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Here we demonstrate the fabrication of an effective cytosensor using carboxymethyl chito-

san-functionalized graphene (CMC-G) prepared through chemical reduction of graphene

oxide. The CMC-G hybrid was further characterized with UV–vis spectroscopy, Fourier

transform infrared spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy,

thermogravimetric analysis, transmission electron microscopy and atomic force micros-

copy. Layer-by-layer assembly of CMC-G with polyethyleneimine and folic acid enabled

the fabrication of a label-free electrochemical impedance spectroscopy cytosensor with

high stability and biocompatibility. The proposed cytosensor exhibited good electrochem-

ical behavior and cell-capture ability for HL-60 cells, and showed a wide linear range and

low detection limit for quantification.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, with an atomically thin two-dimensional lattice of

sp2 carbon atoms, has emerged as a novel class of carbon-

based materials for its remarkable thermal, electronic and

mechanical properties [1–3]. This unique nanostructure, to-

gether with its high surface area, excellent conductivity,

chemical stability and low cost, holds great promise for its po-

tential applications in many fields, such as catalysis and en-

ergy storage [4,5]. Graphene has also attracted considerable

interests in the fabrication of electrochemical biosensors be-

cause of its remarkable signal amplification [6,7]. However,

graphene is hydrophobic and often turns into agglomerates,

thus the functionalization and dispersion are of crucial for

its applications. Up to now, great efforts have been made

using covalent [8] and non-covalent [9,10] methods. The

non-covalent methods are particularly promising since the

electronic structure of graphene can be retained, resulting
er Ltd. All rights reserved
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in negligible impact on its property. Besides, in the case of

its applications, it is desirable to design novel strategies to en-

dow graphene with special functions. Carboxymethyl chito-

san (CMC) is a biocompatible and biodegradable derivative

of chitosan. Compared to chitosan, CMC has better water sol-

ubility and can be applied in more biomedical systems [11,12].

Furthermore, with a flexible molecular backbone, some free

carboxylic groups on the CMC molecular chains cross-linked

with other residual groups can act as relative ‘‘friendly’’ and

‘‘soft’’ linkers between the graphene sheets and bioactive

molecules. Thus the obtained CMC-functionalized graphene

(CMC-G) composite can acquire good aqueous dispersibility

as desirable for biomedical applications.

In this paper, we demonstrate the suitability of CMC-G in

assembling a cytosensor. Development of sensors for early

detection is very important for the treatment of cancer. Vari-

ous techniques for the detection of cell viability and prolifera-

tion including polymerase chain reaction (PCR)-based
.
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methods, immunofluorescence, flow cytometry and cell-

enrichment methods have been developed [13]. However,

these methods may require time-consuming labeling pro-

cesses, qualified personnel and stringent laboratory condi-

tions. Therefore, there is an increasing demand for some

novel techniques in the cell detection with high sensitivity,

simplicity, rapid response and low cost. In this regard, the uti-

lization of electrochemical sensors can be a promising alter-

native and there have been some attempts to develop such

sensors for cell detection [14,15]. Nevertheless, the control of

sensitivity and specificity is still an issue, and moreover, it is

also desirable to develop feasible and valuable biomarkers

for selective recognition and capture of target cancer cells [16].

On the other hand, only a few references have reported the

electrochemical detection of cells based on graphene so far

[17,18], thus it is promising to develop new graphene-based

composites for the fabrication of electrochemical cytosen-

sors. Herein, the CMC-G hybrid was first prepared and further

used for the fabrication of a label-free electrochemical cyto-

sensor. In order to make the sensor specific for cancer cell,

the CMC-G modified electrode was functionalized with folic

acid (FA) through a layer-by-layer assembly of polyethylene-

imine (PEI) and FA. Folate receptors (FR) are the protein recep-

tors on the surface of cell membrane, which are usually

overexpressed on some tumor cells, and hence FA can specif-

ically target FR with high affinity [19]. Thus high selectivity for

tumor cells can be obtained in comparison with normal cells

in the fabrication of electrochemical cytosensors. We demon-

strate that the as-prepared cytosensor has a sensitive re-

sponse to HL-60 cells with a detection limit of 500 cells mL�1

and thereby offering a new avenue to graphene applications

in electrochemical cytosensing and other bioassay.
2. Experimental section

2.1. Materials and apparatus

Graphite powder (KS-10, 99.95%), FA, PEI (25 K), bovine serum

albumin (BSA), 2-(N-morpholino)ethanesulfonic acid (MES),

N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochlo-

ride (EDC) and N-hydroxysuccinimide (NHS) were obtained

from Sigma–Aldrich. Hydrazine hydrate and CMC

(Mw = 300,000 Da) were obtained from Nanjing Chemical Re-

agents Factory (Nanjing, China). All other reagents were of

analytical grade and used as received without further purifi-

cation, unless otherwise specified. Phosphate-buffered saline

(PBS) solutions were prepared by mixing stock solutions of

NaH2PO4 and Na2HPO4, and then adjusted to the required

pH with 50 mM NaOH or H3PO4. Ultrapure fresh water ob-

tained from a Millipore water purification system (MilliQ, spe-

cific resistivity >18 MX cm�1, S.A. Molsheim, France) was used

in all experiments. Indium tin oxides (ITO) glass was pur-

chased from Conduc Optics & Electronics Technology Co.,

Ltd. (Changzhou, China).

Sonication was performed using a KQ2200 ultrasonic clea-

ner (40 kHz, 100 W, China). UV–vis spectra were recorded on a

UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan). Fourier

transform infrared spectroscopy (FT-IR) analyses were used

on a Nicolet 6700 FT-IR spectrometer (Nicolet, USA). Raman
spectra were measured on a Renishaw-in-Vcia Raman micro-

scope equipped with a ·50 objective at an excitation wave-

length of 514.5 nm on 1800-line grating. X-ray photoelectron

spectroscopy (XPS) analyses were carried out on a Thermo

Fisher X-ray photoelectron spectrometer system equipped

with Al radiation as a probe. Thermogravimetry (TGA) was

performed with a Pyres 1 TGA apparatus (PerkinElmer, MA)

at a heating rate of 10 �C min�1 from room temperature to

800 �C under a nitrogen atmosphere. The static water contact

angles were measured at 25 �C by a contact angle meter

(Rame-Hart-100), and the readings were stabilized and taken

within 120 s after the addition of pure deionized water. Trans-

mission electron microscopy (TEM) images were taken using a

JEOL 2010 electron microscope at an accelerating voltage of

200 kV. Atomic force microscopy (AFM) measurements were

realized on an Agilent 5500 AFM/SPM system with Picoscan

v5.3.3 software in tapping mode. Fluorescent images were ac-

quired on a Nikon inverted microscopy (ECLIPSE TE-2000U,

Nikon Corporation, Japan) equipped with a video camera

(DS-U1, Nikon Corporation, Japan).

2.2. Synthesis of CMC-G

In a typical experiment, graphite oxide was synthesized from

natural graphite powder by a modified Hummers and Off-

eman method [20]. A stock suspension of graphene oxide

(GO) was obtained by sonicating the graphite oxide in water

for 1 h, followed by centrifugation to remove unexfoliated

GO. The GO suspension (25 mL, 0.5 mg mL�1) was then

gradually added to an aqueous solution of CMC (25 mL,

0.5 mg mL�1), and the resulting yellow–brown mixture was

further treated with 0.1 mL hydrazine hydrate and allowed

to react at 90 �C for 1 h. Finally, the black CMC-G composite

was collected by filtration and further washed with water

for several times. For comparison, we prepared pristine

graphene (p-G) with the similar procedure of the CMC-G

hybrid except there was no addition of CMC.

2.3. Electrode fabrication

A glass carbon electrode (GCE) was successively polished to a

mirror with 0.3 and 0.05 lm alumina slurry (Beuhler) and

rinsed thoroughly with water. After successive sonication in

1:1 nitric acid/water, acetone and deionized water, the

electrode was dried at room temperature. Then 5 lL of

1.0 mg mL�1 CMC-G solution was dropped on the pretreated

GCE, dried in a silica gel desiccator, and then immersed into

500 lL 1% PEI solution for 30 min. The modified PEI/CMC-G/

GCE was thoroughly rinsed with water and subsequently

immersed into a solution containing 5 · 10�3 M EDC and

8 · 10�3 M NHS to be activated for 1 h. After thoroughly rinsed

with water again, it was immersed immediately into 500 lL of

2 mg mL�1 FA containing 50 mM MES buffer solution

(pH = 6.0) for 24 h to fabricate FA/PEI/CMC-G/GCE. The

obtained electrode was stored in PBS (pH = 7.4) at 4 �C.

2.4. Cell culture and immobilization

The human leukemic cells (HL-60) and human lung cancer

cells (A549) were cultured in a flask in RPMI 1640 medium
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(Gibco, Grand Island, NY) supplemented with 10% fetal calf

serum (FCS, Sigma), penicillin (100 lg mL�1) and streptomycin

(100 lg mL�1) at 37 �C in a humidified atmosphere containing

5% CO2. At the growth retardation stage (3 days), the cell num-

ber reached 1.0 · 107 per milliliter, determined by a Petroff–

Hausser counter. They were separated from the medium by

centrifugation at 1000 rpm for 10 min, and washed twice with

sterile PBS (pH = 7.4). The sediments were resuspended in PBS

to obtain cell suspension with the final concentration of

5.0 · 107 cells mL�1, and two other cell suspensions with vari-

ous contents were prepared from this stock solution. Two

microlitre of each cell suspension was dropped on the FA/

PEI/CMC-G/GCE and incubated at 37 �C for 2 h. Finally, the

cells were immobilized on the electrodes successfully.

2.5. Microscopy and image

ITO glass was chosen as a substrate in the fabrication of bio-

sensor. After successive sonication in ethanol, acetone and

deionized water, ITO was rinsed with deionized water and

dried at room temperature. Similar modification on ITO was

carried out as that of GCE. Thus the prepared FA/PEI/CMC-G/

ITO was immersed into 100 lL of 10.0 mg mL�1 BSA solution

at 37 �C for 1 h to block active sites, carefully rinsed with

PBS (pH = 7.4) and dried at room temperature. Then the mod-

ified ITO was immersed into the cell suspension at 37 �C for

2 h, washed thoroughly with PBS again, and finally dropped

with 100 lL calcein-AM for 10 min. Images were taken by a

Nikon inverted microscopy. Excitations and filters were as

follows: excitation filter 405 nm, LP 430 nm filter.

2.6. Electrochemical measurements

All electrochemical measurements were performed on a CHI

660A workstation (Shanghai Chenhua, China) with a conven-

tional three-electrode system comprised of a platinum wire

auxiliary, a saturated calomel reference and the modified

GCE. Electrochemical impedance spectroscopy (EIS) experi-

ments were performed with an Autolab electrochemical ana-

lyzer (Eco Chemie, the Netherlands) in a 10 mM K3Fe(CN)6/

K4Fe(CN)6 (1:1) mixture with 1.0 M KCl as supporting electro-

lyte, with an alternating current voltage of 5.0 mV and the fre-

quency range of 0.01 Hz–100 kHz.

3. Results and discussions

3.1. Preparation and characterization of CMC-G

Fig. 1A shows the chemical structure of CMC and the prepara-

tion process of CMC-G. A dark, homogeneous CMC-G solution

was obtained after a short reaction time and could be stabi-

lized for over 8 months without any visible precipitate. In con-

trast, the reduction of GO dispersion without CMC led to the

precipitation of p-G after being stored for less than 1 week

as a result of irreversible aggregation. The good dispersibility

of CMC-G could be attributed to the aqueous solubility of car-

boxylic group as well as the intermolecular electrostatic

repulsion, preventing both inter and intra p–p stacking of

graphene. As a result, zeta potential of CMC-G was
�35.60 mV at neutral pH, different from that of chitosan-mod-

ified graphene [21,22], and it could be well dispersed in water

with the concentration as high as 2 mg mL�1. Meantime, The

CMC-G hybrid did not show significant cytotoxicity under our

experimental conditions as tested by cell-viability (MTT) as-

say (Figure S1), indicating the hybrid was nontoxic and could

be used for cytosensing studies.

Fig. 2A shows the UV–vis absorption spectra of GO and

CMC-G, respectively. In the case of GO, two absorption peaks

were observed, one was at 230 nm, corresponding to p! p*

transition of the C@C bond, and the other was at 300 nm, cor-

responding to n! p* transition of the C@O bond. For CMC-G,

the absorption peak corresponding to p! p* transition shifted

to 270 nm, which was consistent with the absorption of

graphene, suggesting that the electronic conjugation in

graphene was recovered after the reduction [23,24].

In addition, Raman spectroscopy is one of the most widely

used techniques for the characterization of the structural and

electronic properties of graphene. G band is usually assigned

to the E2g phonons of C sp2 atoms (�1575 cm�1), while D band

is a breathing mode of r-point phonons of A1g symmetry

(�1350 cm�1). Fig. 2B shows that CMC-G has a much higher

intensity ratio of D band to G band (D/G) in comparison with

GO. Since the Raman D/G intensity ratio is proportional to the

average size of the sp2 domains, the increase of the D/G inten-

sity ratio is actually attributed to the increase in the number

of small in-plane sp2 domains and a spatially ordered crystal

structure of graphene, confirming the reduction [25].

XPS was also used (Fig. 2C) to analyze the elemental com-

position and the removal of the oxygen groups. For GO, the

C1s spectrum could be deconvoluted into three main peaks

arising from C–C (284.5 eV), C–O (286.6 eV) and C@O

(288.3 eV) [26]. After GO was reduced to CMC-G, the intensity

of the corresponding C–C (284.5 eV) peak became predomi-

nant, while that of other peaks associated with oxygenated

carbon especially the C–O peak (epoxy and alkoxy) decreased

dramatically, indicating that the oxygen-containing func-

tional groups were removed after reduction [27].

Morphology of the as-prepared CMC-G was characterized

by TEM and AFM techniques. Flake-like shapes with little

wrinkles were obtained as shown in Fig. 3A, which remained

separated and no aggregation was observed, indicating high

dispersibility. The inset in Fig. 3A shows the corresponding

selected area electron diffraction (SAED) pattern. In the pat-

tern, the well-defined diffraction spots and rings were in-

dexed to the typical hexagonal lattice of carbon in CMC-G,

confirming the crystalline nature. Moreover, the average

thickness of CMC-G was about 2.5 nm as estimated from the

height profile shown in AFM image (Fig. 3C), larger than that

of GO (0.80 nm, Fig. 3B). The reason might be that the repul-

sion of the deprotonated carboxyl groups in CMC chains could

significantly increase the sheets thickness [24]. The above re-

sults implied that CMC could keep individual graphene sheet

separated from each other in the dispersion.

We have also used TGA technique to examine the thermal

stability of the prepared CMC-G and compared it with that of

pristine GO and CMC. The curves were recorded in N2 atmo-

sphere as shown in Fig. 4. GO was thermally unstable and

started to lose mass upon heating below 100 �C due to the ad-



Fig. 1 – (A) Schematic procedure for the synthesis of CMC-G. (B) Illustration of the procedure for preparing the electrochemical

cytosensor.

Fig. 2 – (A) UV–vis absorption spectra of aqueous dispersions of GO and CMC-G. (B) Raman spectra of GO and CMC-G. (C) XPS

spectra of GO and CMC-G.
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sorbed water. There were two significant drops in mass

around 200 and 500 �C (curve a), which were assigned to the

evolution of the oxygen-containing functional groups and

the combustion of the carbon skeleton of GO, respectively.

Curve b showed that the thermal decomposition of CMC took

place in one step from 250 to 400 �C basically after the initial

elimination of residual water around 100 �C, which could be
ascribed to the depolymerization and decomposition of glyco-

sidic units of CMC [28]. However, curve c indicated the much

better stability of CMC-G than the above two samples, and the

main weight loss region (about 250 �C) could be attributed to

the decomposition of CMC. It was estimated that about

28.6 wt.% of CMC was deposited on the surface of functional-

ized graphene.



Fig. 3 – (A) TEM and SAED pattern (inset) images of CMC-G. Tapping mode AFM images of GO (B) and CMC-G (C) dispersion in

water on freshly cleaved mica surfaces through drop casting.

Fig. 4 – TGA curves of GO (a), CMC (b) and CMC-G (c).
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3.2. Fabrication of the cytosensor

We then designed a novel cytosensing platform with the bio-

compatible and conductive CMC-G-based interface for robust

immobilization and sensitive electrochemical detection of

cancer cells selectively. The cytosensor was fabricated by

layer-by-layer assembly as shown in Fig. 1B, and its electro-

chemical behaviors were studied. In the fabrication of electro-

chemical sensors, PEI is useful for controllably fabricating

hybrid films by sequential self-assembly with negatively

charged materials based on its inherent amino groups. Posi-

tively charged PEI was electrostatically adsorbed to the

CMC-G hybrid film and also acted as the binding linker for

FA through the formation of an amide bond using EDC chem-

istry. The process was monitored by FT-IR spectra as shown in

Fig. 5A. For CMC-G, curve a showed a characteristic absorp-

tion peak at 1610 cm�1 (the C@C vibration) and the CMC back-

bone absorption at 2923 cm�1 [12]. After PEI was grafted onto

CMC-G, a characteristic N–H bending mode (at about 1575 cm
�1) appeared in curve b, confirming PEI had been grafted to

CMC-G. The conjugation of FA and PEI/CMC-G was confirmed

through amidation from the COOH groups in FA and NH2

groups in PEI/CMC-G as shown in curve c. A new peak at

1660 cm�1 was observed, indicating the presence of CO–NH

groups in the FA/PEI/CMC-G composite [29].
The surface nature of materials, such as the surface

charge, hydrophilicity and wettability, is important for cell

attachment or proliferation [30]. The hydrophilicity of films

was characterized stepwise during the fabrication of cytosen-

sor by measuring the contact angle. As shown in Fig. 5B, the

corresponding contact angles for bare GCE, p-G, CMC-G, PEI/

CMC-G and FA/PEI/CMC-G were 85.0�, 91.7�, 43.7�, 35.3� and

31.5�, respectively. Compared to p-G, CMC-G had better hydro-

philicity which was in favor of enhancing cells loading and

retaining their bioactivity. The FA/PEI/CMC-G film showed

the lowest contact angle, indicating the best hydrophilicity,

attributed to the carboxylic and carboxylate groups in FA

and CMC. The results showed that the film could provide a

biocompatible surface and promote cell adhesion and growth.

3.3. Fluorescence microscopy

Fluorescence microscopy was used to characterize the FA/PEI/

CMC-G cytosensor for the recognization of HL-60 cells be-

cause they could express high levels of FR [31]. Low-toxic cal-

cein-AM was chosen to carry out staining experiment for the

determination of cell viability since its fluorescence intensity

was proportional to the amount of live cells [32]. As shown in

Fig. 6A, after the FA/PEI/CMC-G/ITO was incubated into the

solution with HL-60 cells for 2 h, strong fluorescence could

be observed, meaning a large number of viable cells were cap-

tured by the FA/PEI/CMC-G film. However, only weak fluores-

cence was observed (Fig. 6B) when the electrode was

incubated with A549 cells (FA receptor negative), indicating

few cells were captured. Thus, the FA/PEI/CMC-G cytosensor

could specifically recognize the HL-60 cells with FA receptors

and keep the activity of cells. Furthermore, after incubation

for 24 h (Fig. 6C), the attached round cells almost adhered

and spreaded to irregular shapes on the surface of the film,

indicating a good viability. Thus the FA/PEI/CMC-G cytosensor

did not show cytotoxicity and was suitable for the immobili-

zation of cells with good biocompatibility.

3.4. Electrochemical characteristics of the cytosensor

The cyclic voltammetric (CV) studies of ferricyanide were car-

ried out to investigate the cytosensor after each assembly

step. All electrochemical measurements were performed in

a PBS (pH = 7.4) solution containing 0.1 M KCl and 2 mM



Fig. 5 – (A) FT-IR spectra of CMC-G (a), PEI/CMC-G (b) and FA/PEI/CMC-G (c). (B) Contact angle of bare GCE (a), p-G/GCE (b), CMC-

G/GCE (c), PEI/CMC-G/GCE (d) and FA/PEI/CMC-G/GCE (e).

Fig. 6 – Fluorescent images of the HL-60 cells (A), A549 cells (B) for 2 h and HL-60 cells for 24 h (C) stained by calcein-AM after

captured on the FA/PEI/CMC-G/ITO electrode.
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Fe(CN)6
3�/Fe(CN)6

4�. Fig. 7A shows the CVs of Fe(CN)6
3�/

Fe(CN)6
4� at the bare (curve a), CMC-G (curve b), FA/PEI/

CMC-G (curve c) and cells/FA/PEI/CMC-G (curve d) modified

GCE, respectively. Stepwise modification at GCE was accom-

panied by a change in the amperometric response and in

the peak-to-peak separation between the cathodic and anodic

waves of the redox probe, showing that the electron transfer

kinetics of Fe(CN)6
3�/Fe(CN)6

4� was obstructed. In the case of

CMC-G modified GCE, the current response was larger than

bare GCE, due to the accelerated electron transfer [2,33]. After

PEI, FA molecules and HL-60 cells (3.0 · 105 cells mL�1) were

immobilized layer-by-layer onto the CMC-G modified elec-

trode consecutively, the peak currents of the redox couple de-

creased successively because of the insulative property of

these materials.

EIS is an effective tool for monitoring the changes in the

surface features of the modified electrodes in the assembly

process and has been used to monitor the adhesion of macro-

phages, fibroblasts and bacterial cells [15,34]. The impedance

spectra include a semicircle portion and a linear portion. The

semicircle portion at higher frequencies corresponds to the

electron transfer process and the linear portion at lower fre-

quencies represents the diffusion process. The semicircle

diameter equals to the electron-transfer resistance, Ret [35].

Fig. 7B shows the EIS of the electrode at different stages. For

the bare GCE, the redox process of Fe(CN)6
3�/Fe(CN)6

4� probe

showed a Ret value of 81 X. The CMC-G modified GCE showed

a lower resistance (curve b), which implied that the presence

of CMC-G improved the electrical conductivity at the elec-
trode. After the CMC-G modified electrode was assembled

with PEI and FA, the Ret value increased to 207 X (curve c),

probably because the self-assembled layers could generate a

conductivity-decreased surface that inhibited the redox probe

to access the modified layer. Subsequently, HL-60 cells

(3.0 · 105 cells mL�1) were captured by the electrode and the

Ret increased further to 847 X (curve d) because of the poor

conductivity of cells that further resisted the redox probe.

The EIS results were consistent with the CV curves (Fig. 7A),

revealing that the self-assembly process was feasible. In com-

parison with CV, the EIS results presented more apparent dif-

ferences between each assembly step, showing better

sensitivity. In the control experiment, p-G modified electrode

was used to fabricate another cytosensor with the similar

production process to that based on CMC-G. After PEI and

FA molecules were combined on the surface of p-G/GCE, the

cytosensor was obtained to detect the concentration of cells

in the synthetic solutions. However, the CV and EIS responses

almost overlapped in higher cells concentrations (Fig. 7C and

D). This might be ascribed to the smaller amount of PEI and

FA combined on the surface of p-G/GCE in comparison with

CMC-G/GCE, and consequently the quantity of cells might

be smaller. These phenomena suggested CMC played a great

role in our label-free electrochemical cytosensing.

3.5. Selectivity of the cytosensor

The designed architecture is suitable for the adhesion and

immobilization of HL-60 cells, producing a sensitive imped-



Fig. 8 – Ret response of the cytosensor: (a) no cell incubated,

(b) 5.0 · 105 cells mL�1 A549 cells and (c) 5.0 · 105 cells mL�1

HL-60 cells. Error bars represent standard deviation. Every

point was an average value of three models of the

cytosensors for independent measurements.

Fig. 7 – (A) CV and (B) Nyquist plots of bare (a), CMC-G (b), FA/PEI/CMC-G (c) and 3.0 · 105 cells mL�1 HL-60 cells/FA/PEI/CMC-G

(d) modified GCE in 0.10 M KNO3 containing 2 · 10�3 M K3[Fe(CN)6]/K4[Fe(CN)6]; (C) CV and (D) Nyquist plots of p-G (a), FA/PEI/p-

G (b), 3.0 · 104 cells mL�1 HL-60 cells/FA/PEI/p-G (c) and 3.0 · 105 cells mL�1 HL-60 cells/FA/PEI/p-G (d) modified GCE in 0.10 M

KNO3 containing 2 · 10�3 M K3[Fe(CN)6]/K4[Fe(CN)6].
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ance cytosensor. Meanwhile, the selectivity is an important

criterion for the evaluation of the cytosensor. Two different

cells were compared by monitoring the Ret value (Fig. 8). When

the FA/PEI/CMC-G modified GCE was incubated with HL-60

cells at the concentration of 5.0 · 105 cells mL�1, significantly

increase in the Ret value was observed compared to no cell

incubated. However, in the case of A549 cells (FA receptor neg-

ative) at the same concentration, only slightly increase for the

Ret was observed, which was consistent with the result of

fluorescence microscopy. A control test was also made with

FA/PEI/CMC-G and PEI/CMC-G modified GCE (Figure S2). The

results showed that Ret response of FA/PEI/CMC-G modified

GCE was much higher than PEI/CMC-G modified GCE at the

same HL-60 cells concentrations, further supporting that folic

acid was the actual cause of the response. Therefore, it is rea-

sonable to use the proposed cytosensor for the determination

of HL-60 cells.

To evaluate the efficiency of the cytosensor, the FA/PEI/

CMC-G modified GCE was incubated with various concentra-

tions of HL-60 cells and the corresponding Nyquist plots of

impedance spectra are shown in Fig. 9A. The EIS results could

be simulated with a Randle’s equivalent circuit as shown in

the inset. The modified equivalent circuit and the fitting of

measured spectra to the equivalent circuit (solid line) indi-

cated good agreement between the circuit model and the
measurement system over the entire measurement fre-

quency range [36]. Ideally, Zw and Rs represent the bulk prop-

erties of the electrolyte solution and diffusion features of the



Fig. 9 – (A) Nyquist plots in pH 7.4 PBS solution containing 0.1 M KCl and 2 mM Fe(CN)6
3�/Fe(CN)6

4� recorded on the Cells/FA/

PEI/CMC-G/GCE with the cell concentrations of 5.0 · 102, 5.0 · 103, 5.0 · 104, 5.0 · 105 and 5.0 · 106 cells mL�1. (B) Calibration

curve of the impedance sensor for determination of HL-60 cells. Error bars represent standard deviation. Every point was an

average value of three models of the cytosensors for independent measurements.
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redox probe in solution, thus they are not affected by the

modifications on electrode surface [37]. However the changes

in Ret value by modifications are much larger than those in

other impedance elements. Thus, Ret is a suitable probe for

monitoring the changes in the surface features during the

assembly process. Because the insulation of cell membrane

to hinder the electron transfer, Ret increased with the increas-

ing concentration of cells, namely the diameter of the Nyquist

circle increased with the addition of HL-60 cells.

In Fig. 9B, a linear relation between the Ret responses and

the logarithmic values of cell concentrations (C) was calcu-

lated in the range from 5.0 · 102 to 5.0 · 106 cell mL�1,

Ret = �410.97 + 233.97 lgC, with a correlation coefficient R of

0.995 (n = 3). The detection limit was estimated to be

500 cells mL�1, which was lower than 1.0 · 103 cells mL�1 for

an electrochemical cytosensor for K562 cells based on mul-

ti-walled carbon nanotubes (MWCNT) [38], 800 Ramos

cells mL�1 with an aptamer-nanoparticle strip biosensor [30]

and 5.0 · 103 cells mL�1 for an impedance sensor for HL-60

cells [39]. The proposed cytosensor exhibited low detection

limit for cancer cells, presumably because that the CMC-G hy-

brid had excellent conductivity to greatly accelerate the elec-

tron transfer, providing good opportunities for sensors.

Besides, FA showed great cell-capture ability towards HL-60

cells, owing to the specific reaction between FA and FR. Final-

ly, the FA/PEI/CMC-G cytosensor did not show cytotoxicity,

thus resulting in the capture and detection of living cells.

3.6. Reproducibility and stability of the cytosensor

Reproducibility and stability of any biosensing platform are

extremely important. In our experiment, the reproducibility

was estimated by determining the cells level with three cyto-

sensors of different batches under the same experimental

conditions. The relative standard deviation (RSD) of the in-

ter-assay was 7.58% at the cells concentration of

5.0 · 105 cells mL�1, indicating acceptable precision and fabri-

cation reproducibility. The cytosensor retained its EIS and CV
response after 60 days in air at 4 �C, without obvious decline.

This indicated that the FA/PEI/CMC-G modified GCE was effi-

cient to hold its stability and bioactivity as well. The above re-

sults showed that the as-fabricated CMC-G-based cytosensor

could afford a simple and applicable way to detect cancer

cells quantificationally with acceptable sensitivity, satisfac-

tory stability and reproducibility.

4. Conclusion

An effective strategy for the preparation of CMC-G with high

dispersibility was developed, and it could be used to fabricate

an electrochemical sensor for label-free cancer cell detection.

The as-prepared hybrid while maintained the advantage of

graphene with high electrochemical activity, also exhibited

good biocompatibility and adaptability of CMC for further

functionalization. The cytosensor when functionalized with

FA as a target anchorage to capture cells specifically exhibited

desirable performance for cancer cells detection. Therefore,

we anticipate that this research will further facilitate the

application of functionalized graphene for biosensing appli-

cations and provide a convenient platform for clinical diagno-

ses in the future.
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