Accepted Manuscript

Analytical
Biochemistry

Methods in the Biological Sciences

Development of carbon—graphene-based aptamer biosensor for EN2 protein
detection

Kalpana Settu, Jen-Tsai Liu, Ching-Jung Chen, Jang-Zern Tsai

PII: S0003-2697(17)30306-8
DOI: 10.1016/j.ab.2017.07.012
Reference: YABIO 12745

To appearin:  Analytical Biochemistry

Received Date: 1 March 2017
Revised Date: 1 July 2017
Accepted Date: 10 July 2017

Please cite this article as: K. Settu, J.-T. Liu, C.-J. Chen, J.-Z. Tsai, Development of carbon—graphene-
based aptamer biosensor for EN2 protein detection, Analytical Biochemistry (2017), doi: 10.1016/
j-ab.2017.07.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.



http://dx.doi.org/10.1016/j.ab.2017.07.012

Development of car bon—graphene-based aptamer biosensor for EN2 protein detection

Kalpana Settt) Jen-Tsai Lif, Ching-Jung ChéhJang-Zern Tsali
!Department of Electrical Engineering, National Eaipniversity, Sanxia, Taiwan
“College of Materials Sciences and Opto-electronicsyersity of Chinese Academy of
Sciences, Beijing, China
3School of electronic and Communication Engineeriijyversity of Chinese Academy of Sciences, Bejjing
China

“Department of Electrical Engineering, National Gahtniversity, Jhongli, Taiwan

"Corresponding author

Jang-Zern Tsai

Associate Professor

Department of Electrical Engineering,

National Central University,

Jhongli, 32001, Taiwan

Tel.: +886-3-4227151 ext. 34455, Fax: +886-3-42%683
E-mail: jztsai@ee.ncu.edu.tw



Abstract:

In this study, we developed a screen-printed carfp@phene-based electrochemical biosensor for EN2
protein detection. The engrailed-2 (EN2) proteirbi@marker for prostate cancer, is known to beranst
binder to a specific DNA sequence-T;AATTA-3’) to regulate transcription. To take advantagehos t
intrinsic property, aptamer probes with TAATTA seque was immobilized onto the screen-printed
carbor-graphene electrode surface via EENEHS coupling approach. Cyclic voltammetry (CV) dfet
electrochemical measurement technique was emplfiyethe quantitative detection of EN2 protein. The
hindrance to the redox reaction of potassium fgamede on the biosensor surface due to the bindirige
immobilized aptamer with its target EN2 protein afied the protein concentration. Under optimum
conditions, the aptamer biosensor can detect EN&iprover a linear range from 35 to 185 nM with a
detection limit of 38.5 nM.
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1. Introduction

Prostate cancer is one of the most common malignamong men in many countries and is a leadingecaus
of death [1]. There are several methods for earhgening and diagnosis of prostate cancer, inctudin
prostate imaging, biopsy, and prostate-specifiegant(PSA) screening [2, 3]. The combination ofuser
PSA measurements and digital rectal examinationHDRas usually been utilized for early screening of
prostate cancer [4]. However, PSA is a prostateipenarker but not a prostate cancer-specifickeaand

is frequently raised in noncancerous conditionshsas benign prostatic hyperplasia (BPH) and piitista
[5-7]. This implies that the PSA screening lackghbsensitivity and specificity to accurately detéuot
presence of prostate cancer. Therefore, the dawelopof a diagnostic method based on a biomarkee mo
powerful than PSA has been strongly demanded.

A number of genes are involved in early embryoregedopment and are subsequently re-expressed in
cancer. For example, the HOX genes are a familharheodomain-containing transcription factors that
determine the early identity of cells and tissug4.(]. Engrailed-2 (EN2), a transcriptional reposand a
member of the HOX group, shows a very high degredunctional conservation during embryonic
development and hence is a potential biomarkesdweral cancers, including breast cancer, ovaaacer,
bladder cancer, and prostate cancer [11-Mgrgan et al. (2011) reported that full-length Eaxitgd-2 (EN2)
protein can be released from prostatic cancer acididucts and be detected in the urine. Theirrtchady
resulted in a sensitivity of 66% and a specifiofy88.2% on the basis of EN2 detection with a thods
level of 42.5ug/L [13, 14]. Therefore, the presence of EN2 imeris highly predictive of prostate cancer,
indicating that EN2 is a potential diagnostic biokes.

Enzyme-linked immunosorbent assay (ELISA) is a Wwidesed technique for protein detection [13].
However, ELISAs have a number of disadvantaged) ascrequirements for relatively expensive tes, kit
bulky plate readers, and lengthy procedures [15ps@&hsor technologies have been used as potential
alternatives to circumvent the bottlenecks of tiadal methods because of their rapid response, time

sensitivity, portability, and ease of use. Bioseadbat use an aptamer as a specific recognitionhgae
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become an area of research interest. Aptamersragie-stranded DNA (ssDNA) or RNA oligonucleotides
that form sequence-defined unique structures wirldiibg affinities for specific targets [16, 17]. \&eal
characteristics of aptamers make them attractigegmtion receptors for bio-sensing assay developme
such as stability, ease of synthesis and labelow,production cost, and high target binding atfmand
specificity [18-21]. The target molecules of anaapér can be proteins, small organic molecules, Irroats,
or even whole cells or microorganisms [19, 22-Zgjtamer biosensors provide a quick, cost-effectind

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

Eelectrochemical aptamer sensors have attracteztests, due to their combined advantages of
sensitivity, miniaturization capability, and low stp as well as high stability [28-30]. An ideal $emsor
should have a high signal/noise (S/N) ratio, a tetection limit and a broad linear detection ranf¢he
analyte concentration [31]. Graphene has receiygetial attention in the development of advanced
biosensing system&ecently, a new, low-cost and efficient screenipdncarbon—graphene paste electrode
(SPCGE) has been developed for the electrochem@akttion of HO,, NAD*/NADH and (Fe(CN)*™)
redox couples [32]. The direct incorporation of girane into the carbon paste for electrode fabanati
resulted in enhanced electrochemical responsduttd to the increased reactive surface area,retect
mobility and electron transfer rate. As a resulatively wide dynamic ranges, high sensitivitiésy

detection limits and high reproducibility could &ehieved.

In this study, an electrochemical aptamer biosenbased on screen-printed electrodes of
carbor-graphene paste was developed for the detectiomNafotein. The electrodes of the biosensor were
formed by screen-printing a mixture of graphene aatbon paste on a polycarbonate substrate. EN2
protein-specific aptamer sequence [33] with aminkelr was immobilized on the screen-printed eleidro
surface. Finally, cyclic voltammetry (CV) was ustd quantify the EN2 protein concentration with the

developed aptamer biosensor.



2. Materialsand Methods

2.1. Reagents

N-hydroxysulfosuccinimide (sulfo-NHS or simply NHS)-ethyl-3-(3-dimethylamino-propyl) carbodiimide
hydrochloride (EDC), and stearic acid were purctiasem Sigma-Aldrich Corp. (St. Louis, MO, USA).
The analytical grade hydrochloric acid (HCIl) wadanted from Avantor Performance Materials (Center
Valley, PA, USA). Calcium carbonate (Cag)Qvas supplied by Formosa Plastics Corporation pdiai
Taiwan). Polyvinyl chloride (PVC) substrate wasadbed from Jan Yan Print Int'l Corporation (Taoyuan
Taiwan). Carbon paste was purchased from GwentirBléc Materials Ltd. (Pontypool, UK). Graphene
powder was obtained from Enerage Inc. (Taipei, &aijwDeionized water (18.2 ®cm) obtained from a
Lotun ultrapure water purification system (Lotunchieic Co., Ltd., Taipei, Taiwan) and filtered thgbua
0.22-um Millipak 40 Membrane (Millipore Corp., Bedél, MA, USA) was used in all the experiments.
DNA aptamer probe used in this study was obtaimeoh fMD-Bio Inc. (Taipei, Taiwan); it was a 46-mer
base sequence of-BH,-AAA AAA AAA ACG TGT AAT TAC CTC CAG AAG GAG AGG TAATTA
CACG-3. The estimated dissociation constant of the aptavas 66 nM [33].

2.2. Fabrication of carboxyl-enriched screen-printed car bon—graphene electr odes (COOH-SPCGE)
Firstly, 0.135 g graphene powder, 0.3 g Ca@0wder and 0.43 g stearic acid were well mixed Wity of
carbon paste by using an IKA RW 20 digital stirf@KA Works Inc., NC, USA). Then, this
carborr-graphene paste containing Ca{&hd stearic acid was used to print electrodes BW@ substrate
by utilizing a TY-300 FAT screen-printing machindTMA CHAMP Ent. Corp., Taipei, Taiwan). After
being dried by an oven at 8D for 30 min, the electrodes were immersed in 1-®1 Fbr 1 h for the CaC®
to dissolve. Finally, the electrodes were rinsethwdeionized water and dried in air for further .uéa
electrode thus formed was called a carboxyl-endcherous screen-printed carbgmaphene electrode
(COOH-SPCGE).

2.3. Immobilization of aptamer on COOH-SPCGE surface



DNA probe was covalently attached to the carboxyeplayer of the electrode surface through ENES
chemistry. Firstly, the electrode was immersed1formin in a 10-mM phosphate buffer solution (PBE) o
pH 6.0 containing 2-mM EDC and 5-mM sulfo-NHS. Sadly, a 10-mM PBS of pH 7.4 containing aptamer
probe of a 1uM concentration was dropped onto the electrodeaserf which was then left at room
temperature for an optimum length of time (namely, 8escribed in 3.2.1). Then the electrode washe
with DI water to remove unbound aptamer probes. preparation process of the aptamer biosensor is

schematically shown in Fig. 1.

O
Oxe %ll/o
@) EDC/ g
O Sulfo-NHS
NH
— —)
COOH-SPGCE Aptamer EN2 protein

Fig. 1: Schematic representation of the aptamesepisor preparation.
2.4. Surface mor phology and composition analysis
To verify the aptamer immobilization result, thengmosition of the electrode surface after aptamer
immobilization was observed with a scanning elettnoicroscope (SEM, Model S-3500N, Hitachi Ltd.,
Tokyo, Japan) coupled with an energy dispersiveayXspectroscope (EDS, Model EX-200, HORIBA Ltd.,
Kyoto, Japan).
2.5. Performance evaluation of the biosensor in EN2 concentration measur ement
The performance of the proposed biosensor was a&ealwith standard EN2 protein solutions of différe
concentrations prepared in 10-mM PBSs of an optinpiinlevel (namely pH 7.5, described in 3.2.2)
containing NaCl of an optimum concentration (nan@®B M, described in 3.2.3). The measurement of EN2
concentration comprises a first step of EN2 bindang a second step of CV scan. In Step 1, eacheof t
prepared EN2 protein solutions was dropped on gmagr-immobilized biosensor followed by an optimum

binding time (namely 30-min, described in 3.2.4)patoptimum temperature (namely 25 °C, described in
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3.2.5) for the EN2 protein to bind to the aptan#dterward, the biosensors were washed with a pHPBS
to remove unbound protein. In Step 2, cyclic voli@etry was carried out with each biosensor in anM-
PBS of an optimum pH level (namely pH 7.5, desdile 3.2.6) with 0.1-M potassium ferricyanide

(K3Fe(CN}) as the redox probeThe CV scanning was conducted over a potentialedragm —0.9 to +0.9

V at a scan rate of 50 mV/s. Finally, the calilatcurve of CV response current vs. EN2 conceptmatias
obtained and the detection range and the limitetéction were determined.

The CV measurement was carried out using an IM&leXtrochemical workstation (ZAHNER-Elektrik
GmbH & Co. KG, Germany). One of the two contactpatl the biosensor was connected to the test and
sense probes and the other was connected to #remeé and counter probes on the IM6-eX electroaam

workstation.

3. Resultsand Discussion:

3.1. Characterization of DNA immobilization

The covalent immobilization of aptamer probe ortte tlectrode surface was obtained via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydutiesuccinimide (NHS) cross-linking reaction.
Although physical adsorption is a simpler way t@aeh DNA onto a solid surface, the attached DNAhmn
solid surface is not well ordered or tightly bouy. contrast, the EDENHS covalent bonding approach
produces a more ordered DNA immobilization withighler DNA surface density on the electrode surface
[34, 35]. Amine-modified DNA aptamer was used irstiwork to anchor amine groups from thHet&rminal

to carboxylate groups of stearic acid to get a nooderly aptamer on the electrode surface. In tesgnce

of EDC andNHS, the aptamer modified with amine linker att&minal forms a peptide bond with the
COO- groups from stearic acid on the electrodeaserf The surface modification was characterized by
SEM/EDS and cyclic voltammetric measurements diesdrbelow.

3.1.1. SEM/EDS



The result of the electrode surface modificatiothveDC-NHS and aptamer was analyzed with scanning
electron microscopy/energy dispersive X-ray spaciopy (SEM/EDS) for confirming the presence of DNA.
Fig. 2(a) indicates that the COOH-SPCGE surface awasposed of 94.43 wt% of carbon and 5.57 wt% of
oxygen. The presence of oxygen element reflectesl addition of stearic acid powder in the
carbor-graphene paste for creating the carboxyl groupslectrode surface. Fig. 2(b) indicates that, after
being dropped with EDC and sulfo-NHS, the electredeface contained sulfur along with carbon and
oxygen elements (93.99 wt% of C, 5.73 wt% of O, ar8 wt% of S). The presence of sulfur (from sulfo
NHS) on the electrode surface proved that the catbgroups on the electrode surface were succdgsful
activated by ED€Esulfo-NHS. Fig. 2(c) shows that, after being magtifwith aptamer, the electrode surface
consisted of 79.43 wt% of carbon, 3.67 wt% of oxyde56 wt% of nitrogen and 11.34 wt% of phospherou
The presence of nitrogen and phosphorus, from tfieealinker and the sugar-phosphate backbone of the
DNA, respectively, reflected a successful immoltiian of the aptamer on the electrode surfacell thase
cases, the SEM pictures and EDS mapping analysegesha homogeneous distribution of elements over
the sample surface, demonstrating a successfufficetthn of the electrode surface.

3.1.2. Cyclic voltammetric characterization

The electron transfer property of the electroderafiptamer immobilization was confirmed using aycli
voltammetry with a 10-mM PBS solution containin@-0 KsFe(CN)}at a scan rate of 50 mV/s.

The electrode reaction mechanisms of the elecik@adpecies at the electrode surface can be
verified by the CV measurement. Fig. 3(a) illustgatyclic voltammograms of the bare COOH-SPCGE and
aptamer modified COOH-SPCGEhe electrochemical behaviors of the electroacEe¢CN)> " redox
couple was used to reflect the electron transfaratieristic of the modified electrode surface.fésthe
bare COOH-SPCGE (Curve 1, Fig. 3(a)), a pair obxegeaks for Fe(CN 4- appeared at0.121 V and
+0.121 V at a scan rate)(of 50 mV/s to give a peak potential differentig, of 0.242 V. As shown in Fig.
3(a) (curve 2), the redox peak current of the aptammobilized COOH-SPCGE increased remarkably. Our

experiment result is consistent with the literat[8@, 37]. According to these reports, the increaspeak
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current after aptamer immobilization could be htited to the increase of electron transfer thrabgtDNA
chain [37], whose negatively charged phosphate bdmaek [38] could adsorb “Ko its surface. With a
stronger affinity to the adsorbed Kns, more Fe(CNJ anions than other anions were attracted towards the
electrode surface thereby causing an increaseeipehk current of Fe(CMY* [36]. The increased current
response due to aptamer immobilization implied thataptamer had been immobilized successfullyhen t
electrode surface.
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Fig. 2: SEM/EDS mapping analysis on (a) COOH-SPC@ERH, COOH-SPCGE/EDENHS, (c) COOH-SPCGE

[EDC-NHS/aptamer.
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Fig. 3(b) and Fig. 3(c) shows the cyclic voltamneetsehavior of the bare COOH-SPCGE and
aptamer-modified COOH-SPCGE, respectively, at veriscan rates. In both cases, Af§ increased with
the increased scan rate and the peak current wastlgiproportional to the square root of the scaie
(shown in the insets of Fig. 3(b) and (c)), whicldicates a diffusional process at the electrodéasear
[39]. The diffusion coefficienDo was calculated from the linear relationship betwtee peak curreng and
the square root of the scan rataccording to the RandleSevcik equation:

i, = (269 x 105)n324D)*cv'/2 ... (1)
, Wheren is the number of electrons transferrAdhe area of the working electrode, @dthe concentration
of the redox species in the solution. The diffuscwefficient of the electroactive species to omfrthe
electrode surface was calculated from Egn. 1 bypgusiathodic peak currents. The calculated diffusion
coefficients for the bare COOH-SPCGE and aptamenebilized COOH-SPCGE were 5.6210** and
8.84 x 10 cnf/sec, respectively. Diffusion coefficient for theodified aptamer-immobilized COOH-

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

SPCGE; (b) on bare COOH-SPCGE, various scan r#&@spn aptamer-immobilized COOH-SPCGE,

various scan rates.

3.2. Optimizationsfor electrochemical measurement

3.2.1. Optimization of aptamer immobilization time

As stated in 2.3, an optimum length of time wasirddsfor immobilizing aptamer on the COOH-

SPCGE/EDGNHS surface. To this end, a preliminary CV experimeas conducted by characterizing

aptamer-immobilized electrodes, i.e., COOH-SPCGEHNHS/aptamer, that had been made with different

lengths of aptamer immobilization time. The resutlt&V peak currents are shown in Fig. 4. The C\kpea
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current increased with increased length of immpéilon time. That means a longer immobilizationetim

resulted in a larger amount of aptamer probes iniimed onto the electrode surface. After 3 h of @xre

to the aptamer probes, the active sites of eleetadface were presumably fully attached with aptam
probes. So the CV peak current only had insubstiaciiange if > 0.05, one-way ANOVA) beyond 3 h of

immobilization time. Therefore 3 h was chosen as dptimum aptamer immobilization time, that is, the
length of time from dropping aptamer-containing RBSthe COOH-SPCGE/ED®IHS to washing it with

DI water.

Peak current (uA)

T T T T T T T T T T
0 1 2 3 4 5

Time (h)
Fig. 4: Experimental result showing the effect pfaamer probe immobilization time on CV peak current

Each of the error bars denotes the standard dewiafi4 measurements.

3.2.2. Optimization of pH of the PBSfor protein—aptamer binding

The pH of the PBS for preparing a standard EN2gmatolution, mentioned in 2.5, might have an eftet

the binding efficiency of the EN2 protein to thetaper on the electrode surface, which affected the
sensitivity of the biosensor. To determine the mptn pH of the PBS, a preliminary experiment was
conducted by using PBSs of different pH levels ieppre EN2 protein solutions and then performing CV

assay of these solutions with the biosensors. TR&kEprotein solutions were all 185 nM in concetbra
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and were prepared at room temperature. Fig. 5 sliosvsesultant CV peak current with respect tophe
level of the PBS. The CV peak current was the lovie@sthe EN2 protein solution with pH-7.5 PBS anc
significantly different p < 0.05,t test) from that with pH-7 PBS. This indicates tEdN2 protein binds to
aptamer more easily at pH 7.5. Previous studiek jd0e reported that in a more acidic environmég,
protonation reaction of the phosphodiester of thARan reduce the solubility of the DNA moleculdjieh
eventually decreases the DNA hybridization. In aenioasic medium, DNA hybridization also decreased
and hence the response of DNA biosensor was alstkkemed [41]. Therefore, 7.5 was selected as the

optimum pH of the PBS for EN2 proteiaptamer binding.

7.0

6.5 1

Peak current (pHA)

6.0 1

T T T T
pH-6 pH-7 pH-7.5 pH-8.5

Fig. 5. Experimental result showing the effectitd pH of PBS on EN2 protetaptamer binding Each of
the error bars denotes the standard deviatiomaédsurements.

3.2.3. Optimization of the sodium ion concentration

It has been known that a higher DNA hybridizatiatercan be achieved in the presence dfibladue to its
small size and high affinity to DNA phosphodiestbain to reduce the electrostatic repulsion betviigA
molecules [40]. Fig. 6 shows the results of CV whdferent NaCl concentrations were used for priejgar
the standard EN2 protein solutions (mentioned %) & a preliminary experiment to determine theiropm
NACI concentration. It evidences that sodium i@meentration has an effect on the biosensor regpdas

possible explanation for this is that with a certamount of sodium ions in the solution, the ebstatic

14



repulsion between aptamer molecules decreased laml the proteiraptamer binding reaction was
enhanced. As shown in Fig. 6, when the NaCl comagoh was increased to 0.2 M, the peak currerdinec
significantly lower p < 0.05,t test). Hence, the optimum NaCl concentration wetsrchined to be 0.2 M, at

which the biosensor gave the highest degree oépratptamer binding.

6.6

o
w
1

bl

Peak current (pA)
o
o
1
.
—a—

5.7 1

T T T T T )’ T d
0 0.05 0.1 0.2 0.3
NaCl concentration (M)

Fig. 6: Experimental result showing the effect eflisim ion concentration on EN2 proteaptamer binding.
Each of the error bars denotes the standard dewiafi4 measurements.

3.2.4. Optimization of the timefor protein—aptamer binding

As stated in 2.5, in Step 1 of EN2 concentratiorasneement, the EN2 protein and the aptamer needed a
length of time to bind to each other after the EN@tein solution was dropped on the aptamer-matlifie
surface of the biosensor. On the other hand, tag b binding time is meaningless. Hence, the optimu
binding time is the shortest length of time withimich the binding of protein and aptamer can reach
saturated level. Fig. 7 shows the CV peak curréra preliminary experiment for finding the optimum
binding time. It illustrates that the CV peak cutsetended to level off with a binding time londban 30

min. Thet test shows there was no significant change in paalent with a binding time longer than 30 min.

Thus, 30 min was chosen as the optimum binding.time
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7.5

7.0 1

|
o

rot

5.5 T T T T
1 min 5 min 15 min 30 min 1h

Peak current (UA)

Fig. 7: Experimental result showing the effect ofding time on EN2 proteiraptamer binding. Each of the
error bars denotes the standard deviation of 4 uneamnts.

3.2.5. Optimization of the temperaturefor protein-aptamer binding

Temperature might be a factor on proteptamer binding. Fig. 8 shows the result of a prielary

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

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

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

other hand, one-way ANOVA shows that the peak cusrat different temperatures (4, 25, 37 °C) waie n

significantly different. For the sake of convenien@5 °C, i.e., the room temperature, was chosetheas

optimum temperature.
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Peak current (uA)

.
.
4_-
3- T T T

Aptamer Aptamer-EN2@4°C Aptamer-EN2@25°C Aptamer-EN2@37°C

Fig. 8: Experimental result showing the effectehperature on EN2 proteiaptamer binding. Each of the
error bars denotes the standard deviation of 4 uneaents.

3.2.6. Optimization of the pH for cyclic voltammetry

Fig. 9 illustrates the CV response of the biosersson function of the pH of PBS. The highest CVkpea
current was attained at pH 7.5. Therefore, thenopth pH of the PBS for cyclic voltammetry was
determined to be 7.5. Indeed, all the preliminaggegiments mentioned in 3.22.2.5 all used this pH for

the PBSs.

Peak current (pHA)
(62}
1

Fig. 9: Experimental result showing the effectled pH of PBS on the response of the aptamer-immedil
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biosensor. Each of the error bars denotes the atdrteviation of 4 measurements. The peak cureitis
different pH values were compared witkest. The peak current with pH 7.5 was signifisahtgher @ <

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

3.3. EN2 protein detection

3.3.1. Direct assay

The optimized aptamer biosensor was used to descius concentrations of EN2 protein (35 nM to
350 nM) by measuring CV peak current. The hindraosfcie redox reaction of #&e(CN) on the electrode
surface due to the target EN2 protein bound tdrtireobilized aptamer probe caused the current respo
to decrease with increased EN2 protein concentratias can be seen from Fig. 10. The CV peak durren
response of the aptamer biosensor exhibited arlizege from 35 nM to 185 nM, and the linear edqrati
was I(UA) = 6.648 0.00383 [EN2 protein](nM) with a coefficient of tdemination B = 0.94. The
calculated limit of detection (LOD) was 38.5 nM.elhOD is not yet sufficient for clinical diagnostiand

hence further investigation on signal enhancentergquired in order to improve the LOD.

7.2

I(LA) = 6.648-0.00383 [EN2 protein](nM)
R?=0.94

6.6

Peak current (pA)

6.0 1

0 ' l(I)O ' 2(I)0 ' 3(I)0 ' 400
EN2 protein concentration (nM)
Fig. 10: Cyclic voltammetry peak current vs. ENDtpin concentration in PBS. The red straight line

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

In order to improve the sensitivity and detectionit, signal enhancement by gold nanopatrticles -oirb
diameter was performed. Different-sized AuNPs cqurioduce different levels of signal enhancement.[42
While the aptamer recognition layer was formed loa ¢lectrode surface and small-sized AuNPs could
possess the advantage of better diffusion to tHaaai In this study, we chose 5-nm AuNPs. A 26figold
colloid was dropped onto the aptamer-immobilizeztebde surface and dried in air. As shown in EiQ.

the CV current response enhanced significantlyr #teNPs coating. The CV peak current value with and
without AUNPs coating was 9.92 and 7R, respectively. This shows that the electrochairsagnal was
enhanced by about 1.5 times after AUNP assay. HéndéPs-coated sensor was employed to detect EN2

protein.

12] ——Without AuNP
{1 = — with AUNP A

ERES
g 04
S ]
E -2
jum] i
O L]
-6 /) Peak current
-8 ., Without AuNP = 6.72 uA

./ With AUNP = 9.92 yA

r r r
-1.0 0.5 0.0 0.5 1.0
Potential (V)

Fig. 11: Cyclic voltammogram of aptamer-immobilizeehsor with and without AUNP coating.

Fig. 12 shows the CV peak current chardyp ys EN2 concentration in direct assay (a) and RuN
enhanced assay (b). Peak current chafbe,l - lo, wherelp andl are the peak currents obtained from PBS
without and with EN2 protein, respectively. Thergibenhancement by AuNP improved the detectionaang

from 35-185 nM to 26-350 nM and the LOD from 38.5 nM to 19.4 nM.
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Recently, Lee et al. (2015) developed a gold nanticpes-based electrochemical biosensor with gold
electrodes for the detection of EN2 protein [33jeTetection range of their sensor is 10 fM to 1wih an
LOD of 5.62 fM. However, it involves a high costrfeensor material (gold). In contrary, the method
proposed in our study demonstrates the possilofityetecting EN2 protein at a low cost. To the lwésiur

knowledge, no other study for the detection of EiX&ein has been reported.

0.0
8 -
0.2+ .
6 Al (pA) = -0.186-0.00367 [EN2 protein](nM)
R?=0.95
4
i 0.4+
— 24
3 0l < 06
€ =
4] |
5 -2
(8} 0.8+
-4
-6- -1.0 1
-84
T T T T T T T T T -12 —71r v 1 . r T T T T ' T 7
-1.0 05 0.0 0.5 1.0 0 50 100 150 200 250 300 350 400
Potential (V) EN2 protein concentration (nM)
(a)
12 0.0
10+ 0.2
8- . Al (uA) = -0.378 - 0.00298 [EN2 protein](nM)
6] -0.44 R®=0.97
4 S
44 -0.6 \} .
~ 24 1 ~
3 o g 087 %\ .
s L1 = 104 Y
5 27 < ~
o -4 -1.2 4 .
.5_. 14 . %
-8 4 4
] -1.6
-10 4
-12 T T T T T T T T T -1.8 T T T T T T T T
-1.0 0.5 0.0 0.5 1.0 0 50 100 150 200 250 300 350 400
Potential (V) ENZ2 protein concentration (nM)
(b)

Fig. 12: Cyclic voltammograms of EN2 protein dei@ttand the corresponding change of the peak durren
vs. EN2 protein concentration in PBSs with (a) dir@ssay and (b) AuNP-enhanced assay. The radhdtra
lines represent the linear regression lines. Edcth® error bars denotes the standard deviatiod of

measurements.
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4. Conclusion

We have demonstrated the construction of a screate@ carborgraphene-based electrochemical aptamer
biosensor for detecting EN2 protein at a nanomlelal, using a specific DNA aptamer probe immoleitiz
on the electrode surface. The electrochemical meamnts successfully detected the EN2 protein aver
linear range from 35 to 185 nM with a detectionitiof 33.8 nM. The proposed carbagraphene-based
electrochemical biosensor holds great promiseimcall diagnosis. Our future study aims to impradke
detection limit to the sub-nanomolar level throughestigation and improvement with different elecdte
materials or electrode configurations or employidgferent electrochemical detection techniques.
Considering possible interferences from other edactive substances or proteins in the urine, wealgo

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