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The goal of this research was to create an electrochemical biosensor based on reduced-rhuEPO on NiO
nanoparticles (NiO NPs) decorated carbon nanotubes (r-rhuEPO/NIO/CNTs) for easy rhuEPO
determination in human blood plasma. For synthesis of electrochemical biosensor, the activated CNTs
and NiO NPs were electrodeposited on GCE surface, respectively. The chronoamperometry was used
for reduction rhuEPO and modified NIO/CNTs/GCE  with  reduced-rhuEPO  (r-
rhuEPO/NIO/CNTs/GCE). The results of structural analyses using SEM and XRD showed that NiO
NPs were heterogeneously decorated on the surface of CNTs/GCE which formed highly porous and
large active surface area which enhanced the electrochemical activity of electrodes and charge transfer
rate. The electrochemical studies using DPV technique showed that r-rhuEPO/NiO/CNTs/GCE was
sensitive and stable rhuEPO biosensor with linear range of 100-1300 ng/l and limit of detection of
0.02 ng/l. The applicability of the r-rhuEPO/NiO/CNTs/GCE as rhuEPO biosensor in athlete's blood
plasma as a real sample was investigated and results indicated the obtained values for recovery
(95.66% to 99.50%) and RSD (2.12% to 3.33%) were acceptable, and the proposed method can
applied as practical rhuEPO biosensor for blood plasma samples.

Keywords: CNTSs; NiO nanoparticles; Electrodeposition; Erythropoietin; Differential pulse
voltammetry

1. INTRODUCTION

Erythropoietin (EPO), also called hematopoietic or hemopoietin, is a glycoprotein cytokine and
hormone that aids in the formation of red blood cells, which transport oxygen from the lungs to the rest
of the body [1]. When oxygen levels in the cells are low and cellular hypoxia occurs, the kidneys and
liver create EPO [2]. The hormone then stimulates the bone marrow, which, in turn, makes more red
blood cells [3]. Excess EPO is caused by persistent low-oxygen exposure or rare malignancies, as well
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as hypoxemia caused by chronic lung illness, which produces high levels of EPO [4]. It causes a
condition known as polycythemia which means high red blood cell count. Right-to-left cardiac shunts
or high altitude also can result in EPO production [5]. Weakness, weariness, headache, itching, joint
discomfort, and dizziness are some of the generic and non-specific symptoms [6].

Exogenous erythropoietin, also known as recombinant human erythropoietin (rhuEPO), is a
biopharmaceutical that is produced in cell culture using recombinant DNA technology. Erythropoiesis-
stimulating agents are used to treat anemia in chronic kidney disease, myelodysplasia, and cancer
chemotherapy-induced anemia. Because raising hemoglobin levels from 11g/dL to 12g/dL might result
in mortality, myocardial infarction, stroke, venous thromboembolism, and tumor recurrence,
hemoglobin levels must be closely monitored during EPO treatment [7].

Red blood cells shuttle oxygen to cells, including muscle cells, allowing them to perform more
effectively. This is why athletes use rhuEPO. The drug is prohibited in sports since it is thought to
improve an athlete's performance and provide those who use it an unfair edge over those who do not
use it. Furthermore, EPO thickens a person's blood, thus increasing the risk of clots [8].

Therefore, many studies have been focused on the synthesis, identification and determination
the rhEPO level in human blood plasma such as high-performance liquid chromatography [9],
immunochromatography [10], affinity probe capillary electrophoresis [11], fluorescence [11], Raman
[12], radioimmunoassay [13], and electrochemical techniques [14-16]. Between these determination
methods, electrochemical techniques have shown great interest in a wide range of clinical diagnostics
because of low cost, sensitivity and selectivity [17-20]. Furthermore, studies have indicated the
capability of modification of electrodes in these techniques using nanostructured hybrids and
composites can improve the stability, repeatability and sensitivity [14-16, 21]. Therefore, this study
was carried out on synthesis of electrochemical sensors based on r-rhuEPO/NiO/CNTs/GCE for facile
determination of rhuEPO in the human blood plasma.

2. MATERIALS AND METHOD

2.1. Synthesize the modified electrodes

Before the electrodeposition, a GCE surface was sequentially polished using alumina slurry
(99.9%, nanoshel, UK) on a micro-cloth pad (Buehler, Germany) until to obtain mirror-like surface,
and then GCE was ultrasonically rinsed with deionized (DI) water and ethanol for 10 minutes,
respectively. CNTs (>97%, diameter of 40um, Qingdao Haoyu Graphite Products Co., Ltd., China)
were activated through the immersion in with equal volume of HF (48%, Merck, Germany) and HNO:s
(65%, Merck, Germany) overnight. Next, the activated CNTs were washed with DI water repeatedly,
and then dried at 300°C for 3 hours. All electrodeposition was performed in an Autolab® PGSTAT30
potentiostat (EcoChemie, The Netherland) using three- electrode electrochemical cell which contained
working electrode (GCE or modified GCE), counter electrode (Pt foil) and reference electrode
(Ag/AgCI (3M KCI)). Electrodeposition of CNTs on GCE surface (CNTs/GCE) was carried out using
0.3 g/l CNTs suspension at current density of 40 mA/cm? during 1 hours [22, 23]. The electrolyte was
stirred using a magnetic stirrer. After then, electrodeposition of NiO NPs on CNTs/GCE
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(NIO/CNTs/GCE) was accomplished using electrolyte which 250 g/l NiSO4-6H2.0O (>99%, Sigma-
Aldrich), 38 g/l NiCl2-6H20 (99.9%, Sigma-Aldrich)and 40 g/L H3BO3 (>99.5%, Sigma-Aldrich) at
current density of 50 mA/cm? within 1 hours [24].

1uM rhuEPO (Sigma-Aldrich) as standard solution was prepared in 0.1M phosphate buffer
solution (PBS) (pH 7.4). For modified NiO/GCE and NiO/CNTs/GCE with r-rhuEPO (r-
rhuEPO/NIO/GCE and r-rhuEPO/NIO/CNTs/GCE), 0.05 ml of standard rhuEPO solution was loaded
on modified electrodes, and reduced by chronoamperometry at potential of -0.9 V for 5 to 30 minutes
in 0.1M KOH [25].

2.2 Characterization

For electrochemical analyses of rhuEPO, chronoamperometry and differential pulse
voltammetry (DPV) measurements using the AUTOLAB electrochemical system in three-electrode
electrochemical cell were employed for electrochemical desorption of the reduced protein from the
modified electrode surface in 0.1M PBS (pH 7.4) at potential range from -0.6 V to 0.4 V at a scan rate
of 20 mV/s. The 0.1M PBS was prepared from an equal volume ratio of 0.1 M NaH2PO4 (99%, Sigma-
Aldrich) and 0.1 M Na2HPO4 (>99.0%, Sigma-Aldrich). The enzyme-linked immunosorbent assay kit
(ELISA, optical density at 450 nm, Air Plants Bio., Tokyo, Japan) was used for analyses of rhuEPO in
human blood plasma that the concentration range of its calibration plot was in the range of 11 — 334
ng/l. The morphology and crystallographic structures of the electrodeposited nanostructures were
investigated using scanning electron microscope (SEM, LEO SUPRA 35 VP, Carl Zeiss, Oberkochen,
Germany) and X-ray diffractometer (XRD, Philips X'pert MPD), respectively.

2.3. Preparation the real sample

To make magnetic beads that conjugate the antibody, the mixture was prepared which
contained of 0.1 ml of 0.15 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC, 99%, Sigma-
Aldrich), 0.1 ml of 0.15 M N-hydroxysuccinimide (NHS, 98%, Merck, Germany) and 1g Fe3O4 NPs
coated with 1% polyvinylpyrrolidone (98%, diameter of ~30 nm, US Research Nanomaterials, Inc.,
USA) under magnetic stirring. Subsequently, 10 uL of 0.1 g/l anti-rhuEPO antibody (Ab, MAIIA
Diagnostics, Sweden) was added to the resulting mixture. In order to complete conjugation of
magnetic beads with antibodies, the obtained suspension was stored at 4 °C for 3 hours, and then the
Ab-conjugated magnetic beads were collected with an external magnet. The Ab conjugated magnetic
beads were dispersed in 0.1 ml of 0.1M PBS (pH 7.4) and stored at 4 °C until use.

The Ab-conjugated magnetic beads were applied to selective extraction of rhuEPO from human
blood plasma. 10 ng/l of rhuEPO was injected into the rhuEPO free-human blood plasma which was
provided from Beijing Tiantan Puhua Hospital, China. Thereupon, 0.1 ml of the Ab-conjugated
magnetic beads was added to athlete's blood plasma under magnetic stirring. Then, the sample was left
for 20 minutes at 20°C. Eventually, the magnetic beads were magnetically separated from the sample.
For remove the absorbed rhuEPO from the conjugated magnetic beads which immersed in the equal
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volume ratio of mixture of 0.1 M glycine (>99%, Sigma-Aldrich) and 0.1M KOH (>99%, Sigma-
Aldrich) for 6 minutes at 20°C. Then, gravity flow size-exclusion system (GE Healthcare, USA) was
used for eliminate the glycine buffer form the released rhuEPO solution. After then, the obtained
protein was washed with 0.5ml of 0.1 M KOH. To analyze the rhuEPO in an athlete's blood plasma,
0.05 ml of the washed rhuEPO was loaded onto the modified NiO/CNTs/GCE and dried with a stream
of nitrogen gas.

3. RESULTS AND DISCUSSION

3.1. Structural analyses of electrodeposited nanostructures

Figure 1 presents the SEM images of CNTs/GCE, NiO/GCE and NiO/CNTs/GCE. As seen
from Figure 1a, CNTs were homogeneously electrodeposited on GCE surface and forms a high porous
spaghetti-like network with diameter of ~90 nm. As observed from Figure 1b, the electrodeposited
NiO NPs on GCE surface displays the homogeneous distribution of NPs in spherical-shape with
average diameter of 70 nm. Figure 1c shows that the NiO NPs were heterogeneously decorated on the
surface of CNTs/GCE. The random distribution of Ni NPs on CNTs related to the porous surface and
numerous defects on electrodeposited CNTs on GCE provide the hot spot place for electrodeposition
the NiO NPs. Additionally, the heterogeneous surface of NiO/CNTs/GCE creates a highly porous and
large active surface area which enhances the electrochemical activity of electrodes and charge transfer
rate [26, 27].

Figure 1. SEM images of (a) CNTs/GCE, (b) NiO/CNTs/GCE.

Figure 2 shows the XRD patterns of powders of electrodeposited CNTs and NiO NPs and
NiO/CNTs. The XRD pattern of CNTSs in Figure 2a shows two diffraction peaks at 25.97° and 43.11°,
corresponding to formation of the graphitic planes of (002) and (1000), respectively. The XRD pattern
of NiO NPs and NiO/CNTs in Figures 2b and 2c exhibits the diffraction peaks at 37.29°, 43.54° and
62.97° which related to formation the centered cubic phase of NiO with (111), (200) and (220) planes,
respectively (JCPDS card No. 43-1477). The XRD pattern of NiO/CNTs shows the additionally weak
peak at 26° which indicates successful electrodeposition of NiO NPs on CNTSs.
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Figure 2. XRD patterns of powders of electrodeposited (a) CNTs and (b)NiO NPs and (c) NiO/CNTs.

3.2. Electrochemical study of biosensor

The normal values of EPO in healthy adults range between 7 and 19 ng/l [28]. Thus, the
sensing capability of the electrochemical biosensor of rhuEPO should be investigated within ng/I
concentration range. Figure 3 shows the resulted DPV curves of GCE, CNTs/GCE, NiO/GCE,
NiO/CNTs/GCE, r-rhuEPO/NiO/GCE and r-rhuEPO/NiO/CNTs/GCE in presence of 10 ng/l rhuEPO in
0.1M PBS (pH 7.4) at scan rate of 20 mV/s. It can be observed from Figures 3a to 3d that there are no
redox peaks for desorption of rhuEPO for GCE, CNTs/GCE, NiO/GCE and NiO/CNTs/GCE. The DPV
curves of r-rhuEPO/NiIO/GCE and r-rhuEPO/NiIO/CNTs/GCE in Figures 3e and 3f show the peak
current at potential of -0.1V and -0.07V, respectively that related to the electrochemical reduction and
entrapment of protein onto the surface of electrodes under 25 minutes chronoamperometry which leads
to cleaving the disulfide bond between neighboring protein residues [29, 30]. It resulted in the
formation of the free thiol or incomplete disulfide bonding of protein and subsequently the Ni—S =
bonding in nickel—cysteine [31, 32]. Moreover, the comparison between DPV curves in Figures 3e and
3f reveals that the peak in r-rhuEPO/NIO/CNTs/GCE possesses a higher current and lower potential
than that on r-rhuEPO/NiIO/GCE. It can be attributed to porous CNTs frameworks with high electrical
conductivity [33-35], and biocompatibility of CNTs with a macroporous structure that increases
cellular proliferation and allows the control of the protein activity [33, 36]. Therefore, r-
rhuEPO/NIO/CNTs/GCE was selected for following electrochemical studies.
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Figure 3. DPV curves of (a) GCE, (b) CNTs/GCE, (c) NiO/GCE, (d) NiO/CNTs/GCE, (e) r-

rhuEPO/NIO/GCE and (f) r-rhuEPO/NiIO/CNTs/GCE in presence of 10 ng/l rhuEPO in 0.1M
PBS (pH 7.4) at scan rate of 20 mV/s.
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Figure 4. DPV curves of r-rhuEPO/NiO/CNTs/GCE in presence of 10 ng/l rhuEPO in 0.1M PBS (pH

7.4) at scan rate of 20 mV/s after 0 to 30 minutes reduction of rhuEPO through the
chronoamperometry.

Further electrochemical measurements were conducted on study of the reduction time effect on
sensitivity of electrochemical response of r-rhuEPO/NIO/CNTs/GCE in presence of 10 ng/l in rhuEPO
0.1M PBS (pH 7.4) at scan rate of 20 mV/s. Figure 4a shows the DPV curves of the modified electrode
after 0 to 30 minutes reduction of rhuEPO. As seen, the peak current intensity at -0.07V is increased
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with increasing the reduction time from 5 to 25 minutes, indicating the enhancement of the amount of
immobilized reduced protein on modified electrodes [25]. For a reduction of more than 25 minutes, the
peak current value is decreased so that it may be related to more cover of the electroactive sites on the
electrode surface. In fact, the conductive electrode surface is covered by non-conductive film [37].
Thus, the 25 minutes reduction time through the chronoamperometry was selected to make the
sensitive detection of the protein in following electrochemical measurements.

Figure 5 shows the stability effect of response of r-rhuEPO/NiO/CNTs/GCE toward the 10 ng/I
rhuEPO in 0.1M PBS (pH 7.4) at a scan rate of 20 mV/s. it can be observed that the difference between
the first and 50" DPV responses shows ~8% decrease which associated with the great stability of
response of proposed electrode for determination of rhuEPO because of presence of electrodeposited
Ni NPs on the walls and tips of the hollow nanotubes, forming a mesoporous metal-carbon
interference. This tip-growth model can facilitate the charge transfer between the biomolecules and
mesoporous metal-carbon interference, and more stabilization of biomolecules within the porous
structure of modified electrodes [38-40]. The trapped active biomolecules in the porous bundles during
25 minutes of electrochemical reduction of rhuEPO can prevent active material loss and inhibit the
shuttle process [41].
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Figure 5. The stability effect of response of r-rhuEPO/NiO/CNTs/GCE toward the 10 ng/l rhuEPO in
0.1M PBS (pH 7.4) at scan rate of 20 mV/s; (a) first, (b) second and (b) 50" DPV responses.

Figure 6 exhibits the DPV responses and calibration plot of r-rhuEPO/NiO/CNTs/GCE to add
different concentrations of rhuEPO in 0.1M PBS (pH 7.4) at scan rate of 20 mV/s. As seen, the
electrochemical desorption current is linearly increased with increasing the protein content in the range
100-1300 ng/l. For the higher concentration of protein the calibration plot shows the deviation from
the linear relationship. The limit of detection was obtained 0.02 ng/l. Furthermore, the results sensing
properties in this study is compared with the previously reported rhuEPO sensors in Table 1.
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concentration of rhuEPO in 0.1M PBS (pH 7.4) at scan rate of 20 mV/s.

Table 1. Comparison between the resulted sensing properties of r-rhuEPO/NiIO/CNTs/GCE and the

previously reported rhuEPO sensors.

Detecti
Sensing Linear on
Electrode technique range (ng/l) | limit Ref.
(ng/l)
r-rhuEPO/NiO/CNTs/GCE DPV 100 to 1300 | 0.02 This
work
nano-Au/ZnO sol-gel/nano-Au/GCE CVv 5x10* to 4 [14]
10
500
Polydopamine imprinted polymer Sotentlometr 10% to 10° 330 [15]
_rhEP_O/S|I|ca-based rhEPO-molecularly RP-HPLC 9%10% t0 10° | 21240 [9]
imprinted polymer
Anti-EPO/polyesterbacked nitrocellulose IMCG 171051 0.035 [10]
membrane
. 7x10°% to 7.4
Single-stranded DNA aptamer probe APCE/LIF 3.5%108 X 10° [11]
mercury electrode SWV 40 to 400 17 [16]
Anti-EPO /Rod-shaped gold NPs SERP 0.1to 10° 0.1 [12]

SWASV: Square wave anodic stripping voltammetry; RP-HPLC: Reversed-phase of high-performance
liqguid chromatography; IMCG: Immunochromatography; APCE/LIF: Affinity probe capillary
electrophoresis/laser-induced fluorescence; SWV: Square wave voltammetry; SERP: Surface-
enhanced Raman probe
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It can be observed that the sensor in r-rhuEPO/NiIO/CNTs/GCE displays is better than or
comparable with that of other reported rhuEPO sensors which related to good catalytic performance of
NiO/CNTs frameworks which provides higher specific surface area and anchoring sites for
biomolecules and charge transfer channel for catalytic reactions [42].

For investigation the applicability of the r-rhuEPO/NiO/CNTs/GCE as rhuEPO biosensor in
athlete's blood plasma as real sample, the rhuEPO were extracted using the polymer-functionalized
magnetic beads, reduced on a NiO/CNTs/GCE using chronoamperometry. The selective isolation of
rhuEPO from human blood plasma as one of the most complex biological matrices is important in
electrochemical sensing. During 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) reaction in
synthesis of magnetic beads, EDAC as mediator and crosslinker can reacts with a carboxyl group of
antibody results in an active O-acylisourea intermediate which can be easily displaced by a
nucleophilic attack from primary amino groups that it forms an amine-reactive intermediate which can
covalently conjugate amine group of magnetic beads [43, 44]. Simultaneously, the addition of
EDAC/NHS carbodiimide coupling reagents to polyvinylpyrrolidone-functionalized magnetic NPs
leads to activation of the primary amines (HN2 groups) of functionalized magnetic beads [45]. N-
hydroxysuccinimide (NHS) as a trapping agent rapidly reacts with the O-acylisourea intermediate
creating reactive esters [44]. The NHS ester will then react with the amine on biological agents by
covalent attachment of an acyl group to the nucleophile with the release of the NHS leaving group.
This EDS/NHS reaction is commonly referred to as a zero-length crosslinking reaction because the
crosslinkers catalyze directional bonding between the macromolecules and the polymer but are not
present in the final result [44, 46]. Therefore, these activated groups can form a covalent bond of
amide that binds to the antibody on the bead surface which can act as a selective agent to extract
rhuEPO from human blood plasma [47, 48]. Table 2 shows the quantification results by DPV and
ELISA techniques in prepared real sample which implied to the average concentration of rhuEPO in
the plasma sample are estimated of 9.02 ng/l and 9.42 ng/l by DPV and ELISA techniques,
respectively, indicating the good agreement and accuracy between two techniques. Furthermore, the
results of analytical studies by standard addition method through the DPV technique are shown in
Table 2.

Table 2. Results of determination of rhuEPO in real blood plasma sample by DPV and ELISA

techniques.
DPV ELISA
Content in Added Found |Recovery RSD (%) Content | RSD (%)
sample (ng/l) | (ng/l) (ng/l) (%) in sample
(ng/l)
9.02 2.77 9.42 2.08
20.0 19.2 96.00 2.12
40.0 39.8 99.50 2.68
60.0 57.4 95.66 3.24
80.0 78.5 98.12 3.33
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It can be found that the obtained values for recovery (95.66% to 99.50%) and relative standard
deviation (RSD) (2.12% to 3.33%) are acceptable, and the proposed method can be applied as practical
rhuEPO biosensor for blood plasma samples.

4. CONCULUSION

This study was carried out on synthesis of electrochemical biosensors based on r-
rhuEPO/NIO/CNTs/GCE for facile determination of rhuEPO in the human blood plasma. The
electrodeposition technique was applied for modification of the NiO/CNTs on GCE surface and
chronoamperometry was used for reduction rhuEPO on NiO/CNTs/GCE (r-rhuEPO/NiO/CNTs/GCE).
The results of structural analyses showed that NiO NPs were heterogeneously decorated on the surface
of CNTs/GCE. The electrochemical studies showed that r-rhuEPO/NiO/CNTs/GCE was a sensitive and
stable rhuEPO biosensor with linear range of 100-1300 ng/l and limit of detection of 0.02 ng/l. The
applicability of the r-rhuEPO/NIO/CNTs/GCE as rhuEPO biosensor in athlete's blood plasma as real
sample was investigated and results indicated the obtained values for recovery and RSD were
acceptable, and the proposed method can applied as practical rhuEPO biosensor for blood plasma
samples.
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