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Abstract: 

In this study, we developed a screen-printed carbon−graphene-based electrochemical biosensor for EN2 

protein detection. The engrailed-2 (EN2) protein, a biomarker for prostate cancer, is known to be a strong 

binder to a specific DNA sequence (5′-TAATTA-3 ′) to regulate transcription. To take advantage of this 

intrinsic property, aptamer probes with TAATTA sequence was immobilized onto the screen-printed 

carbon−graphene electrode surface via EDC−NHS coupling approach. Cyclic voltammetry (CV) of the 

electrochemical measurement technique was employed for the quantitative detection of EN2 protein. The 

hindrance to the redox reaction of potassium ferricyanide on the biosensor surface due to the binding of the 

immobilized aptamer with its target EN2 protein quantified the protein concentration. Under optimum 

conditions, the aptamer biosensor can detect EN2 protein over a linear range from 35 to 185 nM with a 

detection limit of 38.5 nM.  

Keywords: Electrochemical; Biosensor; Graphene; Aptamer; EN2 protein; Screen-printing; 
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1. Introduction 

Prostate cancer is one of the most common malignancy among men in many countries and is a leading cause 

of death [1]. There are several methods for early screening and diagnosis of prostate cancer, including 

prostate imaging, biopsy, and prostate-specific antigen (PSA) screening [2, 3]. The combination of serum 

PSA measurements and digital rectal examination (DRE) has usually been utilized for early screening of 

prostate cancer [4]. However, PSA is a prostate-specific marker but not a prostate cancer-specific marker and 

is frequently raised in noncancerous conditions, such as benign prostatic hyperplasia (BPH) and prostatitis 

[5-7]. This implies that the PSA screening lacks both sensitivity and specificity to accurately detect the 

presence of prostate cancer. Therefore, the development of a diagnostic method based on a biomarker more 

powerful than PSA has been strongly demanded. 

A number of genes are involved in early embryonic development and are subsequently re-expressed in 

cancer. For example, the HOX genes are a family of homeodomain-containing transcription factors that 

determine the early identity of cells and tissues [7-10]. Engrailed-2 (EN2), a transcriptional repressor and a 

member of the HOX group, shows a very high degree of functional conservation during embryonic 

development and hence is a potential biomarker for several cancers, including breast cancer, ovarian cancer, 

bladder cancer, and prostate cancer [11-14] . Morgan et al. (2011) reported that full-length Engrailed-2 (EN2) 

protein can be released from prostatic cancer acini and ducts and be detected in the urine. Their cohort study 

resulted in a sensitivity of 66% and a specificity of 88.2% on the basis of EN2 detection with a threshold 

level of 42.5 µg/L [13, 14]. Therefore, the presence of EN2 in urine is highly predictive of prostate cancer, 

indicating that EN2 is a potential diagnostic biomarker.  

Enzyme-linked immunosorbent assay (ELISA) is a widely used technique for protein detection [13]. 

However, ELISAs have a number of disadvantages, such as requirements for relatively expensive test kits, 

bulky plate readers, and lengthy procedures [15]. Biosensor technologies have been used as potential 

alternatives to circumvent the bottlenecks of traditional methods because of their rapid response time, 

sensitivity, portability, and ease of use. Biosensors that use an aptamer as a specific recognition part have 
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become an area of research interest. Aptamers are single-stranded DNA (ssDNA) or RNA oligonucleotides 

that form sequence-defined unique structures with binding affinities for specific targets [16, 17]. Several 

characteristics of aptamers make them attractive recognition receptors for bio-sensing assay development, 

such as stability, ease of synthesis and labeling, low production cost, and high target binding affinity and 

specificity [18-21]. The target molecules of an aptamer can be proteins, small organic molecules, metal ions, 

or even whole cells or microorganisms [19, 22-25]. Aptamer biosensors provide a quick, cost-effective and 

sensitive platform for screening methods with minimal sample preparation [26, 27]. 

Eelectrochemical aptamer sensors have attracted interests, due to their combined advantages of 

sensitivity, miniaturization capability, and low cost, as well as high stability [28-30]. An ideal biosensor 

should have a high signal/noise (S/N) ratio, a low detection limit and a broad linear detection range of the 

analyte concentration [31]. Graphene has received special attention in the development of advanced 

biosensing systems. Recently, a new, low-cost and efficient screen-printed carbon–graphene paste electrode 

(SPCGE) has been developed for the electrochemical detection of H2O2, NAD+/NADH and (Fe(CN)6 
3−/4−) 

redox couples [32]. The direct incorporation of graphene into the carbon paste for electrode fabrication 

resulted in enhanced electrochemical response attributed to the increased reactive surface area, electronic 

mobility and electron transfer rate. As a result, relatively wide dynamic ranges, high sensitivities, low 

detection limits and high reproducibility could be achieved.  

In this study, an electrochemical aptamer biosensor based on screen-printed electrodes of 

carbon−graphene paste was developed for the detection of EN2 protein. The electrodes of the biosensor were 

formed by screen-printing a mixture of graphene and carbon paste on a polycarbonate substrate.  EN2 

protein-specific aptamer sequence [33] with amine linker was immobilized on the screen-printed electrode 

surface. Finally, cyclic voltammetry (CV) was used to quantify the EN2 protein concentration with the 

developed aptamer biosensor. 
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2. Materials and Methods 

2.1. Reagents 

N-hydroxysulfosuccinimide (sulfo-NHS or simply NHS), 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide 

hydrochloride (EDC), and stearic acid were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). 

The analytical grade hydrochloric acid (HCl) was obtained from Avantor Performance Materials (Center 

Valley, PA, USA). Calcium carbonate (CaCO3) was supplied by Formosa Plastics Corporation (Taipei, 

Taiwan). Polyvinyl chloride (PVC) substrate was obtained from Jan Yan Print Int’l Corporation (Taoyuan, 

Taiwan). Carbon paste was purchased from Gwent Electronic Materials Ltd. (Pontypool, UK). Graphene 

powder was obtained from Enerage Inc. (Taipei, Taiwan). Deionized water (18.2 MΩ/cm) obtained from a 

Lotun ultrapure water purification system (Lotun Technic Co., Ltd., Taipei, Taiwan) and filtered through a 

0.22-µm Millipak 40 Membrane (Millipore Corp., Bedford, MA, USA) was used in all the experiments.  

DNA aptamer probe used in this study was obtained from MD-Bio Inc. (Taipei, Taiwan); it was a 46-mer 

base sequence of 5′-NH2-AAA AAA AAA ACG TGT AAT TAC CTC CAG AAG GAG AGG TAA TTA 

CACG-3′. The estimated dissociation constant of the aptamer was 66 nM [33]. 

2.2. Fabrication of carboxyl-enriched screen-printed carbon−−−−graphene electrodes (COOH-SPCGE) 

Firstly, 0.135 g graphene powder, 0.3 g CaCO3 powder and 0.43 g stearic acid were well mixed with 9 g of 

carbon paste by using an IKA RW 20 digital stirrer (IKA Works Inc., NC, USA). Then, this 

carbon−graphene paste containing CaCO3 and stearic acid was used to print electrodes on a PVC substrate 

by utilizing a TY-300 FAT screen-printing machine (ATMA CHAMP Ent. Corp., Taipei, Taiwan). After 

being dried by an oven at 60°C for 30 min, the electrodes were immersed in 1-M HCl for 1 h for the CaCO3 

to dissolve. Finally, the electrodes were rinsed with deionized water and dried in air for further use. An 

electrode thus formed was called a carboxyl-enriched porous screen-printed carbon−graphene electrode 

(COOH-SPCGE).  

2.3. Immobilization of aptamer on COOH-SPCGE surface 
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DNA probe was covalently attached to the carboxyl outer layer of the electrode surface through EDC−NHS 

chemistry. Firstly, the electrode was immersed for 15 min in a 10-mM phosphate buffer solution (PBS) of 

pH 6.0 containing 2-mM EDC and 5-mM sulfo-NHS. Secondly, a 10-mM PBS of pH 7.4 containing aptamer 

probe of a 1-µM concentration was dropped onto the electrode surface, which was then left at room 

temperature for an optimum length of time (namely 3 h, described in 3.2.1).  Then the electrode was washed 

with DI water to remove unbound aptamer probes. The preparation process of the aptamer biosensor is 

schematically shown in Fig. 1. 

 

Fig. 1: Schematic representation of the aptamer biosensor preparation. 

2.4. Surface morphology and composition analysis 

To verify the aptamer immobilization result, the composition of the electrode surface after aptamer 

immobilization was observed with a scanning electron microscope (SEM, Model S-3500N, Hitachi Ltd., 

Tokyo, Japan) coupled with an energy dispersive X-ray spectroscope (EDS, Model EX-200, HORIBA Ltd., 

Kyoto, Japan). 
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concentrations prepared in 10-mM PBSs of an optimum pH level (namely pH 7.5, described in 3.2.2) 
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concentration comprises a first step of EN2 binding and a second step of CV scan. In Step 1, each of the 
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binding time (namely 30-min, described in 3.2.4) at an optimum temperature (namely 25 °C, described in 

O 
O

−
 

EDC/ 
Sulfo-NHS 

O 
O 

NH
2
 

Aptamer 

O NH 

EN2 protein 

O NH 

COOH-SPGCE 

 EN2 
 EN2 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

3.2.5) for the EN2 protein to bind to the aptamer. Afterward, the biosensors were washed with a pH-7.5 PBS 

to remove unbound protein.  In Step 2, cyclic voltammetry was carried out with each biosensor in a 10-mM 

PBS of an optimum pH level (namely pH 7.5, described in 3.2.6) with 0.1-M potassium ferricyanide 

(K3Fe(CN)6) as the redox probe. The CV scanning was conducted over a potential range from −0.9 to +0.9 

V at a scan rate of 50 mV/s. Finally, the calibration curve of CV response current vs. EN2 concentration was 

obtained and the detection range and the limit of detection were determined.  

The CV measurement was carried out using an IM6-eX electrochemical workstation (ZAHNER-Elektrik 

GmbH & Co. KG, Germany). One of the two contact pads of the biosensor was connected to the test and 

sense probes and the other was connected to the reference and counter probes on the IM6-eX electrochemical 

workstation. 

 

3. Results and Discussion: 

3.1. Characterization of DNA immobilization 

The covalent immobilization of aptamer probe onto the electrode surface was obtained via 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydrosulfosuccinimide (NHS) cross-linking reaction. 

Although physical adsorption is a simpler way to attach DNA onto a solid surface, the attached DNA on the 

solid surface is not well ordered or tightly bound. By contrast, the EDC−NHS covalent bonding approach 

produces a more ordered DNA immobilization with a higher DNA surface density on the electrode surface 

[34, 35]. Amine-modified DNA aptamer was used in this work to anchor amine groups from the 5′ terminal 

to carboxylate groups of stearic acid to get a more orderly aptamer on the electrode surface. In the presence 

of EDC and NHS, the aptamer modified with amine linker at 5′ terminal forms a peptide bond with the 

COO− groups from stearic acid on the electrode surface. The surface modification was characterized by 

SEM/EDS and cyclic voltammetric measurements described below.  

3.1.1. SEM/EDS 
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The result of the electrode surface modification with EDC−NHS and aptamer was analyzed with scanning 

electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) for confirming the presence of DNA. 

Fig. 2(a) indicates that the COOH-SPCGE surface was composed of 94.43 wt% of carbon and 5.57 wt% of 

oxygen. The presence of oxygen element reflected the addition of stearic acid powder in the 

carbon−graphene paste for creating the carboxyl groups on electrode surface. Fig. 2(b) indicates that, after 

being dropped with EDC and sulfo-NHS, the electrode surface contained sulfur along with carbon and 

oxygen elements (93.99 wt% of C, 5.73 wt% of O, and 0.28 wt% of S). The presence of sulfur (from sulfo-

NHS) on the electrode surface proved that the carboxyl groups on the electrode surface were successfully 

activated by EDC−sulfo-NHS. Fig. 2(c) shows that, after being modified with aptamer, the electrode surface 

consisted of 79.43 wt% of carbon, 3.67 wt% of oxygen, 5.56 wt% of nitrogen and 11.34 wt% of phosphorous. 

The presence of nitrogen and phosphorus, from the amine linker and the sugar-phosphate backbone of the 

DNA, respectively, reflected a successful immobilization of the aptamer on the electrode surface. In all these 

cases, the SEM pictures and EDS mapping analyses showed a homogeneous distribution of elements over 

the sample surface, demonstrating a successful modification of the electrode surface. 

3.1.2. Cyclic voltammetric characterization 

The electron transfer property of the electrode after aptamer immobilization was confirmed using cyclic 

voltammetry with a 10-mM PBS solution containing 0.1-M K3Fe(CN)6 at a scan rate of 50 mV/s.  

The electrode reaction mechanisms of the electroactive species at the electrode surface can be 

verified by the CV measurement. Fig. 3(a) illustrates cyclic voltammograms of the bare COOH-SPCGE and 

aptamer modified COOH-SPCGE.  The electrochemical behaviors of the electroactive Fe(CN)6
3−/4− redox 

couple was used to reflect the electron transfer characteristic of the modified electrode surface. As for the 

bare COOH-SPCGE (Curve 1, Fig. 3(a)), a pair of redox peaks for Fe(CN)6
3−/4− appeared at −0.121 V and 

+0.121 V at a scan rate (ν) of 50 mV/s to give a peak potential difference ∆Ep of 0.242 V. As shown in Fig. 

3(a) (curve 2), the redox peak current of the aptamer-immobilized COOH-SPCGE increased remarkably. Our 

experiment result is consistent with the literature [36, 37]. According to these reports, the increase in peak 
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current after aptamer immobilization could be attributed to the increase of electron transfer through the DNA 

chain [37], whose negatively charged phosphate backbone [38] could adsorb  K+ to its surface. With a 

stronger affinity to the adsorbed K+ ions, more Fe(CN)6
4- anions than other anions were attracted towards the 

electrode surface thereby causing an increase in the peak current of Fe(CN)6
3-/4- [36]. The increased current 

response due to aptamer immobilization implied that the aptamer had been immobilized successfully on the 

electrode surface.  

 

(a) COOH-SPCGE 
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Fig. 2: SEM/EDS mapping analysis on (a) COOH-SPCGE, (b) COOH-SPCGE/EDC−NHS, (c) COOH-SPCGE 

/EDC−NHS/aptamer.   
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Fig. 3(b) and Fig. 3(c) shows the cyclic voltammetric behavior of the bare COOH-SPCGE and 

aptamer-modified COOH-SPCGE, respectively, at various scan rates. In both cases, the ∆Ep increased with 

the increased scan rate and the peak current was directly proportional to the square root of the scan rate 

(shown in the insets of Fig. 3(b) and (c)), which indicates a diffusional process at the electrode surface 

[39]. The diffusion coefficient D0 was calculated from the linear relationship between the peak current ip and 

the square root of the scan rate v according to the Randles−Sevcik equation: 

�� = (2.69 × 10�)��/����
�/�
���/�         ……. (1) 

, where n is the number of electrons transferred, A the area of the working electrode, and C the concentration 

of the redox species in the solution. The diffusion coefficient of the electroactive species to or from the 

electrode surface was calculated from Eqn. 1 by using cathodic peak currents. The calculated diffusion 

coefficients for the bare COOH-SPCGE and aptamer-immobilized COOH-SPCGE were 5.62 × 10−11 and 

8.84 × 10−11 cm2/sec, respectively. Diffusion coefficient for the modified aptamer-immobilized COOH-

SPCGE was significantly greater than the bare COOH-SPCGE (P < 0.01).  
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Fig.  2: The results of CV characterization. (a) On bare COOH-SPCGE and aptamer-immobilized COOH-

SPCGE; (b) on bare COOH-SPCGE, various scan rates; (c) on aptamer-immobilized COOH-SPCGE, 

various scan rates. 
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current increased with increased length of immobilization time. That means a longer immobilization time 

resulted in a larger amount of aptamer probes immobilized onto the electrode surface. After 3 h of exposure 

to the aptamer probes, the active sites of electrode surface were presumably fully attached with aptamer 

probes. So the CV peak current only had insubstantial change (p > 0.05, one-way ANOVA) beyond 3 h of 

immobilization time. Therefore 3 h was chosen as the optimum aptamer immobilization time, that is, the 

length of time from dropping aptamer-containing PBS on the COOH-SPCGE/EDC−NHS to washing it with 

DI water. 

 

Fig. 4: Experimental result showing the effect of aptamer probe immobilization time on CV peak current. 

Each of the error bars denotes the standard deviation of 4 measurements. 
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and were prepared at room temperature. Fig. 5 shows the resultant CV peak current with respect to the pH 

level of the PBS. The CV peak current was the lowest for the EN2 protein solution with pH-7.5 PBS and it is 

significantly different (p < 0.05, t test) from that with pH-7 PBS. This indicates that EN2 protein binds to 

aptamer more easily at pH 7.5. Previous studies [40] have reported that in a more acidic environment, the 

protonation reaction of the phosphodiester of the DNA can reduce the solubility of the DNA molecule, which 

eventually decreases the DNA hybridization. In a more basic medium, DNA hybridization also decreased 

and hence the response of DNA biosensor was also weakened [41]. Therefore, 7.5 was selected as the 

optimum pH of the PBS for EN2 protein−aptamer binding. 

 

Fig. 5.  Experimental result showing the effect of the pH of PBS on EN2 protein−−−−aptamer binding.  Each of 

the error bars denotes the standard deviation of 4 measurements. 
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repulsion between aptamer molecules decreased and thus the protein−aptamer binding reaction was 

enhanced. As shown in Fig. 6, when the NaCl concentration was increased to 0.2 M, the peak current became 

significantly lower (p < 0.05, t test). Hence, the optimum NaCl concentration was determined to be 0.2 M, at 

which the biosensor gave the highest degree of protein−aptamer binding. 

 

Fig. 6: Experimental result showing the effect of sodium ion concentration on EN2 protein−aptamer binding.  

Each of the error bars denotes the standard deviation of 4 measurements. 
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Fig. 7: Experimental result showing the effect of binding time on EN2 protein−aptamer binding. Each of the 

error bars denotes the standard deviation of 4 measurements. 

3.2.5. Optimization of the temperature for protein-aptamer binding  

Temperature might be a factor on protein−aptamer binding. Fig. 8 shows the result of a preliminary 

experiment for finding the optimum temperature for the binding time in Step 1 of EN2 concentration 

measurement mentioned in 2.5.  As can be seen in this figure, the CV peak current with EN2 (when the 

temperature was 4, 25, or 37 °C) was significantly lower (p < 0.05, t test) from the one without EN2. On the 

other hand, one-way ANOVA shows that the peak currents at different temperatures (4, 25, 37 °C) were not 

significantly different. For the sake of convenience, 25 °C, i.e., the room temperature, was chosen as the 

optimum temperature. 
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Fig. 8: Experimental result showing the effect of temperature on EN2 protein−aptamer binding.  Each of the 

error bars denotes the standard deviation of 4 measurements. 

3.2.6. Optimization of the pH for cyclic voltammetry 

Fig. 9 illustrates the CV response of the biosensor as a function of the pH of PBS. The highest CV peak 

current was attained at pH 7.5. Therefore, the optimum pH of the PBS for cyclic voltammetry was 

determined to be 7.5. Indeed, all the preliminary experiments mentioned in 3.2.2−3.2.5 all used this pH for 

the PBSs. 

 

Fig. 9: Experimental result showing the effect of the pH of PBS on the response of the aptamer-immobilized 
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biosensor. Each of the error bars denotes the standard deviation of 4 measurements. The peak currents with 

different pH values were compared with t test. The peak current with pH 7.5 was significantly higher (p < 

0.05) than those with lower pH values. Its mean was higher than those with higher pH values. 

 

3.3. EN2 protein detection 

3.3.1. Direct assay 

The optimized aptamer biosensor was used to detect various concentrations of EN2 protein (35 nM to 

350 nM) by measuring CV peak current. The hindrance of the redox reaction of K3Fe(CN)6 on the electrode 

surface due to  the target EN2 protein bound to the immobilized aptamer probe caused the current response 

to decrease with increased EN2 protein concentrations, as can be seen from Fig. 10. The CV peak current 

response of the aptamer biosensor exhibited a linear range from 35 nM to 185 nM, and the linear equation 

was I(µA) = 6.648− 0.00383 [EN2 protein](nM) with a coefficient of determination R2 = 0.94. The 

calculated limit of detection (LOD) was 38.5 nM. The LOD is not yet sufficient for clinical diagnostics and 

hence further investigation on signal enhancement is required in order to improve the LOD.  

 

Fig. 10: Cyclic voltammetry peak current vs. EN2 protein concentration in PBS. The red straight line 

represents the linear regression line. Each of the error bars denotes the standard deviation of 4 measurements. 
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3.3.2. AuNP-enhanced assay 

In order to improve the sensitivity and detection limit, signal enhancement by gold nanoparticles of 5-nm 

diameter was performed. Different-sized AuNPs could produce different levels of signal enhancement [42]. 

While the aptamer recognition layer was formed on the electrode surface and small-sized AuNPs could 

possess the advantage of better diffusion to the surface. In this study, we chose 5-nm AuNPs. A 20 ul of gold 

colloid was dropped onto the aptamer-immobilized electrode surface and dried in air. As shown in Fig. 11, 

the CV current response enhanced significantly after AuNPs coating. The CV peak current value with and 

without AuNPs coating was 9.92 and 7.72 µA, respectively.  This shows that the electrochemical signal was 

enhanced by about 1.5 times after AuNP assay. Hence, AuNPs-coated sensor was employed to detect EN2 

protein.  

 

Fig. 11: Cyclic voltammogram of aptamer-immobilized sensor with and without AuNP coating.  

Fig. 12 shows the CV peak current change (∆I) vs EN2 concentration in direct assay (a) and AuNP-

enhanced assay (b). Peak current change, ∆I = I − I0, where I0 and I are the peak currents obtained from PBS 

without and with EN2 protein, respectively. The signal enhancement by AuNP improved the detection range 

from 35−185 nM to 20−350 nM and the LOD from 38.5 nM to 19.4 nM.  
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Recently, Lee et al. (2015) developed a gold nanoparticles-based electrochemical biosensor with gold 

electrodes for the detection of EN2 protein [33]. The detection range of their sensor is 10 fM to 1 nM with an 

LOD of 5.62 fM. However, it involves a high cost for sensor material (gold). In contrary, the method 

proposed in our study demonstrates the possibility of detecting EN2 protein at a low cost. To the best of our 

knowledge, no other study for the detection of EN2 protein has been reported.   

. 

  

Fig. 12: Cyclic voltammograms of EN2 protein detection and the corresponding change of the peak current 

vs. EN2 protein concentration in PBSs with (a) direct assay and (b) AuNP-enhanced assay.  The red straight 

lines represent the linear regression lines. Each of the error bars denotes the standard deviation of 4 

measurements. 
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4. Conclusion 

We have demonstrated the construction of a screen-printed carbon−graphene-based electrochemical aptamer 

biosensor for detecting EN2 protein at a nanomolar level, using a specific DNA aptamer probe immobilized 

on the electrode surface. The electrochemical measurements successfully detected the EN2 protein over a 

linear range from 35 to 185 nM with a detection limit of 33.8 nM.  The proposed carbon−graphene-based 

electrochemical biosensor holds great promise in clinical diagnosis.  Our future study aims to improve the 

detection limit to the sub-nanomolar level through investigation and improvement with different electrode 

materials or electrode configurations or employing different electrochemical detection techniques. 

Considering possible interferences from other electroactive substances or proteins in the urine, we will also 

conduct an interference study to confirm the developed biosensor’s selectivity to EN2 protein.  
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