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Abstract —Leukemia stem cells (LSCs) are suitable candidates to be deployed for the diagnosis and therapy of
acute myeloid leukemia (AML) patients. In this study, a novel
electrochemical cytosensor was designed for the sensitive
detection and quantification of KG1a cells as a model of
LSCs. The developed cytosensor was based on the overexpression of cell surface protein CD123 by leukemia KG1a
cells. For this purpose, the glassy carbon electrode was modified by graphene quantum dots (GQDs), Au nanoparticles,
streptavidin coated AuNPs, biotinylated CD123 antibody and
target cells. The dense loading of CD123 antibody and electrical enhancement on the modified electrode were carried
out using GQDs, this resulting in a sensitive detection of
CD123 positive cells within KG1a cells. Step by step preparation of the nanomaterial-based cytosensor and its optimization steps were confirmed by different electrochemical
techniques. The field emission scanning electron microscopy (FE-SEM) images also confirmed the proper attachment
of the materials and the cells on the surface of the modified electrode. The linear detection range (LDR) and limit of
detection (LOD) of the developed electrochemical biosensor were recorded as 1 cell/mL and 1-25 cells/mL, respectively,
which is remarkable. Importantly, the present findings are precise and highly selective in the presence of other leukemia
cells (NB4, HL60, and U937 cells). Further, the versatility and accuracy of the proposed cytosensor were evaluated using
clinical samples. We believe that the cytosensor proposed in this study has the potential to serve as a next generation
sensor for the early detection of leukemia stem cells.
Index Terms — Acute myeloid leukemia, cytosensor, CD123, gold nanostars, electrochemistry.
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I. I NTRODUCTION
NTERLEUKIN (IL)-3, IL-5, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) receptors form a subfamily of membrane receptors, known as the Beta Common
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(βc) family or type I cytokine receptor superfamily [1]. Each
subfamily is a heterodimer, composed of a cytokine-specific α
subunit and a common βc subunit, enabling high-affinity binding and cell signaling. The βc family utilizes a specific subunit
(α) that binds the cognate cytokine as well as the shared
subunit (βc) and is essential for signaling pathways. The
α-chain of the interleukin-3 receptor (IL-3Rα) is a glycoprotein including 360 amino acid residues of intra and extracellular domains. The extracellular domain consists of 287 amino
acid residues and contains a predicted Ig-like domain and two
Fn-III domains. The transmembrane and intracellular domains
include 30 and 53 amino acid residues, respectively [2]. IL-3 is
a pleiotropic cytokine, produced by activated T-lymphocytes
and known to regulate the production and function of immune,
hematopoietic and endothelial cells [3], [4]. It can also favor
the growth of bone marrow hematopoietic stem cells [5], [6].
IL-3 is also a regulatory glycoprotein that can accelerate
the proliferation and differentiation of primary hematopoietic
cells. As a tumor promoter, IL-3 plays an essential role in cell
cycle progression and inhibition of programmed cell death in
hematopoietic cells [7], [8]. Since IL-3 plays a vital role in the
suppression of apoptosis during normal hematopoiesis, it can
help to preserve cellular viability [8]. Pro-apoptotic proteins,
however, can be phosphorylated by IL-3 [9], to control the
apoptotic signaling pathways. Nevertheless, this phosphorylation can activate JAK within the JAK/STATs signaling
pathway [10].
IL-3Rα (CD123) in association with CD131 form a highaffinity IL-3R [11]. The IL3Rα N-terminal domain (NTD)
creates optimal IL-3 binding. However, it is not essential for
the IL-3 signaling pathway. It has been reported that this CD
marker is overexpressed in various hematologic malignancies,
including some forms of acute myeloid and B-lymphoid
leukemia, hairy cell leukemia [12] and blastic plasmacytoid
dendritic neoplasms [13]. Recent studies have indicated that
abnormalities of CD123 are frequently observed in some
leukemic disorders and may contribute to the proliferative
phase of leukemic cells [14]. Moreover, several studies have
reported expression of CD123 in repopulating stem cells
as well as various subpopulations of hematopoietic progenitor cells [15]. Since the expression of CD123 is deficient
in hematopoietic stem cells and very high in myelogenous
leukemia stem cells, it is plausible that this marker could be
utilized in immunotherapeutic and preclinical diagnostics [16].
In patients with acute myeloid leukemia, a high number of
atypical blood cells are produced and released into the blood
stream [17]. Recent findings have shown that leukemia stem
cells (LSCs) play a crucial role in the refractory (remission
phase) and relapse of AML, suggesting their pivotal impact
onto patients’ healing period [18]. The early detection of AML
at the primary stages could help clinicians to select better
treatment strategies [17]. Various methods have been utilized
for the diagnosis of acute leukemia such as detection of cell
surface markers [17], cytochemistry tests [19], immunophenotyping using flow cytometry [20], microarrays [21], blood
analysis [22] and DNA test using polymerase chain reaction (PCR) [23]. However, these methods suffer from the
complexity involved during sample preparation, sophisticated
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instrumentation and data processing, as well false-negative
results in PCR tests [24]. Moreover, in antibody-based
methods like flow cytometry, false-positive results are
inevitable [25].
Detection and isolation of LSCs are challenging since
they mostly present in tissues in low numbers. According
to the literature, the best model to study LSCs properties is
represented by KG1a cells. Self-renewal is a common feature
of all stem cells, and previous findings showed that LSCs
in AML patients display the same behavior [26]. CD123 is
an AML marker expressed in AML patients [7]. To target
CD123, researchers used specific monoclonal antibodies such
as 7G3mAb, the diphtheria toxin (DT) as a natural ligand,
and some small molecules with an interfering effect on the
bioconjugation of the receptor and the antibody [16], [27].
Biosensors are quantitative devices, in which the biological
interaction results in high-selective measurements. In the
electrochemical biosensors, the inherent sensitivity of electrochemical methods is combined with the bioselectivity of the
biological elements. Consequently, this hybrid system (electrochemical + biosensors) constitutes an ultrahigh-sensitive
and selective method for the early detection of silent diseases
such as cancers. Electrochemical sensors [28] and biosensors [28]–[30] have been mostly applied for the detection
of biomolecules and drugs in human fluids. To improve the
selectivity, reproducibility and sensitivity of electrochemical
biosensors, some of the nanomaterials have been chosen as
signaling species such as nanoparticles, carbon nanotubes,
magnetic beads, quantum dots, graphene and graphene quantum dots (GQDs). According previous biosensor studies, most
researches prefer to use GQDs in their biosensor designing
process because of GQDs nanomaterials’ unique characteristics such as electro-catalytic activity, good biocompatibility,
signal amplification, excellent conductivity, increase surface
area of electrode, quantum confinement, numerous sites for
chemical modification and low cytotoxicity. Therefore, GQDs
have been chosen as an electrode modifier to improve sensitivity, selectivity and specificity of biosensors and are used in
most of the electrochemical biosensors [31]–[34].
Besides, gold nanoparticles (AuNPs) were used as
biocompatible materials [35] and conductivity enhancing
agents in the cytosensor design. Construction of nanoparticles
like AuNPs into graphene based structures such as GQD is
a novel procedure to amplify conductivity of these types of
nanomaterials [36], [37] and preparing a ultra-high sensitive
biosensor.
In this study, an electrochemical cytosensor was developed
for the early detection of leukemia stem-like cells. This device
was engineered to detect CD123 protein as a cell surface
biomarker, overexpressed on KG1a cells [38]. Based on the
critical role of CD123 in the diagnosis and progression of
AML diseases, a nanomaterial-based electrochemical cytosensor was designed for the quantification of AML positive cells.
In this regard, GQDs were selected as electrode platform
for their high surface area and electrical conductivity and
stepwise modified by gold nanoparticles (AuNPs), streptavidin
(St)-coated AuNPs (star shape) and monoclonal antibody to
CD123 (Scheme 1). The functionality of the sensor was
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Scheme. 1. The schematic design of the cytosensor captures the CD123 overexpression cell.

evaluated using both leukemia cell lines and primary AML
patient samples.
II. E XPERIMENTAL S ECTION
A. Materials
All materials used in this study are analytical grade. N, N
dimethylformamide (DMF) was obtained from Fluka (Switzerland). Bovine serum albumin (BSA), nitric acid solution,
H2 SO4 , NaBH4 (sodium borohydride), and streptavidin were
purchased from Sigma (USA). HAuCl4 .3H2 O was received
from Aldrich (Germany). NaOH, KCl, Ethanol, and citric acid
were obtained from Merck (Germany). Penicillin/streptomycin
was purchased from BIO-IDEA (Iran). Poly (vinylpyrrolidone)
(PVP, MW = 58000) was purchased from Acros Organics
(Geel, Belgium). Ficoll-Paque was obtained from Pharmacia
Biotech (Sweden). Phosphate buffered saline (0.01 M, PBS,
pH = 7.4) was prepared by dissolving a suitable amount of
potassium dihydrogen phosphate, disodium hydrogen phosphate, potassium chloride and sodium chloride in distilled
water. The biotinylated CD123 and CD123-FITC antibodies
were purchased from Pharmingen (BD Biosciences, Erembodegem, Belgium) and Santa Cruz Biotechnology (Santa
Cruz, CA, USA), respectively. All solutions were prepared
in double-distilled water. KG1a, HL-60, NB-4 and U937 cell
lines were received from the Pasteur Institute of Iran. RPMI
1640 medium and fetal bovine serum (FBS) were purchased
from GIBCO (Life Technologies, Paisley, Scotland).

B. Apparatus
All cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), linear sweep voltammetry (LSV),
chronoamperometry (CHA), and square wave voltammetry (SWV) experiments were done on an AUTO LAB galvanostat /potentiostat (Metrohm) electrochemical system. NOVA
2.1.2 software was used for control of the Autolab. The
electrochemical cell contains a standard three-electrode setup.

The reference electrode was an Ag/AgCl electrode. A platinum wire as a counter electrode and a 2 mm in diameter
glassy carbon electrode (GCE) was applied as a working
electrode. A quartz cell was used for all electrochemical
experiments. Field emission scanning electron microscopy
(FE-SEM) was performed on a TESCAN (SEM5001) scanning electron microscope for approving of modification on
the glassy carbon electrode (GCE). A transmission electron
microscope (TEM, EM 208S, Philips, Netherlands) was used
for the characterization of particle size and morphologies of
the synthesized gold nanostars. The UV–Visible and Fluorescence spectroscopy were recorded on Shimadzu UV-2550
(Kyoto, Japan) spectrophotometers and Shimadzu RF-5301PC
(Kyoto, Japan), respectively. In order to obtain a homogeneous
suspension of GQDs, samples were placed in an ultrasonic
bath (Parsonic 2600s, Pars Nahand Engineering Company,
Iran).

C. Mechanical and Electrical Polishing of the Electrode
GCE was used as a working electrode after being carefully
washed and cleaned. Subsequently, GCE was sequentially
modified by different modifiers. In this regard, GCE was
washed once with 2% nitric acid and twice with distillate
water. Then, the pre-washed GCE was polished on a polishing
pad and alumina powder. Subsequently, the polished GCE was
washed again using 2% nitric acid and distillate water, in turn.
At this stage, the mechanical cleaning process was completed,
and the GCE ready to be applied for electrochemical polishing
using an acidic solution. For this purpose, the GCE was placed
in the electrochemical cell containing 0.5 M H2 SO4 . The CV
technique was used, and the potential was adjusted at −0.3 V
to 1.55 V for ten cycles. Finally, the electrode was washed
and dried using a nitrogen gun.
D. Synthesis of GQDs
GQD is a zero-dimensional carbon nanomaterial and properties of this nanomaterial obtain from both carbon dots and
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standard electrochemical solution of potassium ferrocyanide
(Fig. 1b, c).

F. Electrosynthesis and Electrodeposition of AuNPs on
GQDs-GCE
The AuNPs were electrosynthesised and electrodeposited
on the GQDs-GCE. The selection of an electrochemical technique, applied potential, number of cycles and scan rate plays
a critical role in the shape, aggregation and distribution of
produced nanoparticles on the substrate [40]. In this study,
the CHA technique was used for in-situ electrosynthesis and
electrodeposition of AuNPs. A solution containing 0.01 M of
HAuCl4 and 0.1 M of KCl was transferred to the electrochemical cell and the CHA technique was applied (−0.75 V and
600s) for in-situ electrosynthesis of AuNPs (Fig. 1d).

Fig. 1. (a) Fluorescence spectra of various concentrations of synthesized
GQDs. (b) CVs and (c) EISs of electrodeposition of GQDs on bare GCE
after different number of cycles (5, 10, 15, 20, 25, 30, 40, 60, 70) at the
same scan rate of 0.075 V/s in 5 mM K4/KCl 0.5 M. (d) Electrodeposition
of AuNPs on the modified electrode by CHA technique. (e) UV-vis
absorption spectra of AuNPs star-shape and (f) TEM images. (g) LSVs
and bar graph (h) of electrosynthesis of AuNPs on the modified electrode
in 0.01 M HAuCl4 and 0.1 M KCl solutions with different potentials
(−0.25, −0.5, −0.75, −1, −1.25 and −1.5 V) at the same deposition time
of 600 s in 5 mM K4/KCl 0.5 M.

graphene. GQDs are widely used for environmental, optoelectronics and biological applications. Structurally, GQDs are
carbon based structures, heterogeneous and located between
macro-molecular dimensions and molecules. GQDs were synthesized according to the previously described protocol [39].
Briefly, citric acid was pyrolyzed in the presence of an
alkaline solution. For this propose, 2 g of citric acid was
heated to 200 ◦ C, at which the solution color changed to
orange. The obtained product was neutralized by 100 ml
of 10 mg/ml NaOH solution and stored at 4 ◦ C before use. The
optical activity of the synthesized GQDs was characterized
by fluorescence spectra, in which the excitation and emission
wavelengths were 365 and 367nm, respectively (Fig. 1a).

E. Electrodeposition of GQDs on GCE
The GQDs were utilized as an enhancing agent for electrical
conductivity, especially for increasing the specific surface area
of the modified electrode. By using GQDs, the dense loading
of the cell capture agent was dramatically enhanced. For this
purpose, synthesized GQDs were electrochemically deposited
on the pre-cleaned GCE using the CV technique. The thickness
of the GQDs and electron transfer ability were checked in the

G. Synthesis of Star-Shaped AuNPs
The star-shaped AuNPs were synthesized and used as an
electrical signal enhancing agent during the analysis, because
of to their specific optoelectrical properties (localized surface
plasmon resonance and electrical conductivity) with high
electron transfer speed [41]. For the synthesis of Au nano
seeds, 28.6 μL of HAuCl4 , 0.1136 M aqueous solution and
61.75 mL solution of 0.098 g PVP in DMF/H2 O (9:0.5 v/v)
were mixed. 3.25 mL of 10 mM freshly prepared ice-cold
NaBH4 was then added as a reducing agent under vigorous
stirring. Subsequently, the final solution was stirred for 2h
at room temperature. Before further experiments, the solution
was kept at room temperature for 24 h.
For the synthesis of gold nanostars, 84 μL of HAuCl4
50 mM aqueous solution and 30 mL of PVP 4.6 mM solution
in DMF were mixed. 42 μL of Au-seed-solution was then
added to the above solution under vigorous stirring. Initially,
the mixture color was pink and in the following two hours
during mixing, it became transparent; the color of the mixture
turned into dark blue at the end of the procedure. The solution
was subsequently centrifuged, and finally, 5% ethanol in
ultrapure water was used for re-dispersing the synthesized gold
nanostars. The obtained star-shaped AuNPs were analyzed
using UV-Vis spectroscopy (Fig. 1e), and the particle size and
morphologies of the star-shape gold nanostars characterized
by transmission electron microscope (TEM) (Fig. 1f) [41].
H. Modification of Star-Shaped AuNPs With Streptavidin
The bioconjugation of streptavidin on the star-shaped
AuNPs was performed via covalent bonding. In brief, 50 μL
of streptavidin (1mg/ml) was added to 1 mL of star-shaped
AuNPs (pH = 6.5) and the derived solution was stirred at
37 ◦ C for 150 min. For avoiding nonspecific binding, the bare
parts of AuNPs in streptavidin-coated star-shaped AuNPs were
blocked by 1% BSA solution at 37 ◦ C for 15 min. The
unbound BSA and streptavidin were removed by centrifugation (12500 rpm, 15 min). The final streptavidin-coated
star-shaped AuNPs (St@AuNPs) were washed twice with
PBS (0.1M, pH = 7.4) and finally resuspended in PBS
(0.1M, pH = 7.4) and stored at 4 ◦ C before use [42].
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I. Immobilizing of St@AuNPs on the Surface of the
Glassy Carbon Electrode
The site-specific immobilization of monoclonal antibody
on the electrode surface plays a critical role in the specificity and sensitivity of the designed immunosensor [43]–[45].
Commonly used materials for site-specific immobilization
of antibodies are G protein and streptavidin-biotin (Bio-St).
Therefore, the CD123 biotinylated antibody was applied for
the construction of the cytosensor. St@AuNPs were used
not only for the site-specific immobilization of biotinylated
CD123 but also for the enhanced conductivity of the modified
electrode via AuNPs. In this study, the amount of biotinylated
anti-CD123 (Bio-Ab) on the St@AuNPs was also optimized.
For this purpose, different concentrations of Bio-Ab were
incubated with the same amount of star-shaped AuNPs.
J. Cell Culture and Immobilizing
KG1a cells and other leukemia cell lines such as HL-60,
NB-4 and U937 were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 200 U/mL
Penicillin (10000 Units/mL)/streptomycin (10000 Units/mL)
in a humidified atmosphere with 5% carbon dioxide. Then,
cell suspensions were centrifuged at 1500 rpm for 3 min
and washed with PBS buffer. After culture, cells were used
for immobilization on the modified electrode. The number of
attached cells was measured by SWV technique [44], [46].
K. Isolation of Peripheral Blood Mononuclear Cells
(PBMCs)
For the separation of PBMCs from peripheral blood and
bone marrow Ficoll-Paque was used. 4 mL of blood was
layered onto 4 mL of Ficoll. Samples were centrifuged at
4,000 rpm at 20 ◦ C for 40 min. Then, the PBMC layer
was carefully collected and resuspended in PBS. PBMCs
were washed twice [47] and finally resuspended in 4 mL
PBS buffer. The PBMCs isolated from the bone marrow
were analyzed by flow cytometry (FC) for the presence of
several CD markers such as CD13, CD33, CD10, CD11b,
CD45, CD34, CD38, CD117 and CD64 to assess the tumor
cell phenotype. The experiments were conducted under a
license acquired by the Tabriz University of Medical Sciences
(No. IR.TBZMED.REC.1398.092).
L. Flow Cytometry Analysis
The expression level of CD123 in different leukemia cell
lines was analyzed by flow cytometry using fluorescein isothiocyanate (FITC)-conjugated antibody against CD123. For this
propose, each cell line was blocked with 1% BSA for 20 min.
Then, 1 μL of FITC-conjugated anti-human CD123 antibody
was added to each cell solution and incubated in the dark for
1 h, at 4 ◦ C. After washing twice, FC analysis was performed
using a FACSCalibur (BD Bioscience, USA) [48] and data
were analyzed by FlowJo software (ver.7.6).
III. R ESULTS AND D ISCUSSION
After several cleaning and pre-treatment stages of GCE,
GQDs were synthesized and electrodeposited on the GCE for
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expansion of the surface area and to increase the conductivity
of the modified electrode [39]. Firstly, to obtain a homogeneous suspension of GQDs, the sample was sonicated in an
ultrasonic bath. The GQD suspension was then transferred
to an electrical cell. The CV technique was applied for the
electrodeposition of GQDs on the pre-cleaned GCE. To obtain
the best thickness of GQDs on the GCE, the cycle number in
the CV technique was optimized. This process was carried
out using different cycle numbers (5, 10, 15, 20, 25, 30, 40,
50, 60, and 70) (Fig. 1b). Based on the recorded CVs, the best
thickness was obtained at 40 cycles. The CVs voltammograms
were confirmed entirely by the EIS technique (Fig. 1c).
After electrodeposition of GQDs on GCE and to improve
the conductivity of the modified electrode, AuNPs were electrochemically synthesized on the modified electrode. This
process was done via CHA technique. The surface morphology
and thickness were controlled by applying different potentials
(−0.25, −0.5, −0.75, −1, −1.25, and −1.5 V) at the same
deposition time (600 s) (Fig. 1g). The LSV reduction (Red)
technique was used for the optimization of the corresponding
CHA voltammograms and the LSVs (Red) were depicted in
Fig. 1h. Based on the obtained voltammograms, E = −0.75 V
was selected as an optimum potential for the next optimization
steps.
In the following step, streptavidin-coated star-shaped gold
nanoparticles (St@SSAuNPs) were immobilized on the electrodeposited gold layer. It is important to emphasize that the
CD123 biotinylated antibody was applied as a cancer stem cell
capture agent. For site-specific bioconjugation of biotinylated
antibody on the modified electrode, St@SSAuNPs were used.
The interaction between St and biotin (Bio) is robust [49].
From the electrochemical biosensor design standpoint, using
St-Bio on the electrode surface may reduce the electron transfer rate [42]. To address this issue, streptavidin was coated on
the gold nanoparticles (St@AuNPs) where AuNPs reduce this
effect and consequently increase electron transfer. Therefore,
in order to find the best volume of St@AuNPs solution to
be placed on the modified electrode, different volumes of
St@AuNPs solution were immobilized (10, 15, 20, 25, 35,
and 40 μl) (Fig. 2a, b). Comparison of the results obtained
revealed that 25 μl was the optimum volume of St@AuNPs
solution.
To establish the optimum temperature, 4 ◦ C and 37 ◦ C
were tested. According to LSV (Red) findings (Fig. 2c, d),
4 ◦ C appeared to be the best temperature for the incubation of
St@AuNPs. Finally, the best incubation time was determined
after testing different times, including 1, 2, 3, 4, and 5h
(Fig. 2e, f). Results indicated that 3h was the optimum time
for incubation of St@AuNPs.
Ultra-high sensitivity occurs when using St and GQDs. One
St molecule can conjugate with four biotin or biotinylated
molecules. In other words, when using St, the dense loading
of the biotinylated antibody on the modified electrode occurs,
leading to an increase in sensitivity. Furthermore, the GQD
surface area is also very high, and its inherent electrical
conductivity causes a significant enhancement in the electron
transfer rate. Due to its insulation properties, streptavidin,
may slightly reduce the conductivity of the designed bioassay.
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Fig. 2. (a) LSVs and (b) bar graph of immobilization of different volumes of St@AuNPs (10, 15, 20, 25, 35, 40 µL), (c) LSVs and (d) EISs of
incubation temperature (4 ◦ C, room temperature and 37 ◦ C) of St@AuNPs, (e) LSVs and (f) bar graph of incubation time (1, 2, 3, 4 and 5 (h) of
St@AuNPs on the modified electrode, in 5 mM K4/KCl 0.5 M.

To overcome this problem, the star-shaped gold nanoparticles
were used, and streptavidin was coated on the AuNPs. Hence,
the use of AuNPs inhibits the insulation effect of St molecule [50].
As mentioned above, biotin and streptavidin were used
because streptavidin molecules can conjugate with 4 biotinylated compounds [51], this interaction being very strong.
However, the electron transfer rate was declined. Therefore,
AuNPs were used to solve this technical problem [42].
In order to find the optimum volume of biotinylated antibody
(Bio-Ab), different volumes (2, 5, 10, 15, and 20 μl) of
the anti-CD123 Bio-Ab were immobilized on the modified
electrode. According to the LSV (OX) results (Fig. 3a, b),
20 μl of Bio-Ab was chosen as the optimum volume,
at which the minimum oxidation peak current was obtained.
On the other hand, the minimum peak current corresponds
to the maximum attachment of the Bio-Ab on the modified
electrode.

Importantly, other essential features, like the incubation
temperature and time of Bio-Ab on the modified electrode,
were optimized. Different incubation temperatures (i.e. 4 ◦ C,
room temperature (RT) and 37 ◦ C) were evaluated (Fig. 3c, d).
The lowest LSV (OX) peak current was recorded at 4 ◦ C.
It means that the strong bioconjugation of Bio-Ab on the St
modified electrode happened at 4 ◦ C that was selected as the
optimum incubation temperature in subsequent experiments.
Furthermore, the incubation time of Bio-Ab on the modified
electrode was also evaluated and, in this regard, different times
(1, 2, 3, 4, 5, 6, and 7h) were tested. This optimization process
was also carried out using the LSV (OX) technique. Based on
the results obtained (Fig. 3e, f), by increasing the incubation
time from 1 to 4h, the oxidation peak currents decreased.
However, after 4h, there was a trend for the oxidation
peak currents to increase. Consequently, 4h was selected as
the optimum incubation time of Bio-Ab on the St modified
electrode. In order to determine the optimum volume of
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Fig. 3. (a) LSV and (b) bar graph of bioconjugation of different volumes of CD123 monoclonal antibody (2, 5, 10, 15, and 20 µL), (c) LSV and (d) bar
graph of incubation temperature (4 ◦ C, room temperature and 37 ◦ C) of CD123 monoclonal antibody, (e) LSVs and (f) bar graph of incubation time
(1, 2, 3, 4, 5, 6 and 7 h) of CD123 monoclonal antibody on the modified electrode, in 5 mM K4/KCl 0.5 M.

Bio-Ab, different volumes (2, 5, 10, 15, and 20 μl) were
tested. According to LSV (OX) data, 20 μl was chosen as
the optimum volume.
After these optimization steps, the final modified electrode
was ready to capture the target cells. The incubation time and
temperature of the cells on the modified electrodes are 1h and
37 ◦ C, respectively, and 30 μl of the cell suspension is applied
to the electrode [26], [52]–[57]. The final modified electrode
was washed with PBS (pH = 7.4) for 10 min. Herein, various
numbers of KG1a cells (1, 5, 10, 15, 20, and 25 cells) were
immobilized and incubated at 37 ◦ C for 1h in a humidified
atmosphere. The SWV technique was applied to generate the
calibration curve where the corresponding electrical current of
each immobilized cells on the modified electrode was drawn
versus the number of immobilized cells. After step-by-step
modifications of various layers on the bare GC electrode,
the field emission scanning electron microscopy (FE-SEM)
images confirmed the proper attachment of the materials on
the surface of the electrode (Fig. 4). FE-SEM also confirmed

the attachment of a single cell on the modified electrode
(Fig. 4F).
When considering the voltammograms (Fig. 5a), we noted
a linear correlation between the maximum peak currents of
SWV and the attached cells on the cytosensor. The LOD and
LDR of the developed cytosensor were obtained at 1 cell/mL
and 1-25 cells/mL, respectively. In addition, the repeatability
was evaluated for 1 cell/mL, and a relative standard deviation (RSD) of 1.5% for 50 repeated measurements was
achieved. The specificity, which is an important feature of
cytosensors, was examined in the presence of some interfering
factors such as other cancer cells. For this purpose, after
incubation of Ab on the engineered cytosensor for 4h, the
modified electrode was washed by PBS (pH = 7.4) for 10 min.
Cells were then added onto the electrode at the number
indicated, and a decline in the electrochemical current was
observed. For these experiments, a homemade mouth-pipetting
device was used to collect and place the cells under inverted
microscope (Fig. 5a, b). The cytosensor demonstrated a unique
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Fig. 4. Fig. 4. The FE-SEM images of the cytosensor preparation steps. (A) Bare electrode, (B) Bare electrode was modified by GQD, (C) Bare
electrode / GQD was modified by AuNPs, (D) Bare electrode / GQD / AuNPs was modified by St@AuNPs, (E) Ab immobilized on Bare electrode /
GQD / AuNPs / St@AuNPs, and (F) represents the attachment of a single cell on the modified electrode (Bare electrode / GQD / AuNPs / St@AuNPs /
Ab / cells).

Fig. 5. (a) SWVs and (b) calibration curve of peak currents of immobilized
KG1a cells on the modified electrode versus numbers of the cells, in 5 mM
K4/KCl 0.5 M.

specificity for the biorecognition of KG1a cells, this being
also confirmed using the SWV technique. The specificity of
the designed cytosensor was examined in the presence of
other leukemia cell lines. For this purpose, all preparation
steps, except for cell immobilization, were performed under
the same conditions, and the electrical current of 15 KG1a
cells was compared with the electrical current of 15 cells of
other leukemia cell lines. The comparison of the peak currents
obtained by SWV technique showed that when the expression
of CD123 is decreased, the number of captured cells on the
cytosensor has also decreased. In other words, there is a
linear relationship between the expression of CD123 and the
recorded electrical current. It has been previously reported that

the expression of CD123 protein in AML cells is as follows:
KG1a>NB4>HL60>U937. It has been also indicated that the
CD123 was strongly expressed in KG1a (85%), moderately
expressed in NB4 cells (43.1%), and weakly expressed in
HL60 and U937 cells (7-9%) [48], [58]. Flow cytometry
analysis confirmed these expression levels (Fig. 6a, b). Our
cytosensor demonstrated a similar trend and the CD123 levels
in the above-mentioned cell lines was successfully confirmed
by the results obtained with the SWV peak currents (Fig. 6c).
As shown in Fig. 6d, the KG1a cell line showed the lowest
peak current (the overexpressed CD123), reflecting the highest
bio-affinity to its monoclonal antibody on the cytosensor.
Moreover, the U937 cell line displayed the highest electrical
current (the lowest CD123 expression), reflecting the lowest
bio-affinity to the immobilized monoclonal antibody on the
electrode.
The designed cytosensor was also deployed to detect AML
cells in healthy controls and AML patients, to confirm the
functionality and versatility of the device. For this purpose,
bone marrow samples of 3 AML patients and peripheral blood
from one healthy person were used. Following isolation of
mononuclear cells using Ficoll, 15 cells were placed on the
cytosensor and their electrical current analyzed. The recorded
electrical currents derived from 15 cells in the control/patients’
samples were very close to the electrical currents obtained
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Fig. 6. Flow cytometry analysis of CD123 expression in AML cell lines KG1a, NB4, HL60 and U937. Cells were stained with (a) Isotype control and
(b) With FITC-conjugated monoclonal antibody to CD123. (c) SWVs and (d) Bar graph of different cell lines (KG1a, NB-4, HL-60, U937) loaded at
15 cells/mL on the modified electrode, in 5 mM K4/KCl 0.5 M. Control without cells is also shown.

in the presence of 15 KG1a cells. The specificity of the
cytosensor was evaluated using a mixture of 15 KG1a and
10 healthy control derived cells. The peak currents were very
close to those obtained in the presence of 15 KG1a cells
(Table I). As a result, the specificity of the cytosensor was
also confirmed. Based on these data, we can conclude that the
cytosensor is capable of detecting presence of AML disease
in cells derived from human samples.
Table II summarizes the features of previously developed
cytosensors as compared to our results. The cytosensor developed by our group clearly showed higher sensitivity and
specificity compared to the proposed in other studies. Most
of the cytosensors listed in Table II were developed based on
the immobilization of monoclonal antibody on the modified
electrode and corresponding receptors or cell surface biomarkers. By applying sensitive techniques (like differential pulse
voltammetry (DPV) and SWV) rather than semi-quantitative
techniques such as CV and EIS, the LOD of the designed
cytosensors was improved. It has been established that using
conductive nanoparticles such as gold (Au) and silver (Ag)
can increase the conductivity of the electrode modifiers and
consequently decrease the detection limit of the cytosensor.
In other words, by applying some high surface area materials
like GO, reduced graphene oxide (rGO) [59] and carbon
nanotubes (CNTs) [60], [61], the sensitivity of the developed
cytosensors can be significantly enhanced, because of the
dense loading of the capture element.
To sum up, as demonstrated in the present work, the sensitivity of the cytosensor is dramatically enhanced by applying
both conductive nanoparticles and high surface area materials.

TABLE I
P EAK C URRENT IN D IFFERENT H UMAN C ELL S AMPLES

Importantly for biomedical analysis, the response time of the
cytosensor should be shortened. Based on previous reports,
some of the cytosensors require more than 24 h. It is important
to emphasize that our cytosensor takes a maximum time
of 12 h. Another key parameter is represented by the temperature at which experiments are run. For some of the previously developed cytosensors listed in Table II, temperatures
higher than 65 ◦ C were used [59], [61], [62]. The maximum
temperature applied in our case is 37 ◦ C.
Another critical parameter is the sensitivity, which has been
achieved by inclusion of streptavidin in the preparation steps.
In its presence, the loading of the biotinylated monoclonal
antibody on the modified electrode is approximately four times
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TABLE II
C OMPARISON B ETWEEN P REVIOUSLY R EPORTED AND N EWLY D EVELOPED C YTOSENSOR

increased. This process is enabled because of the presence of
four binding sites for biotin on the streptavidin.
IV. C ONCLUSION
One of the main challenges in leukemia cancer research
is the design and production of an ultra-sensitive biosensor
for the early detection of leukemia cancer stem cells. In this
study, an innovative electrochemical cytosensor was developed
to identify and capture leukemia stem-like KG1a cells as
a model of AML disease. The high affinity between the
CD123 antibody and its overexpressed protein on the surface
of AML cells led to a more specific binding and consequently,
to a highly specific cytosensor. In this study, the biotinstreptavidin bio-complex, favors also the specific immobilization of biotinylated antibody on the electrode platform. The
GQD, which was applied as an electrode platform, enlarges
the surface area for the loading of the biotinylated antibody.
Accordingly, the sensitivity of the developed cytosensor is
significantly enhanced. Further, the electrical conductivity of
the electrode platform was improved after application of the
AuNPs. All these modifications resulted in an ultra-highly
sensitive cytosensor able to detect up to 1 cell/mL as detection
limit. The linear dynamic range of the newly developed

cytosensor was recorded as 1 to 25 cells/mL. These data show
that this device is selective, sensitive, inexpensive and has a
fast response time. It also displays a high resolution for early
detection, making it suitable for clinical laboratories and as a
point of care device in cancer centers. For a future perspective, this system could fall into the category of personalized
medicine and therapy, to enable choosing the best treatment
strategies for AML patients.
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