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betract

A capacitive immunosensor based on a sclf-assembled monolayer (SAM) of thiourea on gold electrode has been developed. Anti-
Kinoembryonic antigen (anti-CEA) was immobilized on a self-assembled thiourea monolayer (SATUM) via covalent coupling. Under optimum
nditions, the decrease in capacitive signal when carcinocmbryonic antigen (CEA) standard was injected could be determined with a detection
pit of 10pgmI™' and linearity in the range of 0.01-10ngm1*~'. The immobilized anti-CEA on SATUM gold electrode was stable and after
gencration good reproducibility of the signal could be obtained up to 45 times with an RSD lower than 3.4%. Good agreement was obtained
bn CEA concentrations of human serum samples determined by the flow injection capacitive immunosensor system were compared to those
hined vsing an enzyme linked fluorescent assay (ELFA) method (P <0.05).

2006 Elsevier B.V. All rights reserved.
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Introduction

Carcinoembryonic antigen (CEAY), is a highly glycosytated
surface glycoprotein (180kDa), belonging to a group of
nees known as the tumor-associated antigens (TAA) {1].
b an important tumor marker responsible for clinical diag-
is of over 95% of all colon tumors, 50% of breast tumeors,
well as tumors of the lung, pancreas, ovaries, and others of
elial tissue origin, especially of the gastrointestinal tract
| Various commonly available methods were developed for
» such as enzyme linked fluorescent assay (ELFA) [3]
micropartical enzyme immunoassay (MEIA) [4]. However,
methods are expensive, time consuming procedures requir-
potentially dangerous materials [5], Therefore, development
1new method with high sensitivity and specificity for the
t detection of CEA is highly desirable and an immunosen-
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sor registering the direct binding between antibody and antigen
may be the answer.

Immunosensors are based on binding interactions between
the immobilized biomolecules and the analyte of interest [6,7].
The sensitivity obtained depends on the properties of the trans-
ducer and the affinity of the biological sensing molecules and
the analyte. Electrochemical immunosensors offer good pos-
sibilities for sensitive detection of unlabeled proteins (direct
detection). Several direct immunosensors based on electrochem-
ical transducers have been developed, such as potentiometric
(8.9], amperometric [10), conductimetric [|1] and impedimet-
tic [12]. Alsc capacitive transducers have been investigated as a
highly sensitive approach [13-19). The principle of capacitance
immunosensor is based on the electrical double-layer theory
[20]. An electrode that is coated with the biorecognition element
has a stable capacitance signal. When the analyte binds to the
biorecognition element on the electrode it causes the capacitance
to decrease. For a biosensor based on a capacitive transducer, the
immobilization of the recognition element is of vital importance
for the ability to detect the binding event.




g Self-assembled monolayers (SAMs) of thiols, sulfides,
g disulfides by spontaneous adsorption of sulfur-containing
rlecules were frequently used to immobilize the biorecogni-
n element (i.. protein). The affinity between sulfur and gold
bms is extremely high, resulting in the formation of SAMs
it are highly stable in air, water, and organic solvents at room
mperature [21]. The most frequently used buijlding block for
Ms is thioctic acid. A SAM is formed after treating a clean
dsurface with the disulfide thioctic acid, and coupling of anti-
ies is performed using a carbodiimide reaction | 13,15,17].
wther way to graft antibody onto the sensor surface is by cova-
tly coupling the antibody on a SAM with amino groups that
h derivatized using glutaraldehyde. Glutaraldehyde was intro-
d to react with the self-assembled 2-mercaptoethylamine
molayer on a gold electrode to covalently immobilize the
tibody [22). Since, thioctic acid and 2-mercaptoethylamine
expensive, a cheaper thiol reagent, thiourea, was studied.
hiourea (NH2CSNH3) was chosen because of its low envi-
mental impact, easier handling of reagent and its ability
irongly adsorb on gold (23,24]. Furthermore, it has amino
ps (R-NH3) that can be used for covalently coupling of anti-
lies.

This paper reports the development of a capacitive
unosensor for the direct detection of carcinoembryonic
igen (CEA) using anti-carcinoembryonic antigen (anti-CEA)
mobilized on a self-assembled thiourea monolayer (SATUM)
gold electrode. The system performance of the capacitive
murosensor was tested for the determination of CEA level
luman serum samples and the results were compared with a
mercial method (enzyme linked fluorescent assay (ELFA),
PAS® CEA).

Materials and methods
. Materials

Monoclonal anti-human carcinoembryonic antigen (anti-
A) and carcinoembryonic antigen (CEA) from human fluids
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were obtained from Sigma (St. Louis, USA), thiourea was
obtained from BDH laboratory reagents (Poole, England)
and |-dodecanethiol was obtained from Aldrich (Milwaukee,
USA). All other chemicals used were of analytical grade. All
buffers were prepared with distilled water treated with a reverse
osmosis-deionized system. Before use, the buffers were filtered
through an Albet® nylon membrane filter (Albet, Spain), pore
size 0.20 wm, with subsequent degassing.

2.2, Immobilization of anti-CEA

The immobilization of anti-CEA on gold surface is a three-
step procedure. The initial step is to prepare the gold electrodes
(@3 mm, 99.99% purity). They were polished by a polishing
machine (Gripo® 2V, Metkon Instruments Ltd., Turkey) using
alumina slurries with particle diameters 5, 1, and 0.30 pum,
respectively, and subsequently cleaned through sonication in
distilled water and ethanol, each for 15 min, followed by elec-
trochemical etching in 0.5M H3S04 using cycling electrode
potential from 0 to 1.5V versus AgfAgCl reference electrode
with a scan rate of 0.1 Vs~! for 25 scans. The electrode was
then dried in an atmosphere of pure nitrogen gas. The next
step is to modify the gold electrode with thiourea. The cleaned
electrode was immersed in a 250 mM thiourea solution at room
temperature for 24 h, thoroughly rinsed with distilled water and
dried with pure nitrogen gas. In this step self-assembled thiourea
monolayer was formed on gold surface. The final step is the
coupling of anti-CEA to the modified gold electrode, This was
done by treating the modified gold electrode with 5% (v/v)
glutaraldehyde in 10 mM sodium phosphate buffer pH 7,00 at
room temperature for 20 min, thoroughly rinse the electrode with
sodium phosphate buffer before drying, this step was to activate
the aldehyde groups. Then 20 pl of 1.0 mgm!™' of anti-CEA
was placed on the surface of the electrode and reaction took
place overnight at 4 “C. The electrode was immersed in 0.1 M
ethanolamine pH 8.00 for 30 min; this step was to occupy all
the aldehyde groups that did not couple to the anti-CEA. Before
placing the biosensor in the flow cell, the electrodes were treated

Potentiostat

AgsAgCl reference!
Electrode
Auxiliary
-L Electrode
Working
Electrode
Waste

Fig. 1. Schematic diagram showing the flow injection capacitive immunosensor system.



ina 10mM 1-dodecancthiol ethanolic solution for 20 min to
block any pinholes or bare spots on the electrode surface,

23, Capacitance measurement

Fig. 1 shows the basic experimental set-up of the flow injec-
fion capacitive immunosensor system. Three electrodes were
placed in the immunosensor flow cell (10 ul) and connected
b the potentiostat (ML 160, AD Instruments, Australia). The
working electrode was the modified gold electrode. A stainfess
sieel tube (i.d. 0.4 mm, o.d. 1.1 mm, length 25 mm) was used
1 the auxiliary electrode and outlet. A lab built Ag/AgCl ref-
trence electrode was placed opposite to the working electrode.
The capacitance of the electrode surface was evaluated from
the current response obtained from the application of a 50 mV
potentiostatic step.

4. Optimization of the flow injection capacitive
immunosensor

The operating conditions of the capacitive immunosensor in
the flow injection system were optimized for the type and pH of
rgeneration solution, sample volume, flow rate and the type and
H of running buffer. These are summarized in Tables 1 and 2.
e running buffer used throughout the experiments was 10 mM
ris~HCl, pH 7.00 (except when the cffects of buffer types
re tested). The effects of the type and pH of regenerating
lution were tested with conditions; 100 wlmin—' flow rate of
ffer, 250 .1 sample volume, The effect of different types of
ffer solutions was tested at a sample volume of 200 i, The
imization of each parameter was performed by changing a
ple parameter while keeping the other parameters constant.
e operating conditions were considered by balancing between
sensitivity and.the time needed for one analysis.

1
iency of CEA removal from anti-CEA immobilized on the electrode studied
injecting 0.1 ngmi~! CEA

ration solution Percentage of average

residual activity

ionic strength

IM NaCl 2413

IMKCI k2 Y|

1M MgCl» 42+5

pH

¥ mM glycine-HC), pH 2.50 594+ 16
67+ 5
15+£3
17+6
9+ 6
67+5
94+ 2
86+ 9

eficiency is given as a percentage residual activity, per cent of the sensor
nse to CEA after regeneration compared to the response before regenera-
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Table 2

Assayed and optimized values used in the study of the flow injection capacitive
immunosensor system

Parameters Investigated Concentration Optimum
- values of CEA
(ngmi~")
Flow rate (u!mi~Y) 25, 50, 100, 200, 0.1 100
400, 800
Sample volume (ul) 50, 75, 100, 150, 0.1 200
200, 250, 300
Buffer solutions
Type 10 mM Tris-HCI 1073 10 10! 10mM
buffer, pH 7.00 Tris—-HCI
10 mM phosphaie Buffer,
buffer, pH 7.00 pH 7.00
pH 6,60, 6.80, 7.00, 0.l 7.00
.20, 7.40, 7.60,
7.80, 8.00, 8.20

2.5. Determination of the amount of CEA in serum samples

CEA in serum samples were analysed by the ELFA technique,
VIDAS® CEA method (the results obtained by Hat Yai Hospital)
and the flow injection capacitive immunosensor system under
optimum conditions; 100 klmin~' flow rate of running buffer
(10 mM Tris-HCI buffer pH 7.00) and 200 j.1 sample volume.

3. Results and discussion

3.1. Electrochemical performance of the immobilization
process

In the capacitive immunosensor system the insulating prop-
erty of the self-assembled monolayer on the electrode surface
is of vital importance. The degree of insulation was examined
using cyclic voltammetry with a permeable redox couple (i.e.
K3[Fe(CN)s]) in the electrolyte solution as shown in Fig. 2.
At the clean gold surface the redox couple was oxidized and
reduced (Fig. 2a). The redox peaks decreased when thicurea
was self-assembled on the clean gold surface (Fig. 2b), When
glutaraldehyde was reacted with the amine and then anti-CEA
was linked covalently on the electrode via reaction with alde-
hyde groups, the insulating property of the electrode surface was
further increased (Fig. 2c and d). A final capping of the electrode
surface was achieved by the treatment with |-dodecanethiol, as
can be seen from the disappearance of the redox peaks in curve
e of Fig. 2.

3.2, Capacitance evaluation

Continuously during the binding event between CEA and
anti-CEA, potential pulses, 50 mV, are applied to the gold elec-
trode yielding current response signals, which can be described
by Eq. (1):

Lo —1
0= z.exp (Rscmm) )




80
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2. Cyelic voltammograms of & gold electrode obtained with §mM
[F(CN)s] in 0.1 M KCl solution at a scan rate of 0.1 V5~ va. Ag/AgCl ref.
¢lectrode, The voltage range was —0.3 to 0.8 V. (2) Clean gold electrode,
s'f-nssembled thiourea monolayer (SATUM) electrode, (c) glutaraldehyde-
ine SATUM, (d) anti-CEA—glutaraldchyde-amine SATUM, and (¢) as in (d)
sfier |-dodecancthiol treatment,

ere () is the current in the circuit as a function of time, u the
potential applied, Ry the dynamic resistance of the recogni-
layer, 1 the time elapsed after the potential step was applied,
Ciotal i the total capacitance measured at the working elec-
solution interface (Fig. 3). Taking the logarithm of Eq. (1)
obtain:
¢

0= = Foom
Then, Cioral and R, were obtained from the slope and intercept
¢ linear least-square fitting of In i(f) versus 7. The measure-
tof Crotal was done every minute and the results were later
d a3 a function of time, Fig. 4 shows the change in capaci-
due to affinity binding between CEA and anti-CEA on the
ing electrode. When CEA was injected into the flow cell
und to the anti-CEA immobilized on the electrode causing
to decrease and the capacitance change (AC) could be
ined.

@

i
=

Anti-CEA thiourea
modified gold electrode

solution interface,
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3.3. Optimization of the flow injection capacitive
immunosensor

3.3.1. Regeneration solution

The interaction between CEA and the immobilized anti-CEA
is via electrostatic force [25] and CEA can be removed from anti-
CEA by using regeneration solution. Ideally, regeneration of
the working electrode should remove any nen-covalently bound
CEA analyte without disrupting the activity of the anti-CEA
molecules immobilized on the electrode. Regeneration allows
surfaces to be reused many times, saving both time and money.
To evaluate the performance of the regeneration solution, the
residual activity of the anti-CEA electrode was calculated from
the capacitance change (AC) as a consequence of the binding
between CEA (i.e. 0.1 ngml~' of CEA standard) and anti-CEA
before (AC)) and after regeneration (ACy) (Fig. 4) as follows:

ACy x 100

Yoresidual activity = e
!

3

The criteria for regenerating the electrode surface is “if post-
regeneration binding remains above 0% compared to the bind-
ing efficiency before regeneration, the used conditions should
be seen as adequate™ [26]. A common approach for CEA—anti-
CEA regeneration is to use different types of regenerating agents
of three categories, that is, high ionic strength, low pH, and high
pH and the results are shown in Table 1.

High ionic strength and high pH regeneration agents were
shown to be ineffective with very low percent residual activ-
ity vatues (15 3 to 42 & 5%), indicating that many anti-CEA
molecules were still occupied by CEA after the regeneration
step. However, at low pH, i.e. 50 mM glycine~HCI buffer, pH
2.50 and HCI, these were shown to be effective with a percent
residual activity of 59+ 16 and 67 £ 5%, respectively. So, in
this case HCI solution was chosen for further optimization.

The influence of pH of HCI solution, ranging from 3.00 down
to 1.50 was studied (Table 1). The values of percent residual
activity increased from 946 to 94 & 2% when pH decreased
from 3.00 to 2.00. At pH 1.50 the percent residual activity was

1 1 1 1
— N N e
cTotlI CSAM CP C-

! Capacitive layers on the gold electrode surface; (Csam) the capacitance change related to the self-assembled thiourea monolayer (SATUM), (Cp) the
ce change of protein layer, (C,) the capacitance change as a result of analyte interaction, (Cigiai) the total capacitance change measured at the working
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lower than at pH 2.00. This may be because at pH 1.50 some
parts of SAM were destroyed by the very low pH {22]. Since
tt pH 2.00 residual activity values above 90% were achieved,
HCI pH 2.00 should be used as the regeneration solution in the
tontinued experiments,

To make sure that the SAM layer would not be destroyed
turing fong term analysis, two modified electrodes were tested.
One was prepared with only the SAM layer and 1-dodecanethiol,
the other with anti-CEA immobilized on the SAM layer and |-
tedecanethiol. Fifty regeneration cycles were applied. Cyclic
witammograms were obtained before regeneration and after
wery 10 cycles. All cyclic voltammograms were the same for
both electrodes (similar to Fig, 2¢). This indicates that the SAM
was still attached to the gold substrate, The stability of the SAM
inthis system was probably due to its short exposure time, only
i few minutes at a time, to the regeneration solution. In most
wich systems [12,18,22) the acid solution is usually used to
enerate modified electrode for 5-20 min. In this work a flow
Bjection system was used (flow rate 100 .l min~—!, sample vol-
e 200 pl), and the acid solution was retained on the modified
lectrode for only 2-3 min/cycle.

Ttshould be noted that the capacitance of the system increased
ing regeneration (Fig. 4). This is because the capacitance
s depends on the ionic strength of the solution. Higher ionic
gth solution will give a higher value of capacitance [13,22].
en the regeneration solution was injected into the system to
issociate the binding between CEA and anti-CEA, the capac-
ce signal is higher than the base-line capacitance because
jonic strength of the regeneration solution (HCI, pH 2.00)
higher than the ionic strength of the carrier buffer (10 mM

In a flow injection capacitive immunosensor system, the
rate of the buffer passing through the capacitive flow cell

Time {min)

Fig. 4. Cupacitance response of the anti-CEA modified electrode, The base-line signal in the carrier bufTer was first recorded. Afler CEA was injected, the association
of the immunocomplex between CEA and anti-CEA caused the capacitance to decrease (AC)), Regeneration solution was then injected to remove CEA fron.
mti-CEA. When the signal base-line was recovered a new analysis cycle was applied.

is the main factor affecting the yield of interaction between
CEA and immobilized anti-CEA on the electrode surface. So
optimization of flow rate is necessary. The changes in capac-
itance registered when varying the flow rates in the range
of 25-800 wImin~! increased when the flow rate decreased
from 800 to 100 uImin~'. However, for 25 and 50 pl min™"
the capacitance changes did not differ significantly from that
observed at 100 wt min~! (P <0.05). So, 100 pl min~" was cho-
sen (Table 2).

3.3.3. Sample volume

The change in capacitance signal (—nF cm—2) increased as
the sample volume increased from 50 to 200 .l At sample vol-
umes 200, 250 and 300 ul the capacitance change reached a
maximum plateau. So, 200 ! was chosen because it has a lower
analysis time than at 250 and 300 pl (Table 2).

3.3.4. Buffer solutions

3.3.4.1. Type. The influence of the type of buffer used in the
flow injection capacitive immunosensor system (Table 2) was
investigated and 10 mM Tris—=HCl buffer pH 7.00 was cho-
sen to be used in further analysis because it gave the highest
sensitivity.

3.3.4.2. pH. The influence of pH during the binding reaction
was studied between 6.60 and 8.20 for the same concentra-
tion of CEA (0.t ngmi~'!) in 10 mM Tris~HC! buffer solution.
(The buffering capacity of Tris~HCl is fow at pH values below
7.00, but still the same buffer was used.) The change of capac-
itance increased with increasing pH from 6.60 to 7.00 and then
decreased as the pH increased further. This result shows that
the maximum change in capacitive signal occurs at pH 7.00
{Table 2). Therefore, pH 7.00 of Tris—HCl was used as the buffer
in the binding reaction.
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5. Reproducibility of the response from the anti-CEA modified electrode
mjections of a fixed volume of a standard solution of CEA (10 ngmi=1) with
preration and reconditioning steps between each individual assay.

. Reproducibility

After regeneration, to remove CEA analyte from the anti-
fA molecules immobilized on the electrode, CEA in the
ndard solution was detected by the regenerated electrode
peatedly to test the reproducibility, The performance of the
CEA—thiourea modified electrode was evaluated intermit-
ly over 5 days (15 times per day) by monitoring the change
the capacitance signal at the same concentration of standard
A(10ngml~").

Fig. 5 shows the percentage capacitance change (%) versus
cycles of regeneration. The binding activity of anti-CEA
mobilized by the self-assembled thiourea monolayer method
hined about 91% of the original capacitance change signal
3 days (45 times of regeneration). The result indicated that
anti-CEA on SATUM electrode can be reused with good
roducibility for up.to 45 times with an RSD lower than 3.4%.

Linear dynamic range, detection limit, and selectivity

Discrete pulse injections of CEA standard solutions of con-
wations ranging from 1 x 1073 to 1 x 102ngml~! with
ediate regeneration steps using HCI solution, pH 2.00
performed. Fig. 6a shows the calibration curve for
k under optimal conditions. A linear relationship between
capacitance change and the logarithm of CEA concen-
ion was obtained within a dynamic detection range of
tto 10ngml=!. The linear regression equation was AC
Fem™2)=31log CEA (ngml~!}+96, with a correlation
fikficient of 0.999. The detection limit was 10 pgml~' based

UPAC Recommendation 1994 [27]. This linear relationship
@itable for an “order of magnitude” test of CEA. For a good
itative analysis of CEA in serum samples, a calibration
between the response and concentration of CEA standard
d provide & more accurate result. Since the concentration
A in blood of healthy humans is <2.5ngml~' {28] and
e analysis the serum wifl be diluted about 100 times to
ee the matrix effect. The linear concentration calibration
investigated in the range between 0.007 and 0.13 ng ml~!
6b) that would cover the concentraticn in diluted serum.
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Fig. 6. (a) Capacitance change vs. the logarithm of CEA and AFP concentration
for a transducer surface with immaobilized anti-CEA under optimized conditions
(100 wI min=" flow rate, 200 ul sample volume, 10mM Tris=HC! buffer, pH
7.00). (b) Capacitancc changc vs. concentration of CEA. The inset shows the
rclationship between the capacitance change and the concentration of CEA in
the concentration range from 0.01 to 0.07 ngmi™'.

In this case linearity was found between 0.01 and 0.07 ngmi~',
i.e. AC (—nF cm™?) =549 x concentration (hgml~')+24,

The effect of substances that might interfere with the response
of the CEA capacitive biosensor system was also studied. Alpha-
fetoprotein (AFP) was used to test the selectivity of the capac-
itive biosensor system for CEA, because it is another tumor
marker. The capacitance changes of AFP at the concentration
range 1 x 1073 to 1 x 102ngml~! on the anti-CEA immobi-
lized on SATUM electrode was lower than the detection limit
of CEA (Fig. 6a). Thesc results suggested that the system was
specific to CEA.

3.6. Comparison between the results obtained from the
capacitive immunosensor system and ELFA technique
(VIDAS® CEA)

The analysis of CEA using the capacitive immunosensor sys-
temn and ELFA technique were done on the same serum samples.
Ten samples were analysed and the concentrations were found
in the range of 0.58-5.28 ngmi~'. Comparisons between the



two analysis techniques was done by the regression line method
[?9] and the Wilcoxon signed rank test [30]. For the regres-
tion line method, the regression equation of the concentration
of CEA obtained from the capacitive immunosensor system (y)
ind ELFA technique (x) is y=1.00 £ 0.05x+0.02 £ 0.05 with
rcorrelation coefficient of 0.996. The results showed that the
tpe and the intercept did not differ significantly (P <0.05)
fom the ideal value of 1 and 0, respectively, thus, there is no
widence for systematic differences between the methods. The
Wilcoxon signed rank test was also used and there is no evi-
dence for systematic differences between the results obtained
from the capacitive immunosensor system and the ELFA tech-
tique (P <0.05). That is, the concentrations determined by the
wpacitive immunosensor system are in good agreement to the
BLFA technique.

i, Conclusions

Self-assembled thiourea monolayer is suitable for the
immobilization of anti-CEA via covalent binding. The modified
tectrode, which is simple to prepare, when incorporated in a
mpacitive immunosensor system could provide high sensitivity,
bw detection limit, good selectivity and specificity for the
usay of CEA. Using the appropriate regenerating solution,
jood reproducibility was obtained. The electrode can be reused
ip to 45 times and this helps to reduce the cost of analysis,
The capacitive immunosensor system is potentially useful for
firect assay of the interaction between CEA and anti-CEA on
mif-assembled thiourea monolayer without multiple washing
ind separation steps. This technique can be applied for the
mantitative analysis of amount of CEA in human serum.
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3 Abstract

A pracedure was developed for the covalent coupling of anti-alpha-fetoprotein antibody (anti-AFP) to a gold surface modified with a self-
g 1ssembled monolayer (SAM) of thiourea (TU). The performance of the SAM-antibody layer was compared to those of similar layers based on
§ thioctic acid (TA) and 3-mercaptopropionic acid (MPA) by using flow injection capacitive immunosensor system. Covalent coupling of anti-AFP
g on self-assembled thiourea monolayer (SATUM) modified gold electrode can be used to detect alpha-fetoprotein with high efficiency, similar
g wasitivity, the same linear range (0.01-10 pg 1~} and detection limit (10ng |~'} as those obtaincd from sensors based on self-assembled thicctic
g id monolayer (SATAM) and self-assembled 3-mercaptopropionic acid monofayer (SAMPAM). The system is specific for alpha-fetoprotein
g nd cen be regenerated and reused up to 48 times. Therefore, self-assembled monolayer using thiourea which is cheaper than thioctic acid and
§l -mercaptopropionic acid is a good altemnative for biosensor applications when SAMs are used,

W0 2006 Elscvier B.V, All rights reserved,

M Xeywords: Thiourca; Capacitive immunosensor; Thioctic acid; 3-Mercaptopropionic acid; Scif-asscmbled monolayer; Alpha-fetoprotein

L. Introduction Capacitive immunosensor is based on the principle that for an

electrolytic capacitor the capacitance depends on the thickness

Immunosensors are based on binding interactions between  and dielectric behavior of & dielectric layer on the surface of a

girmobilized biomolecules and the analyte of interest and their
Mubsequent detection by appropriate detector (Mattiasson, 1984;
gylor, 1991). Several electrochemical detection principles have
gpecn used, such as potentiometric (Tang et al., 2004a; Taylor et
g, 1991), amperometric (Ramanaviciene and Ramanavocous,
004), conductimetric (Yagiuda et al., 1996), and impedemet-
it (Tang et al., 2004b). Capacitive measurement has also been
tigated as a highly sensitive approach {Berggren et al.,
498, 2001; Berggren and Johansson, 1997; Bontidean et al.,
198; Hedstrdm et al., 2005; Hu et al., 2002, 2005),

' Corresponding author. Tel.: +66 74 288753; fax: +66 74 212817,
E-mail address: panote.t@psu.ac.th (P. Thavarungkul).

Ji6-5663/3 — see front matter © 2006 Elsevier B.V. All rights reserved,
:10.1016/).bios.2005.12.025

metal (Gebbertetal , 1992). Tt can be constructed by immobiliz-
ing biorecognition elements in a thin layer on an electrode and
measuring changes in the dielectric properties when an analyte
binds to the biorecognition elements on the electrode, causing
capacitance to decrease.

Immobilization is an important partin capacitive immunosen-
sor since the electrode surface has to be electrically insulated.
Different immobilization techniques have been developed and
biorecognition elements can be immobilized on capacitive sen-
sors via modified semiconductor surfaces (Barraud et al., 1993;
Bataillard et al., 1988), metal oxides surfaces (Gebbert et al,
1992, 1994), and self-assembled monolayers (SAMs) of sul-
fur compounds on gold (Berggren et al., 1998; Berggren and
Johansson, 1997; Hedstrém et al., 2005).

BIOS-1938; No. of Pages 8



SAMs is a particularly suitable immobilization technique for
Japacitive biosensor (Riepl et al., 1999), since it allows electro-
ghemical insulation of the surface of a working gold electrode
gud it is an excellent immobilization technique for protein, it
ghiclds proteins from direct contact with solid surface, thus,
Jrduces the risk of the sensing element denaturation (Wadu-
esthrige et al., 2000). Furthermore, the proteins, use as the
gensing element, are immobilized through covalent binding and
Jhey can be exposed to a high or low pH, often uses in regenera-
fon, leading to a reusable system (Frey and Corn, 1996). SAMs
gin be formed at room temperature by spontaneous adsorption
gfalkanethiol on gold surfaces (Nuzzo and Allara, 1983; Porter
Fal., 1987) by the reaction of sulfide

$SH+ Au — RS™Aut - Au+ §H;
Zr disulfide
$55R + Au - RS-Au*-Au

fhe affinity between sulfur and gold atoms is extremely high,
Rulting in the formation of SAMs that are highly stable in
§i, water, and organic solvents at room temperature (Bain et al.,
§%89; Chaki and Vijayamohanan, 2002). They are also stable for
wide range of potential, from —400 to +1400 mV versus stan-
Shrd calomel electrode in diluted sulphuric acid solution, which
Wespecially significant for electrochemical sensing (Finklea et
¥, 1987).
B Capacitive biosensors have often been based on SAMs of
Roctic acid (TA; S;C7H;3-CO,H) (Berggren et al., 1998;
Wrggren and Johansson, 1997; Disley et al.,, 1998; Hedstrom
al, 2005; Liu et al., 1999) and 3-mercaptopropionic acid
@PA; HSC2H4CO,H) (Disley et al., 1998; Sawaguchi et al.,
g1; Vaughan etal., 1999). The carboxylic groups of the SAMs
Mere activated with 1-ethy!-3-(3-diamino)propyl-carbodiimide

IDC) (Akram et al., 2004; Berggren ct al., 1998; Berggren
gl Johansson, 1997, Hedstrém et al., 2005), and sometimes

gether with a succinimide, i.e. N-hydroxysulfosuccinimide
WS} (Gooding and Hibbert, 1999, Staros et al., 1986; Vaughan

1L, 1999). Then the activated groups were exposed to the pro-
i solution where the activated electrophilic group attached
primary amino group of amino acid. residues, forming a
peptide bond between SAM and protein. SAM containing
ine-modified entities, such as 2-mercaptoethylamine (MEA;
jC:Hs-NHz), was also an effective surface to which pro-
ncould be immobilized (Jiang et al., 2003). Glutaraldehyde
also be used as it was introduced to react with the self-
gmbled MEA monolayer on the gold electrode to covalently
obilize the protein. However, only a few studies on capaci-
immunosensors were reported based on the amine-modified
(Mirsky et al., 1997).
Since TA, MPA, and MEA are rather expensive, an alterna-
cheaper thiol reagent, thiourea was investigated. Thiourea
,NH,CSNH>) was chosen because of its low environmenta!
act, easier handling of reagent and the fact that it is strongly
pibed on gold (Holze and Schomaker, 1990; Ubaldini et al.,
j§). It has amino groups (R-NH2) that can be modified to
lently couple to the antibody. To our knowledge no one has
ied it to immunosensors.
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This paper reports the development of a procedure for the
immobilization of antibody to a gold surfaces modified with
a8 SAM of thiourea. The performance was compared with that
of the commonly used thioctic acid and 3-mercaptopropionic
acid. Alpha-fetoprotein (AFP) and anti-alpha-fetoprotein anti-
body (anti-AFP) were used as 2 model system. The evaluation of
each method for immobilization was done using a flow injection
capacitive immunosensor system. The comparison was done by
observing several analytical parameters, such as sensitivity, lin-
ear range, limit of detection, specificity, and reproducibility,

2. Materials and methods

2.1. Materials

Anti-AFP and AFP from human fluids were obtained
from Dako (Denmark). 3-Mercaptopropionic acid, N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrechloride
(EDC), and N-hydroxysuccinimide (N-hydroxy-2,5-pyrroli-
dinedione, NHS) were obtained from Sigma—Aldrich (Stein-
heim, Germany), thioctic acid 98% and !-dodecanethiol
were obtained from Aldrich (Milwaukee, USA), thiourea was
obtained from BDH laboratory reagents (Poole, England). All
other chemicals used were of analytical grade. All buffers
were prepared with distilled water treated with a reverse
osmosis-deionized system. Before use, the buffers were filtered
through an Albet® nylon membrane filter (Albet, Spain), pore
size 0.20 pm, with subsequent degassing.

2.2. Methods

22,1, Preparation of the gold surface

Gold electrodes (@ 3mm, 99.99% purity) were polished
(Gripo® 2V polishing machine, Metkon Instruments Ltd,,
Turkey} with alumina slurries (particle diameters 5, 1, and
0.30 wm) and then cleaned through sonication subsequentially,
15 min each, in distilled water and absolute ethanol to remove
any physisorbed multilayer (Yang et al., 1995). They were then
washed in distilled water and dried with pure nitrogen gas. Each
electrode was pretreated by electrochemical etching in 0.5 M
H;80; solution by cycling potential from 0 to +1500mV ver-
sus Ag/AgCl reference electrode with a scan rate of 0.1 Vs~!
for 25 scans, Finally they were dried with pure nitrogen gas.

2.2.2. Modification of SAMs formation

A cleaned gold electrode was immediately immersed in
a thiol solution (thioctic acid, 3-mercaptopropionic acid, or
thiourea) at room temperature for a period of time (see later)
before being thoroughly rinsed with distilled water and dried
with pure nitrogen gas. In this step se!f-assembled thioctic acid
monolayer {SATAM), self-assembled 3-mercaptopropionic acid
monolayer (SAMPAM), or self-assembled thiourea monolayer
{SATUM) was formed on the gold surface.

A good formation of SAMs on gold surface depends on both
the time {Dubois and Nuzzo, 1992; Kim et al., 1993; Wink et al
1997} and concentration of thiol solutions (Kim et al., 1993; Liu
etal., 1999; Wink et al., 1997). The effects of these factors were
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. 1. Reaction mechanism for the anti-AFP immobilized on a self-assemble thiolatc monolayet, (a) thioctic acid (TA), (b) 3-mercaptopropionic acid (MPA), and

)thiourea (TU).
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vestigated. The optimization of the immersion time was stud-
td by immersing cleaned gold electrodes in 100 mM of thiol
ragents for 0, 0.25, 0.50, 1, 3, 6, 12, 24, 36, and 48 h. The con-
entrations of thiol solutions were then eptimized by immersing
leaned gold electrodes in thioctic acid and 3-mercaptopropionic
eid for 12 h (optimum time) and in thiourea solution for 24 h
tptimum time) at concentraticens of thiol solutions, 0, 10, 25,
B0, 100, 250, and 500 mM.

.2.3. Immobilization of anti-AFP

Anti-AFP, used as the sensing element, was immobilized on
EATAM, SAMPAM, and SATUM through covalent binding. For
PATAM and SAMPAM, their carboxylic groups were activated
r an amine reaction by using 0.05M of EDC in phosphate
fes (pH 5.00) (Fig. 1(a.1.1 and b.1.1)) or 0.05 M of EDC with
03 M of NHS in phosphate buffer (pH 5.00) (Fig. 1(a.1.2 and
1.2)) for 5h (Johnsson et al.,, 1991; Staros et al., 1986) and
pen rinsed with 10 mM sodium phosphate buffer, pH 7.00, and
ied. Then 20 1 of 0.5 mg mi~! of anti-AFP was placed on the
ictrode and reaction took place overnight at 4 °C (Fig. 1(a.2
ed b.2)}. Finally, the electrode was reacted in &2 10mM 1-
pdecanethiol ethanolic solution for 20 min (Fig. 1{a.3 and b.3))
gblock the bare spots on the electrode surface.

3 In the case of SATUM, glutaraldehyde was introduced to
Bict with the SATUM on the gold surface. The amine groups
%l be modified and free aldehyde groups will be exposed to
ich protein can couple, The time and amount of glutaralde-
Wide that were suitable for the reaction were optimized. The
timum conditions were then used to treat the surface of gold
ptrode (Fig. 1(c.1)), before being thoroughly rinsed with
dium phosphate buffer, pH 7.00, and dried. Then 20 pl of
mgml~' anti-AFP was placed on the electrode and reaction
ok place overnight at 4°C (Fig. 1{c.2)). The electrode was
immersed in 0.1-M ethanolamine pH 8.00 for 30 min, this

Ag/AgCl relerence

step was to occupy all the aldehyde groups which did not couple
to the anti-CEA. Finally, the electrode was reacted in a 10 mM
{-dodecanethiol ethanolic solution for 20 min (Fig. 1(¢.3)} to
block the bare spots on the electrode surface.

2.3. Capacitance measurement

Fig. 2 shows the basic experimental set-up of the flow injec-
tion capacitive immunosensor system. Three electrodes were
placed in the immunosensor Alow cell (10 wl) and connected
to the potentiostat (ML 160, AD Instruments, Australig). The
working electrode was- the modified gold electrode. A stain-
less steel tube (i.d. 0.4mm, o.d. 1.1 mm, length 25mm) was
used as the auxiliary electrode and outlet. A laboratory built
Ag/AgCl reference electrode was placed opposite to the working
¢lectrode.

Continuously during the binding event between AFP and anti-
AFP, potential pulses, 50 mV, are applied to the gold electrode
yielding current response signals, which can be described by Eq.

(.

) u —t
1= Fs i (R; Clolnl) W

where (1) is the current in the circuit as a function of time, u
the pulse potential applied, Ry the dynamic resistance of the
recognition layer, ¢ the time elapsed after the potential step was
applied, and Cioq is the total capacitance measured at the work-
ing electrode/solution interface. Taking the logarithm of Eq. (1)
we obtain

H !
Ini(ty=In — - ——
( ) Rs RsCrotal

Then, Cipe1 2nd R were obtained from the slope and intercept of
the linear least-square fitting of In i(f) versus r. The measurement

2

Potentiostat

Electrade
1| Auxitiary
L. Electrods
Injection
valve
Working
Electrode
Waste

Fig. 2. Schematic diagram showing the flow injection capacitive immunosensor system,
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of Cioral was done every minute and the results were later plotted
.8 a function of time. When the solution containing AFP was
injected into the flow cell, AFP bound to the immobilized anti-
AFP on the electrode causing the capacitance to decrease until
it reached a stable value. The change in capacitance due to the
 binding was obtained by subtracting Ciota after the binding from
the Cioray before the binding. The surface of the electrode was
then regenerated with 10 mM glycine-HCl, pH 2.80 (Maupas et
#l,'1997) to remove AFP from anti-AFP immobilized electrode.

3, Results and discussion
3.1, Immersion times

The effect of immersion times of thiol solutions for the
formation of SAMs on gold electrode surfaces was tested by
using cyclic voltammetry technique in 0.1 H2SQy4 at scan rate
100mV s~ The efficiency of the formation of thiol SAMSs on
tlectrode surfaces can be described in term of surface coverage
which can be estimated by comparing the area of the reduction
peak of electroadsoption of oxygen atom on the modified and
bare gold electrode (Sabatani et al., 1987). The percent surface
coverage was calculated by using Eq. (3).

wrface coverage (%) = (QmaEe ~ Osar) x 100 3

(0.0
where QmgE is the amount of electric charge exchanged during
the electroadsorption of oxygen (C cm™?} of the modified gold
tlectrode and QpgE is the amount of electric charge exchanged
during the electroadsorption of oxygen (C cm™2) of the bare gold
tlectrode. In cases of TA and MPA, the percent surface coverage
was found to increase with immersion up to 12h (Fig. 3(a)).

=+ Thioctic acld, TA
40 ~8- 3.-Mercaptopropionlc acld, MPA

:g == Thiourea, TU
10
0 v v v
[} 10 20 an 40 50
i Time (hour)
a
; :g wty= Thioctic acid, TA
b 4'0 —8— 3- Meroaptopropionic acld, MPA
3.0 ~{3— Thiourea, TU
20
10
0o
[} 100 200 300 400 500
H Concentration of Thio! Solution (mM)

3, The effect of (a) immersion times and (b) concentration of the thiol
ions for the formation of SAMs on gold electrode surface.

For longer immersion times, the percent coverage did not differ
significantly (P <0.05). For the TU modified gold electrode, the
insignificant difference of percent surface coverage was obtained
after 24 h. Therefore, 12 h is the optimum immersion time for
TA and MPA while 24 h is used for TU,

3.2. Concentration of thiol solutions

The effect of concentrations of thiol solutions for the for-
mation of SAMs on gold electrode surfaces were tested by
considering the reductive desorption of these monolayers in thiol
solutions via reaction (4).

RS-Au + e — Au + RS~ @

At negative potentials the bond of thiol groups to gold can
be reduced with consequent thiol desorption (Weisshaar et al.,
1992). Thiol solutions (TA, MPA, and TU) were characterized
making use of this property. Cyclic voltammograms of reduction
peak of thiolate monolayer in 0.5M KOH, indicating the des-
orption of thiol bound to the gold electrode surface (Weisshaar
ct al,, 1993). The charge under desorption peak can be used
to estimate the surface concentrations of the thiol solutions in
menolayer as follows:
Q

= nFA _ ®)
where /™ is the surface coverage (mol em™2), O the total charge
(C), n the number of eleetron transferred, F the Faraday’s con-
stant (96,4854 Cmol™'), and A is the electrode surface area
(em?). Fig. 3(b) shows the effect of the concentration of thiol
solutions for the formation of SAMs. The increase in surface
coverage (molcm™2) started to level off close to 250 mM of
all thiol solutions. Therefore, 250 mM of TA, MPA, and TU
were chosen for the modification of the surface of the gold
clectrode. At this concentration, the surface coverage for mono-
lavers of TA, MPA, and TU were 9.2 x 109, 8.6 x 10~, and
8.9 x 10~% mol em™2, respectively.

3.3. Immobilization of anti-AFP

3.3.1. SATAM and SAMPAM

The immobilization of anti-AFP on SATAM, and SAMPAM
using covalent method were done using EDC, and EDC/NHS
solution for intermediate (Johnsson et al., 1991; Staros et al.,
1986). The performances of these electrodes are shown in
Table 1. The sensitivity of SATAM and SAMPAM activated with
EDC/NHS were higher than SATAM and SAMPAM activated
with EDC by about |.5 times. This is correlated to the higher
amount of the immobilized anti-AFP, which is shown as immo-
bilization yield in Table |, determined by detecting the amount
of protein in the solution before and after immobilization by the
silver binding method (Krystal, 1987).

3.3.2. SATUM
The effect of glutaraldehyde was tested by determining the
immebilization yield. The concentration was tested between
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ble |

formances of anti-AFP covalently immobilized on self-assemble thioctic acid monolayer (SATAM), self-assemble 3-mercaptopropionic acid monolayer (SAM-

\M}, and self-assemble thiourea monolayer (SATUM)

ameters Performances
SATAM SAMPAM SATUM

pear range (ugi~')
Activated with EDC 0.01-10 0.01-10 NA
Activated with EDC/NHS 0.01-10 0.0[-10 NA
Activated with glutareldehyde NA NA 0.01-10
it of detection (ng ™)
Activated with EDC 10 10 NA
Activated with EDC/NHS 10 10 NA
Activated with glutaraldehyde NA NA 10
maitivity (Ac (—nF em~2ytog AFP (ugl-'p
Activated with EDC 213 16.9 NA
Activated with EDC/NHS 322 24.5 NA
Activated with glutaraldehyde NA NA 28.7
miysis time (min)
Activated with EDC 13-15 13-15 NA
Activated with EDC/NHS 1315 13-15 NA
Activated with glutaraldehyde NA NA 13-15
pobilization yield (%) (n=3)
Activated with EDC 65.8+0.2 60.5+1.6 NA
Activated with EDC/NHS 88.6+0.8 88.3+0.6 NA
Activated with glutaraldehyde NA NA 88.5+0.8

tage capacitance change decreasing rate within 48 times of regeneration (%6/time) -0.20 -0.19 —0.18

:not applicable.

5 and 10% (v/v). When the concentration of glutaraldehyde
ased the immobilization yield also increased reaching a
imum at 5% (v/v) of glutaraldehyde and then leveled off.
the effect of incubation time (1-240 min), the highestimmo-
tion yield is at 20 min. Therefore, 5% (v/v) glutaraldehyde
incubation time of 20 min were use for further experiments
stivate the SATUM electrode in 10 mM sodium phosphate
r pH 7.00 at room temperature. Anti-AFP was then immo-
zed on the activated electrode.

Electrochemical performance of the process of
-AFP immobilization

In the capacitive immunosensor system the insulating prop-
of the self-assembled monolayer on the electrode surface
vital importance, The degree of insulation was examined
cyclic voltammetry with a permeable redox couple (i.e.
¢(CN)g]) in the electrolyte solution. Fig. 4 shows an exam-
of these voltammograms for SATUM. At the cleaned gold
ce the redox couple was oxidized and reduced according to
&. When thiourea was self-assembled on the clean gold
fice the redox peaks decreased (curve b). Then aldehyde
of glutaraldehyde was reacted with the amine and the
AFP was linked covalently on the electrode via reaction
the atdehyde group. The insulating property of the elec-
surface was further increased (curves ¢ and d). A final
ing of the electrode surface was achieved by the treatment
l-dodecanethiol, as can be seen from the disappearance of
iedox peaks in curve e. Similar cyclic voltammograms for

SATAM and SAMPAM were also obtained indicating that all
these modified surface were well insulated and were suitable for
the capacitive measuring system.

3.5. Linear range, detection limit, and selectivity

When AFP was injected into the flow cell, it bound to the
immobilized anti-AFP on the electrode causing the capacitance

90 - a

o] / /°

30 4 —

|

10 4
—

-10 4
-30 4
-50 4
=70 4
-90

Currerd (uA)

T T

0.9 07 0.5 0.3 0.1 0.1 0.3 05
Voltage (V)

Fig. 4. Cyclic voltammograms of a gold electrode obtained in a SmM
K3[Fe(CN)g] containing 0.1 M XCI solution at scan rate of 0.1Vs~!, All
potentials arc given vs. Ag/AgCI reference electrode. The voltage range was
-0.3 to 0.8 V. (a) Cleun gold electrode, (b) self-assembled thiourea mono-
layer (SATUM) clectrode, (¢} glutaraldehyde-amine SATUM, (d) anti-AFP-
glutaraldehyde-amine SATUM, and (¢} as in (d) but after |-dodecanethioi
treatment.
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Fig. 5. Responses of the anti-AFP to alpha-fetoprotein (AFP), carcinoembry-
tmic antigen (CEA), and human serum albumin (HSA) using () self-assembled
ioctic acid monolayer (SATAM), (b) self-assembled 3-mercaptopropionic acid
monolayer (SAMPAM), and (c) self-assembled thiourea monolayer (SATUM).

Wi decrease. Discrete pulse injections of AFP standard rang-
ing from 0.001 to 100 g1~ with intermediate regeneration
teps using glycine-HCI buffer solution, pH 2.80, were per-
ormed. Fig. 5 shows the calibration curves for 250 pl injection
lo 10mM Tris—HCI buffer solution, pH 7.60, at a flow rate
0.10mlmin~}. A linear relationship between the capaci-
ce change and logarithm of AFP concentration of SATAM
r=0.999), SAMPAM (r=0.999), and SATUM (r=0.996) were
btained between 0.01 and 10 ugl™'. The detection limits of
ATAM, SAMPAM, and SATUM were 10ngl~', based on
PAC Recommendation 1994 (Buck and Lindner, 1994).

The effect of substances that might interfere with the response
fthe AFP capacitive biosensor system was also studied. Human
m albumin (HSA) and carcinoembiyonic antigen (CEA)
used to test the selectivity of the capacitive biosensor sys-
em for AFP, because the physical and chemical characteristics
albumin are similar to AFP (Bader et al., 2004) and CEA, like

AFP, is one type of the tumor markers. The capacitance changes
of HSA and CEA at the concentration range 0.01-10 g1~ on
the anti-AFP immobilized on SATAM, SAMPAM, and SATUM
electrodes were much lower than those from AFP (Fig. 5) and
lower than the detection limit of AFP. A much higher concen-
tration of HSA, 68 mg1~!, was also tested and the capacitance
change was also much lower than the value at the detection limit
for AFP. From these results, we suggested that these systems
were specific to AFP.

3.6. Reproducibility

In this work, 10 mM glycine—HC! buffer solution, pH 2.80,
was used as regeneration solution to break the affinity binding
between AFP and anti-AFP. AFP was detected by the regen-
erated electrode repeatedly and reproducibility performance
of anti-AFP-modified electrodes were evaluated intermittently
over 6 days (12 times per day) by monitoring the change of
capacitance signal at the same concentration of standard AFP
(1 wg!="} in the flow injection capacitive biosensor system at a
flow rate of 0.10mImin~" Tris-HCI buffer solution, pH 7.6,
and a sample volume of 250 pl,

Percentage capacitance change decreasing rate after regener-
ation (%/time) of the three anti-AFP-modified electrodes are
shown in Table 1. After 48 times of regeneration, the bind-
ing activity of anti-AFP immobilized on SATAM, SAMPAM,
and SATUM retained more than 90% of the original capac-
itance change. That is, anti-AFP immobilization on SATAM,
SAMPAM, and SATUM electrodes can be reused with good
reproducibility up to about 48 times with the relative standard
deviation (R.S.D.y of 4.2, 4.3, and 3.6%, respectively.

4, Conclusions

Covalent coupling of anti-AFP on self-assembled thiourea
monolayer (SATUM) modified gold surface with glutaralde-
hyde had been proven to be a good and reliable immobiliza-
tion technique for a flow injection capacitive immunosensor
system. The modified electrode was sensitive and selective to
the presence of AFP. The electrode can also be regenerated
and reused. Comparing with the covalent coupling of anti-AFP
on self-assembled thioctic acid monolayer (SATAM) and self-
assembled 3-mercaptopropionic acid monolayer (SAMPAM)
activeted by EDC/NHS, the proposed SATUM can certainly
match their performances. That is, all the systems gave the same
linear range with nearly the same sensitivity and detection limits.
Good stability was obtained for all the systems, i.e. they can be
regenerated and reused up to 48 times with good reproducibil
ity. Therefore, thiourea, which is cheaper then thioctic acid and
3-mercaptopropionic acid, is certainly a good alternative to be
applied for the immobilization of antibodies on gold surfaces.
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