608), potassium hydrogen phosphate (KH2PO4) (Merck; pa), potassium chloride (KCI)
(Merck), n-hydroxy succinimide (NHS) (Sigma Aldrich), sodium hydrogen phosphate 0.1 M
(Na2HPO4) (Merck; pa), sodium hydroxide (NaOH) (Merck; pa) sodium chloride (NaCl) (Merck; pa).
Redistilled water (PT IKAPHARMNDO PUTRAMAYS).

Zimmer and Peacock potentiostat connected to a computer using PSTrace 5.4 software is used for
electrochemical measurements, SPCE (GSI Technologies, USA), modified and used as working
electrodes, platinum electrodes (Pt) as auxiliary electrode and Ag/AgCl (saturated KCl) electrode as
comparative electrode, autoclave sterilizer (Prestige Medical SERIES 2100), FT-IR Spectrometer
(Perkin Elmer Spectrum 100), balance sheet (Sartorius ENTRIS224-1S), micropipette (Eppendorf),
Scanning Electron Microscope JSM-7500F (JEOL, USA), Centrifuge (Corning), Sonicator (Delta
D68H, Taiwan), microtube (Eppendorf).

4.2. General procedure

4.2.1 Reduction of Graphene Oxide (GO) and Modification of Electrodes

Briefly, 1 mg/mL graphene oxide solution was sonicated for 15 minutes, then 40 pL. was dropped
onto the surface of the SPCE electrode. Furthermore, GO reduction was carried out electrochemically
using the cyclic voltammetric technique in the potential range of 0.1 to -2.5 V with a scanning rate of
100 mV/s in 5 cycles. The electrode was then washed with PBS pH 7.4 and dried 30 min at room
temperature.

4.2.2 Immobilization of Anti-ENaC Antibodies on the Surface of the Electrode

There were two immobilization techniques carried out in this experiment that were passive
adsorption and covalent bonds formation. The first procedure carried out for passive adsorption was
SPCE pretreatment. As much as 40 puL PBS 1.0 mM pH 7.4 was dropped onto SPCE-RGO, and
potential of -1.0 V was applied for 60 seconds. Then 20 puL of anti-ENaC 0.1 pg/mL were dropped to
the SPCE-RGO and incubated for 30 min at 4°C. The electrode was then rinsed with PBS solution pH
7.4. For covalent bond formation, modified SPCE-RGO was dropped with a 20 uL of CMD solution
containing 0.1 M EDC and 0.1 M NHS with a ratio of 1: 1 and incubated for 30 minutes at room
temperature. Then the electrode was dropped with 20 pL of anti-ENaC antibody 0.1 pg/mL and
incubated for 30 minutes at room temperature. The electrode was then rinsed with PBS solution pH
7.4. Afterward, various anti-ENaC concentration were used to obtain the optimum experiment
condition, that were 0.1; 0.5; 1; 2; 10 ug/mL. Optimization of anti-ENaC incubation time also were
done by incubating anti-ENaC for 0, 30, 60, and 90 minutes.

4.2.3 Determination of Immunosensor Response to ENaC

The non-specific binding site of the electrode surface was blocked using a 0.5% BSA solution and
incubated for 30 minutes at room temperature. Then the electrode was dropped with 20 puL of ENaC
and incubated for 1 hour at room temperature. The calibration curve was obtained by measuring 0;
0.09375; 0.1875; 0.375; 0.75; 1; and 1.5 ng/mL of ENaC. The immunosensor response was measured
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by differential pulse voltammetry with the potential range -1.0 to 1.0 V, scanning rate at 0.008 V/s
using a redox system 10 mM K3[Fe(CN)s] containing KC1 0.1 M.

4.2.4 Optimization of Anti-ENaC Concentration and Incubation Time

The SPCE-RGO electrode was incubated with 20 puL of 1:1 (0.1 M EDC: 0.1 M NHS) for 30 min at
room temperature. Then the electrode was dropped with 20 uL of the anti-ENaC 0.1; 0.5; 1; 2; 10
pug/mL respectively, and incubated for 30 min at room temperature. The electrode was then rinsed with
PBS pH 7.4. To determine the optimum incubation time of anti-ENaC, the SPCE-RGO was dropped
with 20 pL of 1 pg/mL anti-ENaC and incubated for 10, 30, 60, and 90 minutes respectively, at room
temperature. The electrode was then rinsed with PBS pH 7.4.

4.2.5 Analysis of Urine Samples

Briefly, 20 mL of each urine sample was applied to the immunosensor, which proposed and
incubated for 1 hour at room temperature. ENaC concentration was measured by differential pulse
voltammetry in the potential range -1.0 to 1.0 V with a scanning rate of 0.008 V/s using a redox system
of 10 mM Kis[Fe(CN)s] containing 0.1 M KCI.
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