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Abstract 

The increasing demands for early, accurate and ultrasensitive diagnosis of cancers demonstrate 

the importance of the development of new amplification strategies or diagnostic technologies. In 

the present study, an aptamer-based electrochemical biosensor for ultrasensitive and selective 

detection of leukemia cancer cells has been introduced.  The thiolated sgc8c aptamer was 

immobilized on gold nanoparticles-coated magnetic Fe3O4 nanoparticles (Apt-GMNPs). 

Ethidium bromide (EB), intercalated into the stem of the aptamer hairpin, provides the read-out 

signal for the quantification of the leukemia cancer cells. After introduction of the leukemia 

cancer cells onto the Apt-GMNPs, the hairpin structure of the aptamer is disrupted and the 

intercalator molecules are released, resulting in a decrease of the electrochemical signal.   The 

immobilization of nitrogen-doped graphene nanosheets on the electrode surface provides an 

excellent platform for amplifying the read-out signal. Under optimal conditions, the aptasensor 

exhibits a linear response over a wide dynamic range of leukemia cancer cells from 10 to 1×10
6
 

cell mL
-1

. The present protocol provides a highly sensitive, selective, simple, and robust method 

for early stage detection of leukemia cancer. Furthermore, the fabricated aptasensor was 

successfully used for the detection of leukemia cancer cells in complex media such as human 

blood plasma, without any serious interference.  

 

Keywords: CCRF-CEM; Cancer cell; Nitrogen-doped graphene; aptamer; Gold coated magnetic 

nanoparticle. 
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1. Introduction  

Cancer is one of the most serious, lethal and frequently-occurring diseases around the world [1]. 

The International Agency for Research on Cancer (GLOBOCAN) has released worldwide cancer 

statistics, revealing 14.1 million new cancer cases, 8.2 million cancer deaths and 32.6 million 

people living with cancer in 2012 worldwide, and it is estimated that there will be 16 million new 

cases per year by 2020. Acute leukemia is a common fatal cancer that usually begins in bone 

marrow and results in high numbers of immature white blood cells [2].  The DNA of these cells 

are damaged or altered in such a way that they do not die when they should, so accumulate and 

occupy more and more space, ultimately, culminating in bone marrow failure [3]. Up to now, 

several methods have been reported for the detection of leukemia cells, such as traditional 

morphological analysis of the cells under an optical microscope [4], flow cytometry [5], 

polymerase chain reaction [6], microarray of antibodies [7], fluorescence in situ hybridization 

[8], immunohistochemistry [9] and DNA sequencing [10]. However, most of these methods are 

not only costly, time-consuming and labor-intensive, but also require sophisticated 

instrumentation and multi-step processing, and hence are not suited for routine and rapid medical 

analyses. Thus, the development of highly sensitive, selective, simple, and cost-effective 

protocols for early and accurate detection of cancer cells are of paramount importance. 

The graphene nanosheet (GN), as an atomically thin and 2D graphitized structure, has opened up 

numerous promising opportunities in science and technology, owing to its notable properties 

including high effective surface area, remarkable electronic conductivity, mechanical flexibility, 

and ease of bio-functionalization [11, 12]. Applications of the graphene in a diverse area of 

science including, drug delivery [13, 14], cancer cell targeting, imaging, and therapy [15, 16] 

nanobiology and bioassays [17-19], energy production and storage [20] have been reported. 
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Doping of the GN with heteroatoms makes graphene an excellent candidate for many cutting 

edge applications, compared to pristine GN [21]. Incorporation of nitrogen atoms within GN (N-

GN) can effectively tune its intrinsic properties including providing a much larger functional 

surface area, more active sites for catalytic reactions, greater electronegativy and higher 

electrical conductivity [22-24]. It has been reported that the high activity of N-GN may arise 

from the more electronegativity of nitrogen atoms in comparison with that of carbon, which 

results in a positive charge density on the adjacent carbon atoms [23]. Moreover, the conjugation 

between the nitrogen lone pair electrons and the GN π-system leads to an increase in the 

durability and catalytic activity of N-GN when used as supporting materials [25]. 

Because of good biocompatibility, high surface-to-volume ratio, and ease of surface 

modification, various nanostructures such as gold nanoparticles (AuNPs) [26-29], carbon 

nanofibers [30], titanium oxide NPs [31] and magnetic beads [32-34] have been used in 

electrochemical techniques to improve cancer diagnosis. Due to the superparamagnetic property 

of magnetic nanoparticles (MNPs) [35, 36], they can be easily retrieved from complex samples 

with the aid of an external magnet [37, 38]. This advantageous property reduces the possible 

interference and improves the figure of merit [37, 39, 40]. However, bare Fe3O4 NPs are not very 

stable and tend to aggregate easily, because of their high surface activity and large specific 

surface area [41-43]. These phenomena lead to poor magnetism and dispersibility, and limit their 

further biomedical applications [44, 45]. To overcome these drawbacks, researchers have made 

great efforts to coat the magnetic nanoparticles with biocompatible layers [46, 47]. Among 

diverse coating materials, gold has received more attention because of its unique properties such 

as nontoxic nature, high chemical stability and excellent biological compatibility [48-50]. 
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Moreover, the high affinity of thiolated organic molecules to gold makes it an ideal candidate for 

coating of MNPs [39, 51-53].  

The possibility of targeted molecular recognition plays a vital role in the development of a new 

generation of electrochemical biosensors. Aptamers, owing to their high affinity and selectivity 

towards their targets, are promising molecular recognition elements for the sensitive detection of 

cancer cells [1, 54]. In addition to their desirable binding capability, aptamers are important 

diagnostic and therapeutic molecular tools with unprecedented advantages. In contrast to 

traditional antibodies, aptamers are inexpensive, more stable, easy to produce and modify, and 

less-immunogenic or toxic [55].  

Considering the low-abundance of leukemia cells at early stages, signal amplification is a central 

key to an earlier diagnosis and an efficient treatment [56].  One approach for signal amplification 

is the use of layer-by-layer (LBL) methodology [57, 58]. LBL methods can lead to accumulation 

of tracers on the electrode surface, thus an amplified signal [57]. Also, in the field of cancer 

diagnosis and therapy, LBL self-assembly has  emerged as an intriguing means of cancer 

detection and drug delivery [59]. For example, the LBL of ferrocene-appended polyallylamine 

hydrochloride (Fc-PAH) functionalized graphene  (Fc-PAH-G),  poly(sodium-p-styrene 

sulfonate) (PSS), (Fc-PAH-G/PSS)4, has been used for the detection of Hela cells [60]. Sun and 

coworkers self-assembled multi-walled carbon nanotubes (MWNTs) and AuNPs on a gold 

electrode using an LBL strategy for the detection of the FLT3 gene in acute myeloid leukemia 

(AML) [61]. Despite their generally advanced detection strategies and improved detection limits, 

in these methods, multilayers are interconnected through weak interactions such as hydrogen 

bonding, biospecific recognition, electrostatic interactions, and hydrophobic forces that limit 

their practical application [58]. Another important issue for sensitive cancer biosensing is the 
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need to decreasethe background signal to improve signal-to-background ratio (S/B) in complex 

media. For this purpose, in the present  study, we increased S/B using gold coated MNPs 

(GMNPs) as both the separation tool and the immobilization support for the aptamer. Moreover, 

for further amplification of the signal, we modified the surface of a screen printed electrode with 

N-GN nanosheets. With integration of these two signal amplification strategies we introduced a 

simple and sensitive protocol for the detection of leukemia cells.   

 

2. Experimental 

2.1. Materials and apparatus 

Synthetic sgc8c aptamer was purchased from Eurofins/MWG/Operon (Germany) with the 

following sequence: 5'-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA 

GA-3'. Tris(2-carboxyethyl)phosphine (TCEP), Tetraethyl orthosilicate (TEOS), and 

aminopropyl triethoxy silane (APTES) were obtained from Sigma-Aldrich (USA). Sodium 

chloride (NaCl), potassium chloride (KCl), potassium dihydrogen phosphate (KH2PO4), 

disodium hydrogen phosphate (Na2HPO4), potassium ferrocyanide (K4Fe(CN)6), potassium 

ferricyanide (K3Fe(CN)6), sodium borohydride (NaBH4), potassium permanganate (KMnO4), 

hydrogen peroxide (H2O2), ethidium bromide (EB), hydrazine and nitric acid (HNO3) were 

purchased from Merck (Germany). A stock solution of the aptamer was prepared using a 1X 

phosphate buffer solution (PBS 1X) at pH 7 (0.01 M Na2HPO4, 2 mM KH2PO4, 0.15 M NaCl 

and 0.15 M KCl). All the electrochemical experiments were conducted using an Autolab 

PGSTAT30 potentiostat/galvanostat, controlled via a Nova 1.8 software. Electrochemical 

measurements were conducted in a three-electrode cell configuration, in which a modified 
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carbon screen printed electrode (SPE) served as a working electrode, an Ag/AgCl/3.0 M KCl 

used as a reference electrode, and a Pt wire applied as a counter electrode. Electrochemical 

impedance spectroscopy (EIS) measurements were carried out in a solution containing 

K3Fe(CN)6/K4Fe(CN)6 (1:1, 0.5 mM) as the redox couple, with an AC voltage amplitude of 5 

mV and a frequency range of 10 kHz to 0.1 Hz at an open circuit potential (OCP). Differential 

pulse voltammetry (DPV) was used for electrochemical detection and quantification of leukemia 

cancer cells over the range of 0.2 to 0.7 V at a scan rate of 20 mV s
-1

 and pulse amplitude of 25 

mV. Morphological characterization and size distribution analysis of the nanoparticles was 

performed using a high-resolution transmission electron microscope HRTEM (Philips/CM20) 

operating at 300 kV. X-ray diffraction (XRD) patterns of the samples were recorded on a Bruker 

D8/Advance X-ray diffractometer (Germany) with Cu-Ka radiation at 40 kV and 40 mA. FT-IR 

spectra were recorded using a JASCO, FT/IR-6300 (Japan) spectrophotometer. Surface plasmon 

resonance (SPB) measurements were performed by using a JASCOV-670 UV-vis 

spectrophotometer. X-ray photoelectron spectroscopy (XPS) analysis was carried out using a VG 

Microtech Twin anode XR3E2 X-ray source (Bestec company, Germany) and a concentric 

hemispherical analyzer operated at a base pressure of 5×10
-10

 mbar using Al Kα (hʋ =1486.6 eV). 

2.2. Cell culture of CCRF-ECM and Ramos 

CCRF-CEM (human acute lymphoblastic leukemia) and Ramos cell lines were cultured in RPMI 

1640 medium supplemented with 10% fetal calf serum (FCS; Gibco 16141-079), 1% 

penicillin/streptomycin (Gibco 15070-063), and 2 mM L-glutamine (Gibco 25030-024). Cultures 

were maintained at 2 × 10
6
 cells/ml by the addition of 50-100% fresh culture medium daily.  

2.3. Synthesis of Fe3O4 NPs 
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Fe3O4 NPs were prepared via a co-precipitation step based on the procedure of Massart [62]. 

FeCl3.6H2O (8.5 g) and FeCl2.4H2O (3 g) were dissolved in deoxygenated HCl (40 mL, 0.4 M) 

at room temperature. NH3 (400 mL, 0.7 M) solution was quickly added to the mixture under 

argon with vigorous stirring. After 30 min, magnetite precipitates were collected with a 

permanent magnet at the bottom of the flask, washed with deionized water, and re-dispersed in 

150 mL of deionized water. 

2.4. Synthesis of core–shell Fe3O4/SiO2 

Core–shell Fe3O4/SiO2 was prepared via hydrolysis of TEOS in basic solution via Stöber's 

method [63] with slight modification. Briefly, 20 mL of Fe3O4 NPs suspension was added to 200 

mL of 2-propanol and sonicated for 30 min, followed by addition of 2.24 mL ethylene glycol, 10 

mL ammonia (28%), 20 mL water and 1.3 mL TEOS under vigorous stirring for 24 h. The 

resulting black product was sequentially washed with water and ethanol and finally dried at room 

temperature for 6 h. 

2.5. Synthesis of aminopropyl terminated Fe3O4 (Fe3O4/SiO2/NH2)  

For the synthesis of aminopropyl terminated Fe3O4 (Fe3O4/SiO2/NH2), 3 gr Fe3O4/SiO2 along 

with 8 mL APTES were added to 30 mL of anhydrous toluene with stirring overnight under an 

argon atmosphere. The final product was magnetically separated, completely washed with 

acetone and dichloromethane, and finally dried under vacuum.  

2.6. Synthesis of gold coated Fe3O4 NPs (GMNPs) 

 For preparation of the AuNP-coated magnetic NPs, 20 mg of Fe3O4/SiO2/NH2 was dispersed 

into 30 mL of water (pH 4.0) under ultrasonication for 30 min. Subsequently, 10 mL of HAuCl4 
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aqueous solution (1.71 mM) was added to the MNPs. The gold NPs were deposited on the MNPs 

surface by reduction of chloroauric acid using 10 mL of NaBH4 solution (0.1 M) under 

ultrasonication. Consequently, the nanoparticles were magnetically separated and washed using 

PBS 1X (pH=7.0). Details of the synthesis and TEM, XRD, FT-IR, UV-vis and EDX 

characterizations of different MNPs can be found in supplementary information (SI), Fig. S1. 

2.7. Preparation of aptamer-conjugated GMNPs 

The aptamer-conjugated GMNPs (Apt-GMNPs) were prepared via gold-sulfur chemistry. The S-

S bond of the aptamer was deprotected by the addition of 20 μL of 0.5 mM TCEP to a 100 μL 

aliquot of 6 μM aptamer in the dark for 1 h. To avoid formation of the hairpin structures and 

undesirable hybridization between the aptamers, the solution was heated to 95 °C for 3 min, 

followed by cooling in an ice bath. Subsequently, 10 mg of the GMNPs was added to 100 μL of 

pretreated aptamer aliquot and kept for 24 h during which aptamer was self-assembled  on 

GMNPs surface. After magnetic separation with an external magnet, the Apt-GMNP 

nanoconjugates were washed three times with PBS 1X (pH=7.0) to remove the unbound 

aptamers. Finally, the resulting Apt-GMNPs nanoconjugates were resuspended into 1.0 mL of 

PBS 1X (pH=7.0) buffer and stored at 4 °C. 

2.8. Intercalation of EB within base pairs of aptamer 

The intercalation of EB within the base pairs of immobilized aptamer occurs with the addition of 

100 μL of 200 μM EB to the magnetically separated Apt-GMNPs for 3 h. The EB-aptamer was 

separated with the aid of an external magnet and subsequently washed with copious amount of 

PBS 1X (pH=7.0). 

2.9. Interaction of CCRF-CEM cells with EB-aptamer  
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PBS solution (1.0 mL) containing different numbers of CCRF-CEM cells was added to the 

precipitated EB-aptamer. After 1 h incubation at 4 
◦
C, the beads were magnetically separated to 

remove the supernatant and then washed three times with PBS 1X. Finally, the Apt-GMNPs-

CEM was dispersed into 50 μL of PBS 1X (pH=7.0) for subsequent measurements. The control 

experiments were performed in a similar fashion with Ramos cells. 

2.10. Preparation of Nitrogen-Doped GN 

GN oxide (GO) was firstly synthesized from natural graphite powder via a modified Hummer’s 

method [64] that has previously been described by our research group elsewhere [11]. Then, 

deoxygenated GN was prepared through a chemical reduction step [65]. To prepare N-GN [66], 

5.0 mL of hydrazine monohydrate and 200 mg of deoxygenated GN were subjected to ultrasonic 

agitation for 1 h at 60 °C. After the sonication, a thin N-GN film was found floating at the 

air/water interface of the dispersion. The surface elemental composition, nitrogen bonding 

configurations, and the content of nitrogen were characterized using XPS (see supplementary 

information, Fig. S2). 

2.11. Electrode preparation and electrochemical detection 

Modification of the SPE was accomplished by casting 50 μL of N-GN, dispersed in water (0.5 

mg mL
-1

), on the working electrode surface (N-GN/SPE), followed by drying at room 

temperature. Then 50 μL of Apt-GMNPs-CEM was dropped on the N-GN/SPE. The oxidation 

signal of EB was monitored using DPV. 

 

3. Results and discussion 
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The development of a new, simple and sensitive electrochemical detection method for leukemia 

cancer cells, that uses an anti-leukemia aptamer (sgc8c) as a specific recognition element, is the 

main goal of the present study. A general representation of the various steps of the protocol has 

been illustrated in Schematic 1.  

Schematic 1 

The Sgc8c aptamer can bind to protein tyrosine kinase 7 (PTK7), a transmembrane receptor that 

is over-expressed in human T-cell acute lymphocytic leukemia cells (CCRF-CEM) with a high 

binding affinity (Kd ~1nm) [67]. The thiolated aptamer was self-assembled on gold coated MNPs 

through strong Au–S linkages. Sgc8c aptamer forms a hairpin structure, consisting of a base-

paired stem and an unpaired loop sequence through intramolecular base pairing [68]. EB, as a 

well-known intercalator, can intercalate into the double-stranded stem regions [69], thus it can be 

employed as an analytical probe for measuring aptamer-target interactions. After the introduction 

of CCRF-CEM cells, Apt-GMNPs-CEM was magnetically separated and re-suspended in a small 

amount of the PBS 1X (pH=7). Subsequently, the suspension was pipetted on to the N-GN 

modified SPE and the electrochemical oxidation signal of EB was followed by DPV. In this way, 

the Fe3O4 NPs were not only used as a separation tool for minimizing background contributions 

even in the presence of complex sample matrices, but also, as the strong nanocarriers for loading 

a high amount of aptamer that could amplify the detection signal [70]. In addition, the N-GN as a 

platform has demonstrated to provide excellent transduction systems for the preparation of 

biosensors. N-GN is a strictly two-dimensional material with highly crumpled and abundant 

wrinkled structures. Thus, in comparison with the smooth bare SPE, the uneven thin layer 

surface of the N-GN/SPE has a high specific surface area that enormously facilitates the 
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accessibility of more EB molecules to the electrode surface, and leads to a highly intense 

analytical signal [71, 72]. 

3.1. Electrochemical behavior of different platforms  

Electrochemical impedance spectroscopy (EIS) is an effective technique to investigate the 

interfacial properties of the modified electrodes. Electrochemical properties of a bare SPE and 

those after each step of modification, including coating with  GN, N-GN as well as the addition 

of Fe3O4, Fe3O4/SiO2, Fe3O4/SiO2/NH2, and gold-coated Fe3O4 were studied using EIS method 

(Fig. 1).  The charge transfer resistance (Rct) of a bare SPE is relatively small, 9.8 ± 0.2 kΩ, (Fig. 

1, spectrum a) and decreases to 7.7±0.2 kΩ upon the modification of SPE using GN (Fig. 1, 

spectrum b). Coating of SPE by N-GN dramatically decreases the Rct to 71.2± 0.4 Ω), suggesting 

that the N-GN can considerably enhance the rate of electron transfer of the electrode (Fig. 1, 

spectrum c). To investigate the effect of MNPs on Rct, Fe3O4 was pipetted on to an N-GN/SPE 

and the resulting Rct was obtained (Fig. 1, spectrum d).When the N-GN/SPE was subjected to 

Fe3O4/SiO2 (spectrum e) and Fe3O4/SiO2/NH2 (spectrum f), the values of Rct were clearly 

increased. However, Rct decreases remarkably in the case of the GMNPs/SPE (curve g). 

Fig. 1 

For a better understanding of the role of N-GN on the improvement of the electrochemical 

performance, the electrooxidation of EB was investigated on the surface of the various platforms. 

For this purpose, 50 μL of 200 μM of EB in 0.1 M PBS 1X (pH=7.0) was pipetted on different 

platforms. As shown in Fig. 2A, the anodic peak current of EB on the N-GN/SPE was increased 

significantly in comparison with that on a bare as well as on a GN/SPE electrode. Also, the same 

experiment was carried out on the different platform in the presence of 50 μL EB-aptamer in 0.1 
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M PBS solution (Fig. 2B). The results demonstrate that N-GN is an excellent two-dimensional 

substrate for improving the detection sensitivity. The presence of AuNPs, on the surface of 

MNPs, and their direct incorporation within the N-GN leads to the formation of an efficient 

electrical network that facilitates electron transfer and causes a negative shift in oxidation peak 

potential of the EB from 0.55 to 0.46 V (Figure 2A and B) [73]. Also, according to the previous 

studies [23], N-GN with pyridinic and quaternary nitrogen content enhances electron transfer 

efficiency. The pyridinic nitrogen in N-GN  can introduce electron donor properties to GN via 

contributing two p electrons into the π system of the graphene (see the XPS analysis in the 

supplementary information, Fig. S2). Consequently, the metallic properties of GN resulting from 

the lower resistance of the N-GN is improved [21].  

Fig. 2 

3.2. Optimization of aptamer concentration 

One of the most important steps in the fabrication of aptasensors is the determination of the 

amount and stability of immobilized aptamers on MNPs. Moreover, the accessibility of aptamers 

to the target cells plays a key role as well. Therefore, the optimal density of aptamers onto MNPs 

is of paramount importance to reach high sensitivity and efficiency in the response of these 

biosensors. On one consideration, a low density of the immobilised aptameron MNPs results in a 

narrow dynamic range along with a low sensitivity. Alternatively, high density of aptamer on 

MNPs can prevent easy accessibility to target cells due to steric hindrance, and the possibility of 

intermolecular hybridization [74]. 

To optimize the immobilization of aptamer, solutions containing different concentrations of the 

aptamer were immobilized on GMNPs. The oxidation signals of EB in solution containing 1×10
3
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cell mL
-1

 CCRF-CEM (see the experimental section) were followed. As shown in Fig. 3A, with 

increasing the concentration of aptamer the electrochemical signals increases as well, and levels 

off at 10 µM of the aptamer. With further increase of the aptamer concentration, not only is the 

electrochemical signal not increased, it is attenuated.. As previously stated, these observations 

can be attributed to steric hindrances and intermolecular hybridization of the aptamers. 

3.3. The effect of incubation time 

The effect of incubation time of CCRF-CEM with the aptamer, immobilized on GMNPs, was 

also investigated and optimized. To optimize the incubation time of CCRF-CEM cells with the 

aptamer, a solution containing 1.0×10
3
 cells mL

–1 
was incubated with aptamer for different 

incubation times (Fig. 3B). The oxidation signal of EB sharply decreased with increasing 

incubation time and reached a plateau after 60 min.. This phenomenon can be explained in terms 

of the formation of a tertiary structure of aptamer-target cells at 60 min. Therefore, 60 min of 

incubation was chosen for the subsequent experiments. 

3.4. The pH effect 

The effect of pH on the electrochemical oxidation of EB was studied over the pH range from 3.0 

to 9.0. For this purpose, apt-GMNP was added to 100 μL of 200 μM EB (3 h), and dissolved in 

PBS 1X solution of different pH values. As shown in Fig. 3C, the peak potential shifts to more 

negative values by increasing the pH and reaches a maximum value at pH=7.0, which is in 

accordance with the previously reported studies [75]. Two  oxidative  peaks  corresponding  to  

the  two amine groups at the C3 and C8 positions of the EB molecule are observed at 

approximately +0.9 V and +0.5 V vs.  Ag/AgCl, respectively [75]. The high oxidation potential 

of the amine groups in C3 overlaps with the oxidation peaks of guanine and adenine in the 
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aptamer sequences that can limit the specificity and selectivity of the assay. Also, high oxidation 

overvoltage leads to degradation of the self-assembled aptamer. Therefore, the amine group in 

C8 of EB, with oxidation potential of + 0.5 V, was chosen for the analyses. According to the 

literature [75], an oxidation of amine groups in C8 involves two electrons and one proton. 

Because of proton involvement in the mechanism, oxidation of amine is easier in basic media 

rather than in acidic ones and is associated with the shift of the anodic peak potential to more 

negative values. In acidic media, the double helix of DNA denatures due to protonation of the 

nucleotide bases. Consequently, the hairpin structures of the Sgc8c aptamer are disrupted. Also, 

the reduction of pH destabilizes the structure of the aptamer via the formation of ss-DNA with 

protonated cytosine (CH
+
) and adenine (AH

+
) bases [76]. It is obvious that the protonation of 

bases brings about an increase of the total positive charge, resulting in repulsion between 

positively charged EB and aptamer, rather than that at a neutral pH. Therefore, intercalation of 

EB into the aptamer decreases, and the resulting electrooxidation response reduces as well. 

Increase of solution pH results in destabilization of Au–S bonds and thus leads to dissociation of 

the aptamer from the GMNP. Moreover, comparing the binding constants of EB with dsDNA at 

neutral pH (K= 1.3×10
6
 M

-1
) and an acidic conditions (K= 1.4×10

5
 M

-1
) reveals a strong 

complexation of EB with dsDNA in physiological media [76]. Therefore, pH=7.0 was selected as 

the optimum condition for the detection of CCRF-CEM cells. 

Fig. 3 

3.5. Analytical Performance 

To demonstrate that the aptasensor couuld be used for the accurate quantification of target cells, 

DPV peak currents of EB were recorded at various concentrations of CCRF-CEM cells under 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

16 
 

optimal experimental conditions. The results demonstrate that as the concentration of the target 

cell increases, the electrochemical oxidation signal of EB progressively decreases (Fig. 4). The 

electrooxidation signal of EB reaches a plateau by increasing the concentration of the CCRF-

CEM to 1×10
6 

cells mL
-1

. This is attributed to the occupation of all the aptamer sites on the 

GMNPs by the cells. The inset of Fig. 4 shows that ∆i is logarithmically proportional to the 

concentrations of the cells over the range from 10 to 1×10
6 

cells mL
-1

, where ∆i=i0−icell; i0 and 

icell represent the peak currents measured in the absence and presence of the target cells at 

various concentrations. 

Fig. 4 

Upon the introduction of CCRF-CEM cells, the aptamer will bind strongly to the cells. The 

formation of this complex releases EB molecules from the aptamer. In order to investigate this 

the hypothesis, 1×10
5
 and 1×10

6
 of CCRF-CEM cells in 500 μL were incubated for 1 h with the 

EB-aptamer solutions (as detailed in the experimental section). The beads were magnetically 

separated and the supernatant was carefully pipetted on the N-GN/SPE and the oxidation signal 

of the EB was monitored. As shown in Fig. S3, the oxidation signal of the EB from the 

supernatant in the absence of the cells is negligible, indicating that all the EB molecules are 

conjugated with aptamer and separated out from the solution with the external magnet . By 

increasing the cells, the oxidation responses of the EB were increased. These results clearly 

demonstrate that the EB molecules release from the aptamer to the solution upon the interaction 

of aptamer with CCRF-CEM cells. 

To demonstrate that the decrease in the read-out signal only originates from the specific 

interaction between the aptamer and CCRF-CEM cells, not from the nonspecific interactions on 
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to the electrode, in a control experiment different concentrations of Ramos cells were incubated 

with the aptamer and the voltammograms were recorded in the same condition as that of CCRF-

CEM cells. Fig. S4 demonstrates that intercalation of the EB molecules into the aptamer π-stack 

is stable for no significant changes in the oxidation signals of the EB molecules to be observed. 

To further confirm the specific binding of the aptamer to CCRF-CEM cells, the EB-aptamer 

conjugate was incubated with mixed solutions of CCRF-CEM and Ramos cells with the same 

number concentrations (100, 1000 and 10000 cell mL
-1

) for 1h. The resulting electrooxidation 

signals of EB are presented as Fig. 5. There is no significant difference in the Icell and Io currents 

in the presence and absence of Ramon cells. These results further confirm the specific 

recognition of the aptasensor for the target cells, even in a mixed medium.  

Fig. 5 

To investigate the capability of the aptasensor for the determination of the cancer cells in real 

samples, the human blood plasma samples were mixed with 1 mL of 1×10
2
, 1×10

3
 and 1×10

4
 

CCRF-CEM cells. Subsequently, the EB-Apt/GMNP was added to each solution and incubated 

for 1 h at 4 
o
C. After magnetic separation and washing with PBS 1X, the separated beads were 

dispersed in 50 μL PBS 1X (pH=7.0). The control experiments were also performed with the 

same concentrations of CCRF-CEM cells in a PBS 1X (pH=7) solution. The ratio of peak 

currents of the voltammograms for the same concentrations of the cells in PBS and serum was 

reported in table 1. As the results demonstrate, the signals of the cancer cells are not changed in 

the complex matrix. 

The repeatability of the aptasensor was examined by measuring the oxidation peak currents of 

EB in 0.1 M PBS 1X (pH=7.0) containing 100, 1000 and 10000 cell mL
-1

.
 
The relative standard 
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deviations (RSD) of 1.8%, 2.4%, and 5.4% were obtained respectively, which implies that the 

reliability of the proposed method for precise quantification of the target cell (supplementary 

information, Fig. S5). 

To demonstrate the specific intercalative interaction of EB with the immobilized aptamer, and to 

show the lack of any nonspecific interactions of EB with GMNPs, a 100 μL aliquot of 200 μM 

EB was mixed with 10 mg of GMNPs for 3 h. After the magnetic separation, GMNPs were 

washed with a copious amount of PBS 1X (pH=7.0). Finally, the GMNPs were dispersed into 50 

μL of PBS 1X (pH=7.0) and drop cast on the N-GN/SPE. Subsequently, the electrooxidation of 

EB was followed using DPV with no detectable response, supporting the proposition that the 

specific interaction of EB with aptamer is the source of the analytical signal of the aptasensor 

(supplementary information, Fig. S6).  

The stability of N-GN was investigated in a solution of [Fe(CN)6]
3−/4−

 (5.0 mM), containing 0.1 

M KCl, by recording consecutive CVs from -0.2 to 0.6 V vs Ag/AgCl(s) at 50 mV/s. The 

unchanged redox peaks of N-GN after 25 cycles suggest that N-GN is strongly adsorbed onto the 

SPE (supplementary information, Fig. S7). 

Reproducibility of the N-GN modified SPEs was investigated by recording the EIS response of 

four electrodes in a solution of [Fe(CN)6]
3−/4−

 (1:1, 0.5 mM) containing KCl (0.1 M). Four 

consecutive measurements were recorded on each electrode. The values of the Rct obtained from 

the EIS measurements are listed in table 2. The results obtained with acceptable relative standard 

deviations (RSD) demonstrate the high reproducibility and excellent repeatability of the N-GN 

modified SPE.  

4. Conclusion 
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An electrochemical aptasensor for selective and sensitive detection of leukemia cancer cells, 

based on gold-coated magnetic nanoparticles as a substrate, and nitrogen-doped graphene as the 

detection electrode, has been successfully fabricated. The nitrogen doped graphene shows 

improved electrochemical performances compared to the pristine graphene, and the bare 

electrode as well, that can be attributed to the higher conductivity of the N-doped graphene. The 

use of gold-coated magnetic nanoparticles, with a high loading of the aptamer, considerably 

boosts the detection sensitivity. The present aptasensor was used for the detection of leukemia 

cells over an extended linear dynamic range from 10 to 1×10
6
 cell mL

-1
 with a detection limit of 

10 cells mL
−1

. In addition, the sensor can differentiate between target (leukemia) and control 

(Ramos) cells based on the specific affinity of the aptamer to the target, leading to the 

applicability of the aptasensor for the detection of leukemia cells in complex media. This 

strategy is a promising approach and could be extended for highly sensitive and selective 

detection of other cancer-related cells or cancer biomarkers, with potential application in clinical 

analysis. 
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Figure Captions 

Schematic 1. Schematic illustration of the stepwise procedure for fabrication of an aptamer-

based electrochemical biosensor for the detection of CCRF-CEM cells. 

Fig. 1. EIS spectra of SPE in different modification steps: a) a bare SPE, b) a GN/SPE, c) an N-

GN/SPE, d) Fe3O4/SPE, e) Fe3O4/SiO2/SPE, f) Fe3O4/SiO2-NH2/SPE, g) GMNPs/SPE. Z' and Z'' 

are real and imaginary impedance, respectively. The spectra are recorded in 0.5 mM [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 (1:1) solution.  

Fig. 2. A) The electrooxidation of 200 μM EB (PBS 1X, pH=7.0) on SPE with different 

modification . B) The electrooxidation of EB, intercalacted into aptamer (EB-aptamer) on SPE 

with different modifications in a PBS 1X (pH=7.0) (a: Bare SPE; b: GN/SPE; c: N-GN/SPE). 

Fig. 3. DPV responses of electrooxidation of EB in PBS 1X in different optimization steps. A) 

Immobilization of aptamers, B) incubation times, and C) the effect of pH (a: pH=3;  b: pH=4; c: 

pH=5; d: pH=6; e: pH=7; f: pH=8; g: pH=9). 

Fig. 4. The relationship between DPV signals and CCRF-CEM cells. The concentration of cells 

are  1×10
1
, 1×10

2
, 1×10

3
, 1×10

4
, 1 ×10

5
, 1 ×10

6
 and 6.5×10

6
 cells mL

-1
. Inset: the relationship 

between ΔI and the logarithms of CCRF-CEM cell numbers. The linear regression equation was 

ΔI = 0.2291 log cell + 0.4547, with a correlation coefficient of 0.9958. 

Fig. 5. Histograms of the specificity of the assay for the detection of CCRF-CEM and Ramos 

cells in different concentrations. 
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Table 1. The ratio of peak currents of the voltammograms, for the different concentrations of the 

cells, in PBS and serum. 

 

 

 

 

 

 

 

 

 

 

 

  

Cell Concentration (cell mL
-1

) Signal (in Serum)/Signal (PBS) 

0  0.98 

1×10
2
 0.97 

1×10
3
 0.95 

1×10
4
 0.96 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

30 
 

 

Table 2. Reproducibility and repeatability of the different modified SPE. 

Electrode Repeatability 

(% RSD) 

Reproducibility 

(% RSD) 

SPE 2.04 2.04 

GN/SPE 2.5 2.8 

N-GN/SPE 3.6 3.7 

Fe3O4//SPE  5.4 5.9 

Fe3O4/SiO2/SPE  4.6 5.02 

Fe3O4/SiO2/NH2/SPE 5.5 6.01 

GMNPs/SPE 4.8 5.1 
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Schematic 1. 
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Fig. 1.  
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Fig. 2.  
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Fig. 3.  
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Fig. 4.  
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Fig. 5. 
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Highlights 

 

amer loading was increased by applying gold coated magnetic nanoparticles 

–1×106 cells mL-1 
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