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Abstract

This report focused on the study of the enhancement of label-free real-time affinity
detectors using capacitive and impedimetric measurements by incorporating nanomaterials.
A flow injection system was applied to obtain continuous analysis. To increase the response
signal, the main idea is to increase the surface area of the electrode with nanomaterials, thus,
more surface area for the biorecognition elements to be immobilized. This in turn provides
higher number of binding sites for the analytes. The studies were based on the use of various
protocols to incorporate nanomaterials on a gold electrode surface. Four different approaches
have been studied. The first procedure was to incorporate silver nanoparticles on a gold
electrode surface via a self-assembled monolayer of a thiol compound and then immobilized
the antibody onto the nanoparticles. The second approach was to add another layer of a thiol
compound, with two free functional groups that can bind to and immobilized the antibody, on
top of the nanoparticles. This would further increase the amount of the immobilized
antibodies. The third procedure was to study the effect of additional layers of nanoparticles in
a layer-by-layer technique. The final approach was to increase the immobilized surface area
using a porous structure. These systems were used to detect the specific binding between the
sensing antibodies and the analytes of interest. When compared to a bare gold electrode all of
the studied protocols provided much higher sensitivities and extremely low detection limits,
1x1014 - 1x101° mol L1. All of these techniques have been successfully applied for real
sample analysis, such as serum, urine and solution mixture from homogenized shrimp. In
addition a novel method to fabricate nanoporous wire arrays that can increase the surface area
of the sensing electrode was also developed and successfully applied for an electrochemical
detection. All of these strategies would be potential useful for the sensitive detection of
various analytes and for the sensitive studies of binding interactions between molecules.

Keywords:  Nanoparticles; Porous gold; Porous Nanowire arrays; Label-free; Biosensor;
Capacitance; Impedance; Electrochemical detection; Sensitivity enhancement.
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Executive Summary

The main objective of this project is the development of real-time label-free affinity
biosensors with enhanced sensitivity and detection limit by incorporating nanomaterials to be
used in continuous analysis. The investigation involved the development and evaluation of
the performances of real-time label-free affinity biosensor systems for the quantitative
analysis of trace amounts of molecules, and to validate the results with conventional methods.
This involves the development of different protocols for the immobilization of bioaffinitiy
element incorporated with nanomaterials. Four approaches were studied.

The first approach was to modify gold electrodes with silver nanoparticles (AgNPs)
via a self-assembled monolayer of thiourea. Appropriate antibodies were used to detect
analytes of different sizes using real-time capacitive detection. It was found that there was an
optimal amount of nanoparticles that provided the highest immobilization yield and response.
Comparing to the use of gold nanoparticles (AuNPs) the lower cost AGNPs provided the same
performance to the one prepared with AuNPs. The incorporation of AgNPs can improve the
detection sensitivity and detection limit for both large and small molecules.

To further improve the analytical performances of the label-free affinity biosensor, a
layer of mercaptosuccinic acid (MSA) was added on top of the AuNPs before immobilizing
the antibody. This MSA has two free functional groups that can bind to the antibody, hence
increase the amount of the immobilized antibody. The real-time impedance change due to the
binding between chloramphenicol, a small molecule, and its antibody was measured. Under
optimal conditions this modified electrode was compared to the bare gold and the one
modified with only AuNPs. The one with AuNPs and MSA provided the highest sensitivity,
and the lowest determination limit of 1.0 x 10716 M. This very low limit makes it very suitable
for residue detection.

The third procedure was based on layer-by-layer (LBL) self-assembled AuNPs. The
additional layer can effectively enhance the sensitivity of a label-free capacitive
immunosensor due to the increase of the amount of AuNPs that results in an increase of the
effective surface area for the immobilized sensing elements. It was found that there was an
optimal concentration (71 nmol L) and a number of layer (2 layers) of the AuNPs that
provided the highest sensitivity. This work presented for the first time the effect of the
direction of AuNPs deposition. The face-down deposition direction of the electrode into
AuNPs solution, provided a better sensitivity, lower detection limit (107 mol Lt human
serum albumin) and a wider linear range than the face-up, into the AuNPs, deposition
direction. The extremely low detection limit demonstrated that the system could easily
determine the analyte at ultra trace level.

The final approach was to enhance the modified electrode surface area by a porous
gold structure. The porous electrode with a much larger surface area than the flat electrode
(19 £ 1 times) could be simply prepared in a one-step electro-process. The enhanced label-
free immunosensor detection was based on electrochemical impedance spectroscopy (EIS).
Due to the porous structure, antibody immobilized via a self-assembled monolayer (SAM) of
a relatively long thiol compound provided a better analytical performance than the one
modified with a shorter compound or a polymer. This is most likely because SAMSs can cover



more surface area than the polymer and the longer chain SAM can extend further into the
solution making it more accessible by the antibody during immobilization and also by the
analyte during analysis. The modified porous electrode, blocked with BSA, greatly enhanced
the sensitivity and provided a much lower detection limit than the sensitivity of the flat
electrode (1x1014 mol L or 0.68 ng L-1), by 2 orders of magnitude. Besides immunosensors,
this method would also be a useful tool to improve the study of biological molecules
interactions.

In addition another porous structure, i.e., porous nanowires, was also investigated.
The novelty of this work is the direct growing of the nanoporous gold nanowire arrays (NPG-
NWASs) onto the surface of a disposable gold electrode through the pores of a conductive-
layer-free membrane placed on top of a working electrode set inside a costom-made batch
cell. The NPG-NWAs electrode was then directly applied as the working electrode for the
detection of analyte within the same batch cell. The porosity of the NPG-NWAs increased the
surface area of the electrode, about 160 times compared to a bare gold electrode. Initially the
fabricated NPG-NWAs electrode was intended for a label-free affinity biosensor. However,
the results from the previous work indicated that it might be difficult for the sensing
molecules to get access to the pores along the length of the nanowires to be immobilized.
Therefore, the advantage of the large surface area of the porous nanowire structure was
investigated by applying the NPG-NWAs electrode for the electrochemical detection of an
analyte and glutathione was used as the model. The increase surface area of the electrode
improved the sensor sensitivity and the limit of detection. This technique can be easily
applied for other type of NWAs using different plating solutions or electrode substrates for
many fields of applications.

The various investigated strategies to incorporate nanomaterials into label-free affinity
clearly enhanced the analytical performances of detection systems. The improved
sensitivities and limit of detections make them suitable for ultra trace analysis. In addition all
of the modified surfaces provided good reproducibility. One preparation of each of the
modified systems could be reused at least 40 analysis cycles and this helps to reduce the cost
of analysis. When they were applied for real samples analysis, no significant differences were
observed between the results obtained by the developed systems and the conventional
methods. These strategies can easily be applied for the sensitive detection of other analytes.



1. Introduction

Development of systems for trace level analysis of environmental, food, biomedical or
pharmaceutical samples is a challenge because this requires specific and sensitive techniques.
An interesting approach is the development of affinity biosensors. Affinity biosensors are
analytical devices composed of a biological recognition element such as an antibody, receptor
protein, biomimetic material, or DNA interfaced to a signal transducer (Rogers, 2000).
Detection principle of reported transducers includes, for examples, electrochemical
(Grieshaber et al., 2008; Ronkainen et al., 2010), optical (Borisov & Wolfbeis, 2008; Scarano
et al.,, 2010) and piezoelectric (Ermolaeva & Kalmykova, 2006; Lucarelli et al., 2008).
Among these, electrochemical biosensors provide an attractive mean to analyze the content of
a sample due to the direct conversion of a biological event to an electronic signal (Grieshaber
et al., 2008; Ronkainen et al., 2010). Detection of affinity binding can also be classified as
labeled (indirect) or label-free (direct) (Bilitewski, 2006). For indirect assay, the detection of
analyte and bioaffinity molecule relied on the determination of a label molecule, however, this
type of affinity biosensor requires several steps, is time-consuming and makes real-time
measurement impossible (Berggren, 2001). Therefore, it would be more advantageous to
develop affinity biosensors capable of direct assay of target analytes.

For label-free affinity biosensor, when the analyte binds to its bioaffinity molecule the
response is determined from the change in physical properties of the surface during the
affinity complex formation. This physical change has been detected using optical (surface
plasmon resonance, SPR) (Homola, 2008; Guo, 2012), piezoelectric (Ermolaeva &
Kalmykova, 2006; Lucarelli et al., 2008) and electrochemical methods (Berggren, 2001,
Daniels & Pourmand, 2007). Among the electrochemical principles capacitive and
impedimetric techniques have proven to be very sensitive, with the lower detection limits in
the pico molar range or lower (Berggren, 2001; Dijksma et al., 2001; Bart et al., 2005).

At the Trace Analysis and Biosensor Research Center (TAB-RC), Prince of Songkla
University, we have investigated and evaluated the label-free detection technique for several
affinity binding pairs based on electrochemical detection principles such as capacitive
detection of alpha-fetoprotein and anti-alpha-fetoprotein (Limbut et al., 2006a),
carcinoembryonic antigen and anti-carcinoembryonic antigen (Limbut et al., 2006b) and
impedimetric detection of penicillin G and anti-penicillin G (Thavarungkul et al., 2007).
These systems are highly selective, sensitive, can detect analyte with accuracy within a short
analysis time. The detection limit of the system is generally very low, in the range of pico to
femto molar. These devices can be applied for the guantitative analysis of trace amounts of
analytes.

Although these methods can provide very low detection limit, for some substances that
are not approved by the authorities guideline values are normally set at or about the analytical
limit of determination (Hamilton et al., 2003). Therefore, the control of diseases, food quality
and safety, and quality of our environment would be much better if the performance of the
analysis method can be enhanced to obtain better sensitivity and the lowest possible detection
limit. This will enable the detection at the lowest possible concentration especially when the
molecule of the detecting analyte is small (resulting in a small physical change when forming



affinity complex) and are with the presence of interfering substances. If a detection limit is
very low the interfering effect could easily be overcome by diluting the samples. In view of
these, the enhancement of system sensitivity is needed.

One way of improving the efficiency of label-free affinity detection is to incorporate
nanoparticles during the immobilization procedure. This has shown to help increase the
response in label-free affinity detection, for examples, when using optical (Liu et al., 2006;
Lai et al., 2007; Wang et al., 2008) and some electrochemical detections (Hu et al., 2003; Wu
et al., 2005; Pingarrdn et al., 2008). Although some of these techniques could produce real-
time response (Liu et al., 2006; Lai et al., 2007; Wang et al., 2008) the analysis still has to be
done in discrete manner where the sensing surface has to be incubated with the analyte before
detection could take place (Hu et al., 2003; Wu et al., 2005; Liu et al., 2006; Lai et al., 2007,
Wang et al., 2008). Therefore, there is a vast area that still needed to be explored, especially
in the real-time and continuous schemes.

The work in this project focuses on the study of the enhancement of label-free real-
time affinity detection using electrochemical measurements by incorporating nanomaterials.
A flow injection system was applied to obtain continuous analysis. To increase the response
signal, the main idea is to increase the surface area of the electrode with nanomaterials, thus,
more surface area for biorecognition element to be immobilized. This in turn provides higher
number of binding site for the analytes. In this project, different approaches to incorporate
nanomaterials to achieve even higher performances were studied. The aim is to obtain higher
sensitivity and the lowest possible detection limit. The systems were used to detect the
specific binding between the sensing element and the analyte of interest.



2. Objective

The objective of this research is to develop real-time label-free affinity biosensors
with enhanced sensitivity and detection limit by incorporating nanomaterials to be used in
continuous analysis.

The investigation involved the development and evaluation of the performances of
real-time label-free affinity biosensor systems for the quantitative analysis of trace amounts of
molecules, and to validate the results with conventional methods. This involves the
development of different protocols for the immobilization of bioaffinitiy element incorporated
with nanomaterials. Four approaches were investigated. The first study was to modify
electrodes with silver nanoparticles (AgNPs), via a self-assembled monolayer of thiourea.
Appropriate antibodies were used to detect analytes of different sizes using capacitive
detection. The second approach was to add a layer of mercaptosuccinic acid (MSA) on top of
the nanoparticles before immobilizing the antibody. The impedance change due to the binding
between chloramphenicol, a small molecule, and its antibody was measured. The third
procedure was based on layer-by-layer (LBL) self-assembled gold nanoparticles (AuNPS).
The additional layer can effectively enhance the sensitivity of a label-free capacitive
immunosensor. The final approach was to fabricated a porous gold structure. A porous gold
surface was achieved by a simple one-step electro-process. The enhanced label-free
immunosensor detection was based on electrochemical impedance spectroscopy (EIS).



3. Compar ative study of enhancement of label-free affinity biosensor

by gold and silver nanoparticles

3.1 Introduction

One way to enhance the performance of a label-free affinity biosensor is by using
nanoparticles to increase the effective surface area for the immobilized sensing molecules.
Such previously developed methods have mostly used gold nanoparticles (AuNPs) (Li et al.,
2005; Wu et al., 2005; Yang et al., 2009) with only a few applications of silver nanoparticles
(AgNPs) have been studied (Loyprasert et al., 2008; Wu et al., 2010). Since silver is cheaper
than gold and the preparation of its nanoparticles is also simple it is possible that AGNPs can
effectively enhance the sensitivity and detection limit of a capacitive immunosensor system,
comparable to the system with AuNPs. First the optimum amount of AgNPs required to
increase the sensing molecule immobilization area was investigated. Then electrodes with a
suitable concentration of nanoparticles incorporated were tested for their activities in the
capacitive system. To investigate how this might enhance the detection of both large and
small molecules, three antibody-antigen pairs were tested: (i) anti-human serum albumin
(anti-HSA) and human serum albumin (HSA) (MW 68000 g mol-), (ii) antimicrocystin-LR
(anti-MCLR) and microcystin-LR (MCLR) (MW 995.17 g mol) and (iii) anti-penicillin G
(anti-Pen G) and penicillin G (Pen G) (MW 356.37 g mol?). The system for the detection of
HSA was also compared with one that had AuNPs incorporated. To test the application of this
new electrode for real sample detection, the system was employed to analyse HSA in urine
samples.

This work is published in Analytica Chimica Acta (Dawan et al., 2011) (Journal
Impact Factor 2011: 4.555) (Paper I). A short summary is presented.

3.2 Experimental
3.2.1 Antibody immobilization

Nanoparticles were added onto the modified electrode by adsorption on the self-
assembled monolayer (SAM) of thiourea. Antibody was also simply adsorbed on the surface
of nanoparticles. Three types of antibody, anti-HSA, anti-MCLR and anti-Pen G, were
studied. Different amounts of nanoparticles per unit volume were tested to obtained the one
that provided the highest effective surface area for the immobilization of the antibody. For
the electrode without the nanoparticles, antibodies were immobilized on the electrode via the
SAM of thiourea.

3.2.2 Capacitance measurement

Experiments were carried out using a flow injection capacitive system. The
measurement was carried out using a three-electrode system consisted of a working electrode
(modified electrode), an auxiliary electrode (Pt wire) and a reference electrode (Ag/AgCl)
connected to a custom-built capacitive analyzer (Wongkittisuksa et al., 2011). This



instrumentation automatically applies 50 mV potential pulses on the working electrode at 60-s
intervals. The capacitance at the electrode/solution interface was determined by the computer
program from the current response of each pulse. The obtained capacitance values were
plotted with respect to time on the monitor and stored on the computer. When the solution
containing analytes was injected into the system, the analytes bound to the immobilized
antibody on the electrode causing the capacitance to decrease in proportion to the
concentration of the analyte. The change in capacitance (AC) due to the binding was related to
the concentration of the analyte. The surface of the electrode was then regenerated with a
regeneration solution to remove the analytes from the immobilized antibody so a new
analytical cycle could be performed.

3.2.3 Real sample analysis

The flow capacitive immunosensor system using electrodes modified with AgNPs was
applied to detect HSA in urine samples obtained from Songklanagarind Hospital, Hat Yali,
Thailand. The results were compared with those obtained by the hospital using an
immunoturbidimetric assay.

3.3 Reaults

3.3.1 Effect of amount of nanoparticles

Four concentrations of AgNPs were investigated. The results indicated that there exist
an optimal amount of AgNPs, 48 pmol (in 2 mL), that can provided the largest effective
surface area. Beyond this amount the density of nanoparticles is too high and the particles
cluster together and hence decrease the surface area. The amount of antibody that could be
immobilized on the surface with different amount of AgNPS was also determined. The results
were related to the effective surface area. At the optimal amount of AgNPs the highest
immobilization yield (88%) was obtained due to the large surface area.

3.3.2 Analytical performance

The capacitance change caused by the binding between the antibody and the antigen
(analyte) was plotted against the logarithm of the analyte concentration. Immunosensors for
HSA prepared with different amount of AgNPs were tested. As expected the responses of the
electrodes corresponded well to the amount of immoblized antibody. At the optimal amount
of AgNPs the sensitivity of the capacitive system (slope of the linear region of the calibration
plot) for HSA detection was the highest. This was 2.1 times higher than the electrode without
the nanoparticles. The linear range was also wider, from 1.0 x 1018 to 1.0 x 101° M
compared to 1.0 x 1016 to 1.0 x 10-1° M. In addition, the limit of detection of the electrode
with nanoparticles was extremely low, i.e., 1.0 x 1018 M, lower than the electrode without
the nanoparticles by two orders of magnitude.



3.3.3 Performance of gold and silver nanoparticles

Electrodes were modified with AgNPs and AuNPs of approximately the same size
(AgNPs = 10 £ 2 nm and AuNPs = 8 £ 2 nm) at the optimal concentration. Both electrodes
provided the same linear range, 1.0 x 103 to 1.0 x 10-1% M and the same detection limit of 1.0
x 1018 M with nearly the same sensitivity. These results indicated that both nanoparticles
could provide the same high sensitivity and low detection limit.

3.3.4 Effect of the size of analytes

Capacitive immunosensors with incorporated AgNPs were investigated for their
performances with different sizes of analytes, i.e. HSA (68,000 g mol?), MCLR
(995.17 g mol 1) and Pen G (365.37 g mol1). The electrodes modified with AgNPs enhanced
the sensitivity by about 2.2, 2.8 and 2.7 times for HSA, MCLR and Pen G, respectively. The
detection limit was also lowered by two orders of magnitude for HSA (macromolecule to 1018
M) and one order of magnitude for small molecules, i.e., MCLR (to 10-1* M) and Pen G (to
1015 M).

3.3.5 Determination of HSA in urine samples

The advantage of a very low detection limit of the capacitive immunosensor is that the
effect of othe matrices in a real sample can be reduced by just simply diluting the sample.
After the dilution the concentration of the analyte would be lower but was still detectable by
the sensitive capacitive system. Seven urine samples were tested, each sample was diluted
106 times before analysis. The concentrations determined by the capacitive immunosensor
system are in good agreement with the results obtained by the hospital (P>0.05).

3.4 Conclusions

Detection of ultra-trace amounts of antigens by label-free capacitive immunosensors
was achieved using electrodes modified with silver nanoparticles (AgNPs) that allows for an
increase in the amount of immobilized antibodies. There was an optimal amount of AgNPs
that provided the highest immobilization yield and response. The performances of
immunosensor electrodes for human serum albumin prepared with AgNPs provided the same
performance to the one prepared with gold nanoparticles. That is, AgNPs that can be prepared
with lower cost could be effectively applied. The incorporation of AgNPs provides better
sensitivity and detection limit than without nanoparticles for both large and small molecules.
The high sensitivity and very low detection limits are potentially useful for the analysis of
toxins or residues present in samples at ultra-trace levels and this method could easily be
applied to other affinity pairs.



4. Enhancement of label-free affinity biosensor by nanoparticles with

additional layer

4.1 Introduction

In the previous section an enhancement of the biosensor performance was achieved by
the direct adsorption of the bioaffinity element on nanoparticles. To further enhance the
response, the amount of immobilized bioaffinity molecules could be increased through an
additional layer with functional group(s) that can bind with bioaffinity molecules. It is
expected that more bioaffinity molecules can be immobilized with stronger bond than the
simple adsorption on nanoparticles, thus, increase the binding capacity with the analyte. For
this system, impedance measurement, another highly sensitive label-free detection system
(Dijksma et al., 2001; Bart et al., 2005; Thavarungkul et al., 2007), was employed.

In this part of the project a layer of nanoparticles (on a self-assembled thiourea
monolayer) was first attached on the electrode surface. Then a layer of mercaptosuccinic acid
(MSA), a thiol compound, was formed on the nanoparticles layer. This MSA has two free
functional carboxylic groups (Lewis & Hawley, 1993) that can be used to immobilize the
antibody. The electrode modification steps were optimized to obtain the maximum amount of
the immobilized antibody. Chloramphenicol (CAP) was chosen as a model analyte because it
is a widely used antibiotic, with a low molecular weight (MW 323.13 g mol?). Also there is
need to detect very small residual amounts of CAP in food samples to ensure there will be no
possible dangers to human health. The proposed system was then applied to analyse CAP
(analyte) in shrimp samples.

This part of the project is published in Biosensors and Bioelectronics (Chullasat et al.,

2011) (Journal Impact Factor 2011: 5.602) (Paper Il). A short summary is presented as
follows.

4.2 Experimental
4.2.1 Modified electrodes

A self-assembled monolayer of thiourea (SATUM) was first allowed to form on gold
rod electrode (diameter = 3.0 mm). The AuNPs were then adsorbed on SATUM. The volume
of AuNPs and incubation time were optimized. Next a layer of MSA was adsorbed on the
AuNPs where the concentrations of MSA and incubation time were also optimized. The
modified surface was then activated with EDC/NHS (EDC 1% (v/v), NHS 2.5% (v/v) in 50
mM phosphate buffer pH 5.00 with 50 mM KCI) after which anti-CAP was placed on the
modified electrode and left for the binding reaction to occurred overnight at 4°C. This is the
SATUM/AUNPs/MSA modified electrode.

For a SATUM modified electrode, after the SAM was formed as described above,
anti-CAP was immobilized on this layer. For SATUM/AuUNPs modified electrode, after the
formation of SAM and adsorption of AuNPs, anti-CAP was allowed to adsorb on the AuNPs.
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4.2.2 Impedimetric measurement

CAP was determined using a flow injection impedimetric immunosensor system using
an Autolab PGSTAT30 electrochemical impedance analyzer and potentionstat/galvanostat
(Metrohm Autolab, The Netherlands) connected to a computer. The modified electrode was
used as the working electrode (WE) together with a custom-made Ag/AgCl electrode (RE)
and a Pt wire auxiliary electrode (AE). Eco Chemie software, Frequency Response Analyzer
(FRA 4.9.005), was used to monitor the impedance.

The CAP-anti-CAP interaction was monitored via the change of the imaginary part of
impedance (Z") as a function of time at a single frequency. The carrier buffer was passed
through the system to obtain the baseline of Z". When CAP (analyte) was injected, it bound to
the immobilized anti-CAP (antibody) on the modified electrode and the impedance increased
(A Z"), corresponded with the concentration of CAP. After each analysis, the immobilized
electrode was prepared for the next analysis by using regeneration solution to remove the
bound antigen from the modified electrode surface.

4.2.3 Real sample analysis

Six shrimp samples were collected from six markets in Hat Yai, Songkhla, Thailand.
Two gram of blended shrimp sample was mixed with 10.0 mL of carrier buffer, and then
homogenized by ultrasonic homogenizer (Biologics, Inc. USA) for 15 min. The mixture was
centrifuge at 10,000 rpm for 15 min, discarded the sediment and 200 pL of the supernatant
was then transferred to a desalt column (Bio-Rad Laboratories, USA). The desalted sample
was then diluted 10,000 times by the carrier buffer and analyzed in the flow injection
impedimetric immunosensors system.

4.3 Results

4.3.1 Performances of the system

Linear range and limit of determination

Using the optimal operating conditions the linear range for the SATUM/AuUNPS/MSA
modified electrode was the lowest detectable range, (0.50 - 10) x 10716 M. For the SATUM/
AuNPs modified electrode, a linear range of (1.0 - 10) x 10715 M was obtained. The SATUM
modified electrode gave a linear range of (1.0 - 10) x 101 M. The determination limit of the
SATUM/AUNPs/MSA modified electrode was also the lowest, 1.0 x 10716 M, much better
than the electrode modified with SATUM/AuUNPs (1.0 x 10715 M) and SATUM (4.7 x 10714
M). This would be very useful for residue analysis.

Reproducibility

The reproducibility of the responses of two SATUM/AuUNPS/MSA electrodes was
evaluated at optimum conditions, by repeatedly injecting the same concentration of standard
CAP (1.0 x 101 M). The regeneration solution was used to remove CAP analyte from the
immobilized anti-CAP after each detection. The two electrodes showed similar results, i.e.,
the modified electrode can be reused about 45 times. A cyclic voltammogram of the electrode
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after the loss of activity indicate that the modified electrode layer remained intact. The
decrease of the percentage of residual activity was therefore probably due to the loss of
activity of the immobilized antibody.

The reproducibility of six different electrodes modified with SATUM/AuNPS/MSA
and anti-CAP prepared in the same batch was also tested by comparing the sensitivity (slope
of the calibration plot). The values did not differ significantly (P > 0.05) indicating that the
performance of the different electrodes can be reproduced.

Selectivity

The immunosensor was tested for its selectivity to CAP. Antibiotics with similar
structure to CAR, i.e. florfenicol, thiamphenicol and chloramphenicol base, and those which
are frequency tested in shrimp i.e. tetracycline and oxolinic acid were tested at the same
concentration range. All of these antibiotics provide very low impedance changes. The signals
were the same value as blank response. Hence, this system showed very good selectivity for
CAP.

4.3.3 Real sample analysis

The six samples were analyzed by the label-free impedimetric immunosensor under
optimum conditions.  The concentration of chloramphenicol for all samples was not
determinable because the obtained signals were much lower than the determination limit.

To validate the method, recovery was studied by spiking CAP to obtained a final
concentration of 1.6, 4.0, 8.1 and 16.2 ppt of CAP in the shrimp samples. The recoveries of
CAP in shrimp sample were in the range of 87% to 116% with a relative standard deviation
between 1 and 14 %. These values were acceptable (Taverniers, 2004).

CAP (1.00 - 2.50 ppm) of the same six samples was also analyzed by a label-free
impedimetric immunosensor and HPLC technique. Comparison between the two analysis
techniques was done by the Wilcoxon signed rank test and there was no evidence for any
systematic difference between the results obtained from the label-free impedimetric
immunosensor and HPLC (P > 0.05).

4.4 Conclusions

A multilayer electrode modified with a self-assembled thiourea monolayer followed by
gold nanoparticles, mercaptosuccinic acid and antibody was investigated for the detection of
ultra trace amount of a small molecule (chloramphenicol) in an impedimetric system. The
formation of the antibody—antigen complex at the electrode surface caused the impedance to
increase. Under optimum conditions three modified electrodes were compared the SATUM/
AUNPs/MSA electrode provided a wide linear range (0.50 - 10) x 10716 M, and a very low
determination limit of 1.0 x 10716 M, makes it very suitable for residue detection. The
modified electrode provided good selectivity and can be reused up to 45 times and this helps
to reduce analysis cost. When applied to determine chloramphenicol in shrimp samples, the
results agreed well with those obtained by the high-performance liquid chromatography
coupled with a photo diode array detector (P > 0.05). The developed system can be applied to
detect other small molecules using appropriate affinity binding pairs.
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5. Capacitive immunosensor signal enhancement using layer-by-layer

gold nanoparticles

5.1 Introduction

In the previous two sections the electrode surface was modified with a layer of self-
assembled monolayer (SAM) of thiourea before further modification with nanoparticles and
antibodies was performed. Another strategy that may be appropriate for label-free affinity
biosensing is to immobilize bioaffinity molecules via an electropolymerization layer of a non-
conducting polymer, the one that can provide functional group to incorporate nanomaterials
(Teeparuksapun et al., 2009; Loyprasert et al., 2010). It is expected that through the
optimization of electropolymerized potential, scan rate and scan number a large number of
binding site will be obtained. Further enhancement can also be done by added layer of
nanomaterials before bioaffinity molecules was adsorbed directly on to these nanomaterials
(Figure 5.1). This so called layer by layer (LBL) technique was investigated in this part of the
project on a poly-tyramine (Pty) modified gold electrode. The layer by layer of gold
nanoparticles (AuNPs) was formed using thiourea (TU) as a cross linker. Anti-human serum
albumin (anti-HSA) and human serum albumin (HSA) were used as a model of the
immunosensing. This work also investigated the electrochemical properties and the
morphology of the electrode with different layers and different concentration of AuNPs.
Finally, the performance of the capacitive immunosensor system such as its linear range, limit
of detection and real sample analysis were studied.

This part of the project is published in Electrochimica Acta (Samanman et al., 2012)
(Journal Impact Factor 2011: 3.832) (Paper I11). Ashort summary is presented as follows.

(a) (b)
Figure 5.1 Polymer modified electrode with (a) one layer of hanomaterials and (b) layer-by-
layer of nanomaterials via a self-assembled monolayer of thiourea.

5.2 Experimental
5.2.1 Fabrication of the layer by layer gold nanoparticles electrode

A gold rod electrode (diameter = 3.0 mm) was polished, cleaned by electrochemical
etching, washed with distilled water and dried using nitrogen gas. Pty was then
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electropolymerized onto the gold electrode using the potential from 0.0 to 0.8 V versus a Ag/
AgCI reference electrode with a scan rate of 0.05 V s! for 10 scans (Loyprasert et al., 2010).
The Pty modified electrode was then immersed in 1.0 ml of colloidal AuNPs for 4 h at 4 °C,
then removed and rinsed with water. This will be referred to as the first layer of AuNPs
(AuNPsy). The AuNPs1/Pty modified electrode was then immersed in TU, the cross linker, for
24 h at room temperature. This step will be referred to as the TU: step. These two steps were
repeated to obtain a multilayered electrode (AuNPsn/TUn-1) where n is the number of layers
(n =1 - 5). The electrode with different numbers of layers and different concentrations of
AuNPs were studied for the conditions that provided the largest surface area, good electron
transfer, the largest immobilization yield and the highest detection sensitivity by the
capacitive system. The electrodes with different layers of colloidal particles were immobilized
with anti-HSA and left overnight at 4 °C and blocked with 1-dodecanethiol.

5.2.3 Surface characterization

The surface coverage of the electrode with different layers of AUNPs was determined
by cyclic voltammetry. The surface morphology of the electrodes with different layers of
AUNPs was observed by scanning electron microscopy (SEM). The resistance of the electron
transfer between the solution and the electrode surface and the constant phase element were
obtained by electrochemical impedance spectroscopy (EIS).

5.2.4 Capacitance measurement
A potentiostatic step method was used to measure the capacitance, the same method as

in 3.2.2. The potential pulse was applied at a regular interval and the analog current
responses from the potentiostat was sampled and recorded using the Powerlab data acquisition
system system (ADInstrument, Australia). The current responses was analysed to obtain the
capacitance.  When the solution containing the analyte was injected, it bound to the
immobilized sensing elements on the gold electrode causing the capacitance to decrease until
it reached a stable value. The change in capacitance, due to the binding, is correlated with the
analyte concentration.

5.2.5 Determination of HSA in areal sample

Urine samples were obtained from Songklanagarind Hospital, Hat Yai, Thailand. The
samples were analyzed by the flow capacitive immunosensor system using the electrode with
optimal layers of AuNPs. The results of the samples were compared with those obtained by
the Hospital.

5.3 Reaults

5.3.1 Characterization of the electrode

The results showed that there exist an optimal amount of AuNPs and an optimal
number of layer. An electrode with two layers of 71 nmol L1 of AuNPs provided the highest
surface coverage (150 % compared to bare gold) and hence the immobilization yield (90 %).
The decrease of the surface area after two layer is possibly because more and more particles
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were adsorbed on the surface and they came into contact with each other. Therefore, the total
surface area from the curvature surface of separated individual nanoparticles decreased. This
hypothesis was confirmed by the SEM images where electrodes with more than two layers of
AuNPs showed large clusters clearly indicated the closely packed particles.

5.3.2 Capacitive immunosensor

The electrode with two layers provided the highest sensitivities. The sensitivity is
related to the surface coverage. The electrode with one layer of AuNPs provided a lower
sensitivity than the two layers because of the reduced surface area due to the presence of
fewer nanoparticles, hence, less antibody was immobilized. The electrodes with more than
two layers also provided a lower sensitivity because of a lower surface area, however, in this
case it was caused by too many nanoparticles became closely packed and, hence, there was a
reduced surface enhancement caused by the reduction of the curvature from individual
nanoparticles. The test for the immobilization yields of the anti-HSA on the electrode also
confirmed the above reasoning. More antibody was immobilized on the surface with a larger
surface area. That is, the immobilization yield was highest with two layers of AuUNPs.

5.3.3 Determination of HSA in real samples

Six urine samples were obtained from Songklanagarind Hospital, Hat Yai, Thailand.
The diluted urine samples were injected into the capacitive system. The responses were used
to obtain the concentrations from the calibration plot. The results obtained from the capacitive
immunosensor and the results from the hospital analysis were compared by the Wilcoxon
signed rank test. There is no evidence for systematic differences between the results obtained
from the two methods (P > 0.05). That is, the concentrations determined by the capacitive
immunosensor system are in good agreement to the normal hospital analysis.

5.4 Conclusions

The sensitivity of a label-free capacitive immunosensor can be improved by the LBL
technique due to the increase of the amount of assembled gold nanoparticles that results in an
increase of the effective surface area for the immobilized sensing elements. The electrode
with two layers of 71 nmol L AuNPs provided the highest sensitivity and this was related to
the highest surface coverage and hence the immobilization yield. The high sensitivity
(9.36+0.30, 9.78+0.30 -nF cm-2 log mol L1) and extremely low detection limit (10-1° mol L)
demonstrated that the system could easily determine the analyte at ultra trace level.
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6. Porous Gold Electrode for Electrochemical | mpedance Spectroscopy

| mmunosensor Detection

6.1 Introduction

To increase the electrode surface area another platform of interest is the one with a
porous structure and the use of a porous gold electrode fabricated by a one-step electro-
process for the improvement of a direct immunosensor detection was investigated. For the
direct immunosensor detection, the pair of anti-human serum albumin (anti-HSA) and human
serum albumin (HSA) was used as a model. The antibody was immobilized on the porous
surface via a self assembled monolayer (SAM) compared to a polymer film (Loyprasert et al.
2010; Teeparuksapun et al. 2009). The system with the highest sensitivity and the lowest
detection limit was then used to test the albumin concentration in urine and serum samples.

This part of the project is submitted to Electrochimica Acta (Dawan et al.) (Journal
Impact Factor 2011: 3.832) (Paper IV). A short summary is presented as follows.

6.2 Experimental
6.2.1 Immobilization of anti-HSA on porous gold

A gold electrode (diameter 3 mm, 99.99% purity) was polished, cleaned, dried and
placed in 5.0 ml of 2.0 mol L* HCI and a potential of 1.50 V for 100 s was applied followed
Deng’s method (Deng et al., 2008). Three different surface modifications of the flat gold and
porous gold electrodes, used for antibody immobilization, were first investigated. Two were
based on a self-assembled monolayer, i.e., 11- mercaptoundecanoic acid (11-MUA) and
thiourea. The other was by a layer of electropolymerized polytyramine. The electrochemical
characteristics of the modified electrodes were investigated using cyclic voltammetry. By
comparing the performances of the three surface modifications, two of the better performed
surfaces (11-MUA and polytyramine) were used to investigate the effect of two of the
frequently used blocking molecules, 1% BSA and 1-dodecanethiol.

6.2.2 Impedance measurement

The electrochemical impedance spectroscopy (EIS) was performed at a frequency that
ranged from 0.01 to 10,000 Hz at a +200 mV DC potential with an AC amplitude of 10 mV.
The measurement was carried out in a stop-flow system. The flow cell (10 pl) consisted of a
working electrode (modified electrode), an auxiliary electrode (Pt wire) and a reference
electrode (Ag/AgCl) connected to an Autolab PGSTAT30 electrochemical impedance
analyzer and potentiostat/galvanostat (Metrohm Autolab B.V., The Netherlands). A Randles
equivalent circuit consists of the solution resistance (Rs), the electron-transfer resistance (Ret),
the Warburg impedance (Zw) and a constant phase element (CPE), was used to fit the
impedance curves. The fitting by the Autolab program provided the values of the circuit
elements. The change in the Ret value was used to determine the binding between HSA and
immobilized anti-HSA (ARet). Then, the surface of the electrode was regenerated to remove
the analytes from the immobilized antibody so a new analytical cycle could be performed.
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6.2.3 Determination of HSA in serum and urine samples

Serum and urine samples were obtained from Songklanagarind Hospital, Hat Yai,
Thailand and analyzed by the impedimetric immunosensor system. The results were
compared with those obtained by the hospital using their photometric bromocresal green
method (BCG) for serum sample and an immunoturbidimetric assay for the urine samples.

6.3 Results

6.3.1 Characterization of porous electrode modification

From an SEM image the thickness of porous gold was determined using a digital
vernier caliper. The average thickness is 0.11 + 0.04 mm. The area of the electrode was
determined from the charge by integrating the gold oxide reduction peak in the cyclic
voltammogram. From 20 electrodes, the area of the porous electrode was larger than the flat
electrode by 19 + 1 times.

The cyclic voltammograms at each modification steps via the SAM of 11-MUA and
polytyramine on the porous gold electrode were investigated. The redox peaks were reduced
after the formation of a self-assembled monolayer and the immobilization of antibody. When
the surface was blocked with 1-dodecanethiol, the redox peaks disappeared. For the porous
electrode modified with polytyramine, although every modification steps provided a reduction
of the redox peaks, the last step, after the blocking solution, a background current could still
be observed. This may be because the polymer can only covered the outer surface of the
porous structure but could not reach the inner pores so the porous electrode modified with
polymer was not totally insulated.

6.3.2 Impedimetric measurement

The affinity binding between the injected antigen and the immobilized antibody
caused the Ret to increase. On the flat surface electrodes, the three modifications provided the
same linear range and LOD but different sensitivities. The polymer layer provided the highest
sensitivity due to the availability of a large number of free amino groups for the covalent
attachment of the antibody. Between the two SAMs, their sensitivities were about the same.

When comparing the flat electrodes to the porous modified electrodes, all porous
electrodes provided a wider linear range and a lower detection limit. The sensitivities were
also higher. This is due to the higher surface area of the porous electrodes that helped to
increase the amount of the immobilized antibody.

For the porous surface with different modifications, between the two SAMs, 11-MUA
and thiourea, the longer chain 11-MUA provided a higher sensitivity, a wider linear range and
a lower detection limit than the shorter chain thiourea. It is possible that the longer chain can
extend further from the pores surface making it more accessible by the antibody, hence, more
antibody can be immobilized. In addition, the longer chain of 11-MUA may also help the
immobilized antibody to extend further into the sample solution enabling more binding with
the analytes, thus, a higher response. When comparing the porous electrode modified with 11-
MUA and polytyramine, they provided the same linear range and detection limit but the 11-
MUA modified electrode gave a higher sensitivity. this is probably because not all the porous
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surface was covered by the polymer layer, led to a reduced immobilization surface resulted in
a lower immobilization yield and, hence, a lower sensitivity.

6.3.3 Effect of blocking solution

11-MUA was used to investigate the effect of blocking solution compared with the
polymer modified electrode. The electrode blocked with 1% BSA provided higher sensitivity
than the one blocked with 1-dodecanethiol. This is because the one blocked with BSA is more
conductive and, thus, the electrode surface is more accessible to the redox species which is a
more desirable condition for a faradaic sensor. This was confirmed by the cyclic
voltammograms, the one of an electrode blocked with BSA was broader then the one blocked
with 1-dodecanethiol indicated more background current, hence, less insulated. As a
consequence when HSA bound to the immobilized antibody the effect of insulation caused by
the binding was more pronounced on the electrode blocked with BSA, hence, a higher
sensitivity. Therefore, the electrode blocked with 1%BSA was chosen to investigate the
stability and test the real sample.

6.3.4 Determination of HSA in serum and urine samples

Seven urine and seven serum samples were diluted with buffer 106 times and 10°
times, respectively. The results of the impedimetric immunosensor and the results from the
hospital (immunoturbidimetric assay for urine samples and the bromocresal green method for
the serum samples) were compared by the Wilcoxon signed rank test and indicated that there
is no evidence for systematic differences between the results obtained from the two methods
(P > 0.05). That is, the concentrations determined by the impedimetric immunosensor system
are in good agreement to the immunoturbidimetric assay and bromocresal green method.

6.4 Conclusions

The porous electrode with a much larger surface area than the flat electrode could be
simply prepared in a one-step electro-process. The advantage of this large surface area was
demonstrated by applying it for a direct immunosensing based on EIS detection. The porous
gold modified electrode provides a high sensitivity, low detection limit and good
reproducibility. The porous electrode modified with SAM of 11-MUA, compared to the one
modified with SAM of thiourea and polytyramine, gave the highest sensitivity and
immobilization yield of antibody. This is most likely because SAMs can cover more surface
area than the polymer and the longer chain SAM (11-MUA) can extend further into the
solution making it more accessible by the antibody during immobilization and also by the
analyte during analysis. The electrode blocked with BSA, due to the more conductive nature,
provided a higher sensitivity than the one blocked with 1-dodecanethiol. This modified
porous electrode greatly enhanced the sensitivity, to 8.7 times higher than the sensitivity of
the flat electrode and a much lower detection limit (1x10-1* mol L or 0.68 ng L), by 2
orders of magnitude. The improved performance by this porous gold electrode would be
valuable for other faradaic measurements that targets higher sensitivities. Together with the
EIS it would also be a useful tool to improve the study of biological molecules interactions
such as surface loading, binding constants and rate constants.
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7. Novel template-assisted fabrication of porous gold nanowire arrays

7.1 Introduction

Another investigated nanostructure was the porous nanowire. It is expected that the
large surface area of the porous nanowire can help increase the performance of the sensors.
The novelty of this work is the direct growing of the nanoporous gold nanowire arrays (NPG-
NWASs) onto the surface of a disposable gold electrode through the pores of a conductive-
layer-free anodic alumina oxide (AAO) membrane placed on top of a working electrode set
inside a costom-made batch cell. The NPG-NWAs electrode was then directly applied as the
working electrode for the detection of analyte within the same batch cell. Initially the
fabricated NPG-NWAs electrode was intended for a label-free affinity biosensor. However,
from the results of the nanoporous gold on a flat surface in chapter 6, a longer chain SAM
(11-MUA) that can extend further into the solution is required for a better immobilization of
the sensing elements and provided better interaction with the analytes. Therefore, for a
porous nanowires with a three dimensional structure it would be more difficult for the sensing
molecules to get access to the pores along the whole length and deep into all of the nanowires
to be immobilized. In view of this the advantage of the large surface area of the porous
nanowire structure was investigated by applying the NPG-NWAs electrode for the
electrochemical detection of an analyte and glutathione was used as the model.

This part of the project is submitted to Electrochimica Acta (Samanman et al.) (Journal
Impact Factor 2011: 3.832) (Paper V). A short summary is presented as follows.

7.2 Experimental
7.2.1 Preparation of NPG-NWAs electrode

The NPG-NWAs electrode was fabricated in a custom-made Teflon® batch cell. A
short section of gold was first electrodeposited inside the bottom part of the pores of the AAO
membrane and directly attached onto the disposable gold electrode surface. The purpose is to
act as a support base for the upper porous structure section. This was followed by the co-
electrodeposition of gold and silver. NaOH was then used to dissolve the AAO membrane
template leaving only the NWAs to stand on the surface of the disposable gold electrode. The
silver component was etched out of the alloy NWAs using HNO3 to obtain the NPG-NWA:s.

7.2.2 Detection principle and analytical performances

Electrochemical detection of glutathione was carried out in the same batch cell used
for fabrication of the NPG-NWAs using a three-electrode set-up consisting of a NPG-NWAs
working electrode, a platinum counter electrode and an Ag/AgCl reference electrode. The
indirect detection of glutathione is based on the measurement of a decrease of the peak
current of copper in the presence of glutathione. The linear range and the limit of detection of
the developed system were determined.



19

7.2.3 Real sample analysis

Three packs of glutathione dietary supplement product samples purchased from local
pharmaceutical stores in Hat Yai, Thailand were analysed. The powder sample in each
capsule was weighed and dissolved in buffer, filtered through a filter paper and then analysed.
The obtained concentrations of glutathione in the samples analysed by the proposed method
were then compared with those of the labeled values from the manufacturer.

7.3 Results

7.3.1 Nanowire arrays

The fabrication optimal conditions were: plating solution for the electrodeposition of
gold and silver 20 mmol L KAu(CN)2 and 100 mmol L1 KAg(CN)z in 0.25 mol L1
Na2COs; deposited at -1.20 V for 0.2 C; membrane dissolving time 60 min; silver dealloying
time 30 min. Figure 7.1 shows SEM images of the NPG-NWAs. The diameter of nanowire is
approximately 200 nm, which is defined by the diameter of the AAO template.

(A) (B)
Figure 7.1 SEM images of NPG-NWAs (A) top view and (B) the porous region.

The NPG-NWAs electrode was characterized electrochemically in 1 M H>SOs by
cyclic voltametry. The charge accumulated by the reduction of a monolayer of gold oxide on
the surface of the NPG-NWAs electrode was used for the estimation of the surface area of the
porous AUNW array electrode. The surface area of the NPG-NWAs was 12 + 1 cm? (n=10
electrodes); this surface area was higher than those obtained from GNWAs (2.4 £ 0.1 cm? , n
= 3 electrodes) and the bare gold electrodes (0.072 £ 0.002 cm? , n = 5 electrodes) by 5 and
167 times, respectively.

7.3.2 Performances of the NPG-NWAs electrode for detecting glutathione

This sensor provided two linear dynamic ranges: 1.0 to 10.0 nmol L with a
sensitivity (slope of the calibration plot) of 1.13 + 0.04 pA (nmol L) and 10 to 100 nmol L1
with a sensitivity of 0.16 + 0.01 pA (nmol L%)-1. The limit of detection was 0.88 + 0.08 nmol

L1 (3c/slope).
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A disposable gold electrode and a GNWAs electrode was also tested. However, only
very small responses, very much smaller than the NPG-NWAs, were observed in the high
concentration range (>10 nmol L1).

The reusability of the NPG-NWAs electrode was determined from the percentage
response of the copper current determined at the beginning of each analysis cycle. The NPG-
NWAs electrode could be used up to 60 times with an average response of 98 + 1 %. The
electrode-to-electrode reproducibility of the fabrication procedure was also investigated from
the surface area of five electrodes which was found to be 11 £ 1 cm?(RSD = 9%) indicating
good reproducibility.

7.3.3 Real sample analysis

Results of the analysis of glutathione dietary supplement product, 6 capsules/ pack x 3
packs (24 samples) showed no significant difference between the glutathione concentration
obtained from the developed electrochemical sensor and those from the labeled values
provided by the manufacturer after a statistical testing with a Wilcoxon Signed Rank at a 95%
confident limit. Thus it can be concluded that the proposed method was reliable.

7.4 Conclusions

A novel fabrication technique for NPG-NWAs based on the use of a conductive-layer-
free AAO membrane using an electrochemical batch cell has been developed. The technique
is simple, rapid and very cost effective. After fabrication, the NPG-NWAs electrode can be
directly applied for the analysis of analytes within the same electrochemical cell. The
porosity of the NPG-NWAs increased the surface area of the electrode and hence improved
the sensor sensitivity and the limit of detection. This technique can be easily applied for other
type of NWAs using different plating solutions or electrode substrates for many fields of
applications.
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8. Concluding remarks

This work showed that it is possible to enhance the performances of label-free affinity
biosensors by modifying the sensing surface with nanomaterials. For nanoparticles, there
exist an optimal amount that provides the largest surface area for the immobilization of the
sensing elements (Paper I, Il and 111). This leads to a system with the highest sensitivity and
lowest detection limit. Similarly, in the layer-by-layer technique there is also an optimal
number of layers that provides the best performance (Paper I1l). For the detection systems,
both capacitive and impedimetric systems have proven to be very sensitive for the real-time
label-free detection. Between the two systems, the potentiostatic step capacitive detector is
less expensive and the principle is relatively simple. Nonetheless, the impedimetric system
provides more flexibility. The response can be obtained in the form of impedance (Paper I1)
or as resistance (Paper 1V) (or capacitance). In the case of porous structure, the surface area
is greatly amplified and provides a very large platform for the immobilized sensing elements
(Paper 1V) or for other electrochemical reaction (Paper V). In effect, this helps to increase the
performances tremendously. However, it seems that the 2- and 3-dimensional porous
structures may limit the accessibility of the molecules to the surface deep inside the structure,
thus, reduces the effectiveness of the very large surface area. Further study on the optimal
thickness and/or pore size of the porous surface as well as the optimal length of the porous
nanowire arrays would be useful.
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High sensitivity

Detection of ultra-trace amounts of antigens by label-free capacitive immunosensors was investigated
using electrodes modified with silver nanoparticles (AgNPs) that allows for an increase in the amount of
immobilized antibodies. The optimal amount of AgNPs that provided the highest immobilization yield
was 48 pmol (in 2.0 mL). The performances of immunosensor electrodes for human serum albumin pre-
pared with AgNPs, were compared to electrodes prepared with gold nanoparticles. The two systems
provided the same linear range (1.0 x 10718 to 1.0 x 10~ M) and detection limit (1.0 x 10~ M). The
system with AgNPs was used to analyze albumin in urine samples and the results agreed well with the
immunoturbidimetric assay (P> 0.05). Electrodes modified with AgNPs and appropriate antibodies were
tested for their performances to detect analytes of different sizes. For a macromolecule (human serum
albumin) the incorporation of AgNPs improved the detection limit from 100 to 1 aM. For small molecules,
microcystin-LR and penicillin G, the detection limits were lowered from 100 and 10 fM to 10 and 0.7 fM,
respectively. The high sensitivity and very low detection limits are potentially useful for the analysis of
toxins or residues present in samples at ultra-trace levels and this method could easily be applied to

other affinity pairs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A capacitive label-free immunosensor using the potentiostatic
step method is a highly sensitive system that can directly detect
antigen-antibody interactions. The principle is based on the mea-
surement of the change in capacitance caused by the change of
dielectric properties on the electrode surface due to binding of the
antigen to the antibody [1,2]. Several immunosensors using this
technique have provided very low detection limits in the order of
nanograms or even femtograms per milliliter [2-8]. However, it
would still be useful to further stretch the limit of detection to the
lowest possible level, especially for samples with complex matri-
ces. In that case with such low limits of detection it will be possible
to simply dilute samples so that any matrix effects will not interfere
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fax: +66 74 558849.
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with any measurement. This would also be beneficial for the detec-
tion of toxins or trace residues where the lower the detection limit
the better. The low detection limit is easier to obtain when the ana-
lyte is large since it is generally expected that the response will be
more pronounced if the target is substantially larger than the probe
[9]. Small analyte could also be detected with low detection limit
if the probe property is altered, such as the use of a protein whose
conformation changed upon binding with small heavy metal ions
[10]. However, in general when the analyte molecule is present in
such small sizes and only the binding interaction occur this might
produce only a small change leading to a poor detection limit.
One way to attempt to improve the detection limit is by using
nanoparticles to increase the effective surface area for the immo-
bilized sensing molecules. Such previously developed methods
have mostly used gold nanoparticles (AuNPs) [11-13] with only
a few applications of silver nanoparticles (AgNPs) have been stud-
ied [14,15]. Since silver is cheaper than gold and the preparation
of its nanoparticles is also simple we would like to show that
AgNPs can effectively enhance the sensitivity and detection limit
of a capacitive immunosensor system, comparable to the sys-
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tem with AuNPs. First we investigated the optimum amount of
AgNPs required to increase the sensing molecule immobilization
area. Then electrodes with a suitable concentration of nanoparti-
cles incorporated were tested for their activities in the capacitive
system. To investigate how this might enhance the detection
of both large and small molecules, three antibody-antigen pairs
were tested: (i) anti-human serum albumin (anti-HSA) and human
serum albumin (HSA) (MW 68,000 g mol~1), (ii) anti-microcystin-
LR (anti-MCLR) and microcystin-LR (MCLR) (MW 995.17 gmol~1)
and (iii) anti-penicillin G (anti-Pen G) and penicillin G (Pen G) (MW
356.37 gmol~1). The system for the detection of HSA was also com-
pared with one that had AuNPs incorporated. To test the application
of this new electrode for real sample detection, the system was
employed to analyze HSA in urine samples and the result compared
with the standard assay method.

2. Materials and methods
2.1. Materials

Polyclonal anti-human serum albumin (anti-HSA) (IgG) and
human serum albumin (HSA) were from Dako (Denmark), mon-
oclonal anti-penicillin G (anti-Pen G) (IgG1) and penicillin G
sodium salt (Pen G) were from US Biological (MA, USA), mon-
oclonal antibodies against microcystin-LR (anti-MCLR) (MC10E7)
(IgG1) and microcystin-LR (MCLR) were obtained from Alexis Bio-
chemicals (Lausen, Switzerland). Thiourea and silver nitrate were
from BDH laboratory reagents (Poole, England), 1-dodecanethiol
and chloroauric acid trihydrate were from Aldrich (Milwaukee,
USA) and sodium borohydride was from Fluka Chemie AG (Buchs,
Switzerland). All other chemicals were of analytical grade. Buffers
were prepared with deionized water. Before use, buffers were fil-
tered through a Millipore filter, pore size 0.22 pm, with subsequent
degassing.

2.2. Preparation of silver (AgNPs) and gold nanoparticles (AuNPs)

All glasswares were immersed in 10% HNO3 overnight, and
then thoroughly rinsed with distilled water. AgNPs were prepared
from 100 mL of 1.0 mM AgNO3 and 300 mL of 2.0 mM NaBH,4 pre-
pared in ultrapure water at room temperature. AgNO3 solution was
rapidly added to the NaBH, solution, stirred at 1300 rpm (Framo®-
Gerdtetechnik M21/1, Germany) for a few minutes [14,16] and
then kept in the dark at 4°C until used. AuNPs were prepared
from 200 mL of aqueous solution containing 0.25 mM of HAuCl,
and 0.375mM of trisodium citrate by rapidly adding 2.0 mL of
125 mM NaBH4 under continuous stirring (1300 rpm). The solution
was stirred overnight. Solutions containing the nanoparticles were
then kept in the dark at 4°C.

2.3. Immobilization of antibody

Gold electrodes (diameter 3 mm, 99.99% purity) were polished
(Gripo® 2V, Metkon Instruments Ltd., Turkey) using alumina slur-
ries with particle diameters of 5, 1, and 0.30 um, respectively. Each
electrode was cleaned by sonication in distilled water for 15 min,
followed by electrochemical etching in 0.5 M H,SO4 using a cycling
electrode potential of between 0 and 1.5V versus an Ag/AgCl ref-
erence electrode with a scan rate of 0.1Vs~! for 25 scans. The
electrode was then dried using pure nitrogen gas.

The cleaned electrodes were immersed in 250 mM thiourea
solution at room temperature for 24h [17] (Fig. 1A(a)), thor-
oughly rinsed with distilled water and dried with pure nitrogen
gas. Electrodes modified without nanoparticles were treated with
5% (v/v) glutaraldehyde in 10 mM sodium phosphate buffer pH
7.00 at room temperature for 20 min to produce reactive aldehyde

groups (Fig. 1A(b)). Twenty microliters of each type of antibody
(500 wg mL~1 of anti-HSA [18], 250 wg mL~! of anti-Pen G [19] and
20 pgmL-! of anti-MCLR [14]) was placed on the surface and left
to incubate overnight at 4 °C (Fig. 1A(c)). The concentrations of the
three antibodies followed those employed by existing reports so
the results obtained from these experiments could be later com-
pared. They were then immersed in an 0.1 M ethanolamine pH 8.50
solution for 20 min, this step was to occupy all the non reacted alde-
hyde groups. Finally, remaining pinholes on the electrode surface
were blocked with a 10 mM 1-dodecanethiol ethanolic solution for
20 min.

For electrodes with nanoparticles, after being modified with a
self-assembled monolayer (SAM) of thiourea (Fig. 1A(a)), the elec-
trodes were immersed in 2.0 mL of a nanoparticle solution in a
10 mL beaker at 4°C for 4 h in the dark (Fig. 1A(d)) [20], then rinsed
with deionized water and dried with pure nitrogen gas. This was
followed by the attachment of antibodies (Fig. 1A(e)) and the block-
ing of pinholes as described above. The insulation of the electrode
surface during the various immobilization steps were investigated
by cyclic voltammetry in 0.005 M potassium ferricyanide solution
using a potentiostat (Microautolab type IIl, Metrohm Autolab B.V.,
The Netherlands) coupled to an electrochemical cell containing the
modified working electrode, an Ag/AgCl reference electrode and a
platinum rod auxiliary electrode.

2.4. Immobilization yield

Immobilization yield of the antibody was determined as the dif-
ference between the amount of the antibody in the solution before
and after immobilization by using a silver binding method [21,22].
Five microliters of antibody was first diluted to 50 L with distilled
water containing 0.2% of sodium dodecyl sulfate (SDS) and 0.4% of
Tween 20. Then 950 p.L of distilled water and 20 pL of 2.5% glu-
taraldehyde were added to each sample and mixed with 200 p.L of
ammoniacal silver. After 20 min the reaction was stopped by adding
40 p.L of 30mg mL~! sodium thiosulfate solution. Absorbance was
measured at 420 nm and this was used to calculate the concentra-
tion from the calibration curve of the standard antibody.

2.5. Capacitive measurement

Experiments were carried out using a flow injection system.
The flow cell (10 pL) consisted of a working electrode (modified
electrode), an auxiliary electrode (Pt wire; diameter 0.5 mm) and a
reference electrode (Ag/AgCl) connected to a custom-built capac-
itive analyzer [23]. This instrumentation automatically applies
50 mV potential pulses (from 0 mV to 50 mV, pulse width 75 ms)
on the working electrode at 60-s intervals. The current response
evoked by the potential pulse followed the equation.

u t
i(t)= - exp | — 1
( ) Rs P ( Rsctatal) ( )

where i(t) is the current response as a function of time, u is the
applied pulse potential, R is the electrical resistance of elements
serially connected to the layer and Gy is the total capacitance at
the electrode/solution interface. The capacitance was determined
by the computer program from the current response of each pulse
by taking the logarithm of Eq. (1) to obtain Eq. (2).

u t

Ini(t)=ln — - ———
=10 = RCom

(2)

Then, C;ytq and Rs were obtained from the slope and intercept of
the linear least squares fitting of Ini(t) versus t [1,2,5]. The obtained
capacitance values were plotted with respect to time on the mon-
itor and stored on the computer. When the solution containing
analytes was injected into the system, the analytes bound to the
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Fig. 1. (A) Schematicillustration of the immobilization of antibody onto gold electrodes, without and with nanoparticles: (a) gold electrode with a self-assembled monolayer
(SAM) of thiourea, (b) glutaraldehyde-SAM, (c) antibody-glutaraldehyde-SAM, (d) Nanoparticles-SAM and (e) antibody-nanoparticles-SAM. (B) Example of capacitance
responses of the anti-HSA modified electrode with respect to time. Carrier buffer was passed through the system to obtain a baseline of capacitance, contributed by
Csam+agnps, the capacitance of the self-assembled monolayer and silver nanoparticles and Cantibody, the capacitance of the immobilized antibody. When HSA was injected,
binding occurred. This is represented by the addition of another capacitor in series (Cantigen) causing the capacitance to decrease (AC;). The antigen was removed from the
binding by using regeneration solution followed by carrier buffer with the signal returned to the baseline before a new analysis can be performed to obtain a new response
(AG).
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Fig. 2. Example of cyclic voltammograms for the determination of anodic peak cur-
rent (ipe) carried out in 5mM potassium ferricyanide solution with a scan rate of
100mVs~! vs. Ag/AgCl reference electrode, the voltage range was —0.3 to 0.7 V.

immobilized antibody on the electrode. The total capacitance is
given by the relationship for capacitors connected in series [24].
This caused the capacitance to decrease in proportion to the con-
centration of the analyte. The change in capacitance (AC) due to
the binding was obtained by subtracting the capacitance after the
binding from the capacitance before the binding. The surface of
the electrode was then regenerated with a regeneration solution to
remove the analytes from the immobilized antibody (Fig. 1B) so a
new analytical cycle could be performed.

2.6. Optimization of the amount of nanoparticles for
immobilization

Nanoparticles were added onto the modified electrode
by adsorption on the self-assembled monolayer of thiourea
(Fig. 1A(d)). Antibody was also simply adsorbed on the surface of
nanoparticles [25] (Fig. 1A(e)). The use of nanoparticles can help
increase the amount of immobilized antibody since the antibody
can freely adsorb on the particles surface. In contrast when there
were no nanoparticles the antibody can only be immobilized via
the limited amine groups on the thiourea monolayer (Fig. 1A(c)).
Different amounts of nanoparticles per unit volume were prepared
by centrifuging 2, 4, 6, 8 and 10 mL of the prepared nanoparticles
solution at 13,000 rpm for 30 min (Centrifuge 5415R Eppendorf,
Germany). The supernatant was removed leaving the bottom 2 mL.
The centrifuge nanoparticles were then redistributed in this 2 mL
of solution by agitation for about 1 min (Vortex-2 genie, USA). The
final solutions contained 1, 2, 3, 4 and 5 times the original number
of nanoparticles.

2.7. Peak current

To determine the appropriate amount of nanoparticles adsorbed
onto the electrode, redox peak currents were studied by voltam-
metry. The idea being that the increase in the effective surface area
(compare to bare gold) due to the adsorption of AgNPs on SAM
of thiourea would provide a larger area for the exchange of elec-
trons, hence a higher redox peak current. Cyclic voltammetry was
carried out in 5 mM potassium ferricyanide solution (K3[Fe(CN)g])
with a scan rate of 100mV s~! versus Ag/AgCl reference electrode,
the voltage range was —0.3 to 0.7V. Since a redox reaction of
Fe(CN)g*~/Fe(CN)g3~ is reversible, the oxidation peak (anodic peak
current) and reduction peak (cathodic peak current) are equiva-
lent. Therefore, for simplicity, only the anodic peak current (ipq) was
considered (Fig. 2). The anodic peak current of the surface modified
with AgNPs (ipq-agnps) was compared to the anodic peak current of
a bare gold electrode (ipq-pare) by Eq. (3).

(ipa—AgNPs) x 100

Peak current(%) = :
Ipa-Bare

(3)

2.8. Determination of HSA in urine sample

Urine samples were obtained from Songklanagarind Hospital,
Hat Yai, Thailand and analyzed by the flow capacitive immunosen-
sor system using electrodes modified with AgNPs. The results were
compared with those obtained by the hospital using an immuno-
turbidimetric assay [26,27].

3. Results and discussion
3.1. Synthesis of nanoparticles

AgNPs and AuNPs were characterized using a transmission elec-
tron microscope (TEM; JEM-2010, JEOL) operated in a high vacuum
at 160 kV. From the TEM images (Fig. 3), AgNPs and AuNPs had an
average size of 102 nm (n=150) and 8 2 nm (n=135), respec-
tively. From these sizes and assuming complete conversion of the
0.25 mM solution the number of nanoparticles can be calculated via
the mass to be 4.8 x 101> (AgNPs) and 9.5 x 10! (AuNPs) nanopar-
ticles per liter or 8.0 nmol (AgNPs) and 15.7 nmol (AuNPs) per liter.
The optical absorption properties of Ag and Au nanoparticles were
identified using a UV-vis spectrophotometer (Specord S 100, Ana-
lytikjana, Germany) at an optical wavelength of 200-700 nm. The
spectra of Ag and Au nanoparticles showed absorption peaks at 390
and 516 nm (Fig. 3), respectively.

3.2. Immobilization of antibody

Electrochemical characteristics of the modified electrode were
investigated by the redox reaction of potassium ferricyanide solu-
tion (K3[Fe(CN)g]). For the voltammograms of the electrodes
modified without nanoparticles, the oxidation and reduction
peaks decreased for every step of the modification, i.e. thiourea,
cross-linking with glutaraldehyde, presence of antibody and the
disappearance of these peaks when the surface was finally blocked
with 1-dodecanethiol (Fig. 4A).

For the electrode coated with AgNPs, when the electrode surface
was modified with thiourea the redox peaks decreased. However,
after AgNP adsorption the redox reactions increased to indicate
that the deposited AgNPs helped to increase the electron exchange.
After antibody immobilization, the redox peaks decreased again
and finally when treating with 1-dodecanethiol to block the pin-
holes on the electrode surface, the redox peaks disappeared to
demonstrate that the surface was totally insulated (Fig. 4B).

3.3. Optimization of the amount of nanoparticles for
immobilization

3.3.1. Anodic peak current

The anodic peak current of the electrodes modified with various
amounts of AgNPs were investigated by comparison to a bare gold
electrode. The purpose was to obtain the condition that can pro-
vide the largest surface area. An optimal amount of AgNPs would
provide the highest percentage of the peak current and should be
more than 100% compared to the bare gold surface. The results in
Table 1 show that anodic peak current increased with the amount
of AgNPs up to 48 pmol (in 2 mL) then decreased. At 16 and 32 pmol
of nanoparticles the anodic peak currents were lower than those of
abare gold electrode (<100%) indicating that the electron transfer is
lower than that of bare gold, i.e., it has a smaller surface area. When
the amount of nanoparticles was higher than 48 pmol the anodic
peak current decreased because when the density of nanoparti-
cles is too high the particles cluster together and hence decrease
the surface area. This behavior is confirmed by the SEM images in
Fig. 5. When there was no nanoparticles on the SAM layer (Fig. 5a)
the surface of the electrode was relatively smooth. Fig. 5b-d shows
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Fig. 3. TEM images and UV spectrum (A) silver nanoparticles and (B) gold nanoparticles.

the surfaces that were prepared with 16, 48 and 80 pmol (in 2 mL)
of nanoparticles. Each of the observed nodules consisted of sev-
eral nanoparticles adsorbed on SAM of thiourea in close vicinity.
At 16 pmol (Fig. 5b) a lot of free spaces could be observed and this
agreed well with the low value of anodic peak current in Table 1.
The other two quantities provided lesser free spaces, however, large
clusters could be seen at 80 pmol (Fig. 5d). This leveled out the cur-
vature structure where individual nanoparticles were adsorbed on
the surface. That is, nanoparticles at 48 pmol provided the highest
enhancement of the surface area for the immobilized antibody.

Table 1

3.3.2. Immobilization yield

Immobilization yields of the antibody (anti-HSA) on the elec-
trodes modified with various concentrations of AgNPs were tested
for 2 electrodes and 3 replications per electrode (Table 1). The
electrodes prepared with 48 pmol of nanoparticles provided the
highest immobilized yield 88.2-88.6% (3.5 x 1013 molecules, calcu-
lated using a molecular weight of 150 kDa for an IgG [28,29]). This
agreed well with the larger surface area as indicated by the higher
anodic peak current. However, in one of our previous work under
the same immobilization conditions similar immobilization yield

Effect of the amount of AgNPs on anodic peak currents (compared to a bare gold electrode) and immobilization yield of anti-HSA and performance of the capacitive system
with various amounts of AgNPs (y is the capacitance change in nFcm~2 and x is the concentration in M).

Amount of AgNPs in 2 mL (pmol) Anodic peak current (%)* Immobilization yield (%) Linear equation Linear range (M) LOD (M)
0 - 37.8+0.5,38.0+0.7 y=(1.75+0.08)log(x) +(35.8 £ 0.4) 1076 to 1010 1016
16 83+7 62.0+0.2,61.8+0.2 y=(1.96 +0.08)log(x) +(41.5+0.6) 10718 to 1010 10-18
32 93+4 67.8+0.4,67.5+0.2 y=(2.37+0.13)log(x) +(47.2+0.8) 10718 to 1010 10-18
48 120+5 88.6+0.2,88.2+0.1 ¥=(3.64+0.10)log(x)+(69.7 +0.6) 10718 to 1010 10-18
64 108 £5 75.6+0.3,75.9+0.1 y=(2.54+0.09)log(x)+(49.0+0.6) 10718 to 1010 10-18
80 109+9 68.0+0.6,68.3+0.2 y=(1.83+0.07)log(x)+(36.9+0.5) 1018 to 1010 10-18

2 3 electrodes.
b 2 electrodes, 3 replications per electrode.
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Fig. 4. Cyclic voltammograms of modified electrode obtained in 5 mM potassium ferricyanide solution, (A) without nanoparticles; (a) bare gold, (b) thiourea covered gold,
(c) glutaraldehyde cross-link with thiourea self-assembles monolayer (d) anti-HSA modified on glutaraldehyde cross-link with thiourea self-assemble monolayer, and (e)
after 1-dodecanethiol treatment. (B) With AgNPs; (a) bare gold, (b) thiourea covered gold, (c) 48 pmol AgNPs via thiourea self-assembles monolayer, (d) anti-HSA modified

on AgNPs-thiourea self-assemble monolayer, and (e) after 1-dodecanethiol treatment.

could be obtained for anti-alpha fetoprotein (anti-AFP) without
the nanoparticle layer [17], i.e., 88.5 £ 0.8% (7.6 x 10!3 molecules).
This was probably due to the difference in size of these two anti-
bodies, anti-HSA was about twice the size of anti-AFP, 150 kDa
and 70kDa (DakoCytomation, Denmark), respectively. The low
immobilization yield of anti-HSA on bare gold electrode (~38%)
was probably due to the steric interference between the immo-
bilized proteins [30]. With the silver nanoparticles, the larger
surface area together with the curvature structure of the indi-

vidual nanoparticles on the surface probably helped to reduce
the steric hindrance resulting in a much higher immobilization
yield than the bare gold surface. The immobilization yield of anti-
MCLR and anti-Pen G were also investigated. For anti-MCLR the
yield of 40% (6.4 x 10!! molecule) was obtained for the electrode
without nanoparticles and increased to 96% (1.5 x 1012 molecule)
with 48 pmol AgNPs. A similar increase was also observed for
anti-Pen G, from 41% (8.2 x 1012 molecule) to 93% (1.9 x 1013
molecule).

Fig. 5. SEM images of electrode surfaces modified with SAM of thiourea and, (a) without AgNPs, (b) 16 pmol (in 2.0 mL) AgNPs, (c) 48 nmol AgNPs, (d) 80 pmol AgNPs.
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3.3.3. Capacitive measurement

Performances of the electrodes modified with various amounts
of AgNPs were tested using the anti-HSA and HSA binding pair.
HSA between 1.0 x 10~16 and 1.0 x 10~8 M were investigated. The
operation conditions were, carrier buffer 10 mM Tris—-HCI pH 7.00,
sample volume 200 L [31], flow rate 50 uLmin~! [14,31] and
regeneration solution HCI pH 2.50 [18].

The binding between the injected antigen and the immobilized
antibody causes the total capacitance to decrease. This capaci-
tance change was measured by comparing the signal before and
after antigen—antibody binding (AC). The analysis time was about
15-20 min. The antigen was then removed from its binding with
antibody by using the regeneration solution (Fig. 1B). A calibration
curve is plotted between the capacitance change (per unit area of
bare electrode surface) and the logarithm of the analyte concentra-
tion, the sensitivity is the slope of the linear portion of the curve
(Fig. 6A). The limit of detection (LOD) is taken as the concentra-
tion of the analyte at which the extrapolated linear portion of the
calibration curve intercepts the baseline a horizontal line corre-
sponding to a zero change in response over several ten fold changes
of concentration change [32] (Fig. 6A).

The linear range and the limits of detection of the vari-
ous electrodes are summarized in Table 1. Electrodes modified
with nanoparticles gave a wider linear range (1.0x 10718
to 1.0x10-1°M) than without nanoparticles (1.0 x 10716 to
1.0 x 10-19M). The sensitivity (slope of the calibration curve)
increased with the amount of AgNPs up to 48 pmol and then
decreased. The results corresponded well with the anodic peak
currents and immobilization yield which provided the maxima
at to 48 pmol of AgNPs. The detection limit of the electrodes
with nanoparticles was also better than the one without nanopar-
ticles by two orders of magnitude (1.0 x 10-'8 M compared to
1.0 x 1016 M).

The detection limit of 1.0 x 10~18 M is extremely low. Since the
sample volume employed in the test was only 200 L it means
that only about 120 molecules of HSA passed through the detec-
tion surface. This might seem not to be possible for an electrode
to detect such a small number of molecules. Therefore, the per-
formance of the system was further tested by repeatedly injecting
200 L, 1.0 x 10-18 M of HSA into the continuous flow of carrier
buffer at 20 min intervals without regenerating the surface. The
idea being that if for some reasons the change of capacitance was
due to some artifacts in the HSA solution and not due to the binding
of HSA and the immobilized anti-HSA, the response should return
to the original baseline after each sample volume has passed the
electrode surface. Fig. 6B shows the results of this experiment. At
the first injection the capacitance decreased by about 0.28 nF, the
same value as the capacitance change obtained in the experiment
when the sample was passed through the electrode followed by
the regeneration solution (Fig. 1B). However, for the injections that
followed, the capacitance decreased less and less. This was prob-
ably because the immobilized antibodies on the electrode surface
that are free to bind to HSA in the passing solution became less and
less. Between the seventh and tenth injections no further change
in the response was observed. One possibility would be that the
immobilized antibodies were saturated with HSA. However, when
a higher concentration of HSA was injected (200 L, 1.0 x 10~17 M)
the capacitance decreased again (~0.43 nF). The explanation for this
is that the stable signal after the sixth injection of the previous
concentration probably occurred because the equilibrium of the
formation of antigen-antibody complex had been reached. When
a higher concentration was introduced however more binding can
occur. It was also observed that the capacitance change was less
than the signal of 200 pL, 1.0 x 10~17 M with subsequent regen-
eration performed earlier (~0.50 nF). This was because some of
the immobilized antibodies on the electrode surface were already

bound to HSA by the previous ten injections of 1.0 x 1018 M, there-
fore the ability of the modified surface to bind with the passing HSA
become less. For the remaining injections, a similar behavior to the
previous concentrations was observed, i.e., the response became
less and less and no change was observed after three injections
(Fig. 6B). Further injections of 1.0 x 10~16 M for 9 times, were also
carried out. A similar pattern of the responses was observed, with
the first injection providing the highest change. The signal then
became smaller and reached a stable equilibrium response only
after two injections. That is, at higher concentration the equilibrium
was reached faster. Increasing the concentration to 1.0 x 10~1° M
did not give any signal change. Then, all the HSA molecules that
were bound to the immobilized anti-HSA on the electrode surface
were removed using the regeneration solution.

Fig. 6C shows the signal before the regeneration at about
110.6 nF. After the regeneration the signal returned to 113.8 nF.
Then 200 L of HSA solution between 1.0 x 10-18and 1.0 x 10-10M
were injected with subsequent regeneration. The obtained capaci-
tance changes were proportional to the concentration (Fig. 6C). The
sizes of the change were similar to those obtained earlier (Fig. 1B).
These results confirmed that the obtained capacitance changes
were not artifacts or due to a baseline shift and the proposed sys-
tem could really detect down to 120 molecules per sample. From
the results in Fig. 6B it can also be stipulated that if a larger sample
volume was employed an even lower limit of detection could be
obtained.

3.4. Determination of HSA in urine sample

When testing real samples, matrix interference generally occurs.
The effect can be reduced by diluting the sample. In this case the
analyte would also decrease. However, if the analysis system has a
very low detection limit the analyte could still be detected. From
some of our previous work a dilution factor between 104 and 106
times was generally required to eliminate the interference from
other substances in the sample matrix [18,19]. Therefore, a 106
times dilution was applied. Since a normal urine albumin excre-
tion is <20 wgmL~! or 3.0 x 10-7 M [33-35] if this was diluted 106
times it would be 3.0 x 10~13 M. Therefore, a calibration curve was
prepared between 1.0 x 10~14 and 1.0 x 10~12 M. This would cover
between 0.67 ugmL~! and 67 ugmL-1. If a sample had a higher
albumin level, the capacitance response would be beyond the cal-
ibration curve, but the sample can be further diluted and tested
again.

Seven urine samples were diluted 108 times with carrier buffer
and tested by the capacitive immunosensor. The response of each
sample was used to determine the HSA concentration from the cal-
ibration curve of a standard solution (1.0 x 10~ to 1.0 x 10~12 M)
and multiplied by the dilution factor. The results of the capacitive
immunosensor and the results from the hospital (immunoturbidi-
metric assay) were compared by the regression line method and
Wilcoxon signed rank test [36]. For the regression line method,
the regression equation of the concentration of HSA obtained from
the capacitive immunosensor system (y), and the immunoturbidi-
metric assay (x) is y=(1.00240.006)x+(0.24+0.2) (Table 2). The
slope and the interception did not differ significantly (P> 0.05) from
the ideal value of 1 and 0, respectively. Therefore, there is no evi-
dence to suggest that there is any systematic difference between
the results of the methods. The Wilcoxon signed rank test was
also applied and indicated that there is no evidence for systematic
differences between the results obtained from the two methods
(P>0.05). That is, the concentrations determined by the capacitive
immunosensor system are in good agreement with the immuno-
turbidimetric assay.
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Fig. 6. (A) Comparison of responses of anti-HSA modified with three times the original concentration of AuNPs, AgNPs and without nanoparticles. (B) Capacitance response
of the anti-HSA modified electrode with AgNPs, carrier buffer was passed through the system to obtain a baseline of capacitance, 200 pL of 10-'® and 10-17 M HSA were
repeatedly injected 10 and 9 times, respectively, at 20 min intervals. (C) Capacitance responses of anti-HSA after repeated injection of HSA after the bound HSA molecules
had been removed by the regeneration solution, various concentrations of HSA were then injected with subsequent regeneration.

3.5. Performance of gold and silver nanoparticles

To compare the performance of the electrodes modified
with AgNPs to the one using AuNPs, the two electrodes
were modified with nanoparticles of approximately the same
size (AgNPs=10+2nm and AuNPs=842nm) both at three
times the originally prepared concentration of nanoparticles.
This is the optimum concentration for both silver and gold
nanoparticles since it provided the highest surface area as

indicated by the highest percentage peak current, 120+5%
and 11742% for AgNPs and AuNPs, respectively. The bind-
ing reaction between anti-HSA and HSA was tested (Fig. 6A).
Both electrodes provided the same linear range, 1.0 x 10718 to
1.0 x 10~19M and the same detection limit of 1.0 x 10~18 M with
nearly the same sensitivity (4.90+0.30 —nFcm—2 (logM)~! and
4.41+0.14 —nFcm~2 (logM)~! for gold and silver nanoparticles).
These results showed both nanoparticles could provide the same
high sensitivity and low detection limit.
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Table 2
Results of HSA concentration in urine samples analyzed by the capacitive
immunosensor, modified with 48 pmol AgNPs, and immunoturbidimetric assay (IT).

Sample Capacitive immunosensor Immunoturbidimetric
(x10-8 M) assay (x1078 M)
1 149+0.6 15.3
2 84.2+0.7 84.4
3 11.2+0.3 11.2
4 17.2+0.2 17.9
5 5.7+0.1 5.7
6 8.5+0.1 85
7 60.8+0.5 60.5
Regression yP=(1.002 £0.006)x¢ + (0.2 +£0.2)
equation
R 0.999

2 3 replications.
b y is the concentration obtained by the capacitive immunosensor (x10-8 M).
¢ x is the concentration from the immunoturbidimetric assay (x10-8 M).

3.6. Effect of the size of analytes

Capacitive immunosensors with incorporated AgNPs were
investigated for their performances with different sizes of ana-
lytes, i.e. HSA (68,000 gmol~!), MCLR (995.17 gmol~!) and Pen
G (365.37 gmol1). Detection of the three antibody-antigen pairs
employed the same flow rate (50 uLmin~!) and sample volume
(200 pL). The different operation conditions were carrier buffer and
regeneration solution, detection of MCLR used 15 mM Tris—-HCl pH
7.20 and HCI pH 2.50 [14] and for Pen G 10 mM Tris-HCl pH 7.40
and 50 mM of glycine-HCI pH 2.50 [19] were used as carrier buffer
and regeneration solution, respectively. Table 3 shows the linear
range, detection limit and sensitivity of the three immunosensors.
The electrodes modified with AgNPs provided a higher sensitivity
than without AgNPs for all three analytes. AgNPs enhanced the sen-
sitivity by about 2.2, 2.8 and 2.7 times for HSA, MCLR and Pen G,
respectively. The detection limit was also lowered by two orders of
magnitude for HSA (macromolecule) and one order of magnitude
for MCLR and Pen G (small molecules). The detection limit of the
macromolecule was lower than for those of smaller molecules due
to its size since macromolecule antigens when bound to the sur-
face adds more thickness than the smaller molecules and this can
cause a larger capacitance change. Following this line of reasoning
MCLR should have a lower detection limit than Pen G. However,
this was not the case, i.e., the system to detect Pen G had a lower
detection limit. This is probably because the amount of immobi-
lized anti-MCLR was lower than for the anti-Pen G. The number
of immobilized anti-MCLR, calculated from the employed volume
and concentration, and the obtained immobilization yield using a
molecular weight of 150kDa for IgG1, was 1.5 x 1012 molecules
while it was 1.8 x 103 molecules for anti-Pen G, The lower amount

Table 3

Performance of the capacitive immunosensor for antigen antibody interactions, the
electrodes were modified without and with the optimum of AgNPs compared to
some previous work (10~1> M =femtomolar (fM); 10-18 M = attomolar (aM)).

Analytes Parameters

Linear range (M) LOD (M) Sensitivity

(=nFcm~2 (logM)~1)

Human serum albumin (MW = 68,000 g mol~")

Without AgNPs 10-'% to 1010 1.0x 10716 2.0+0.1

With 48 pmol AgNPs 1018 to 1010 1.0x10°18 44 + 0.1
Microcystin-LR (MW =995.17 g mol~')

Without AgNPs 1073 to 10° 1.0x10°13 41+0.2

With 48 pmol AgNPs 10~ to 109 1.0x 1014 11.5+0.5
Penicillin G (MW =356.37 gmol ')

Without AgNPs 10" to 10-8 1.0x 10" 22+03

With 48 pmol AgNPs  10-'° to 10-° 7.0 x 1016 6.0 £ 0.3

of the immobilized antibodies resulted in less binding, hence, the
lower capacitance change.

Comparing the results of this work with nanoparticles, to our
previous work, without nanoparticles, using the same concentra-
tion of antibody for the immobilized process the detection limit of
HSA (1.0 x 10-'8 M) and Pen G (7.0 x 10~16 M) of this work were
lower by about 3 and 1 orders of magnitudes, respectively [18,19].
For the detection of MCLR, in the previous work the electrode was
modified with AgNPs. Although the optimal amount of AgNPs in this
work did not improve the detection limit it did increase the sen-
sitivity (slope of the calibration plot). Using the optimum amount
of AgNPs (48 pmol) the sensitivity, when compared to that with-
out using AgNPs, was higher by 2.8 times whereas only 1.7 times
(6.2:3.6 —nFcm~2 (logM)~1) was obtained in the previous work
[14]. When compared with results from other workers [37,38], the
detection limit of HSA in this work was very much lower, i.e., about
10 orders of magnitude, the detection limit of MCLR was lowered
by 1-3 orders of magnitude [39,40] and the detection limit of Pen
G was lowered by 7-8 orders of magnitude [41,42].

The detection limits of MCLR and Pen G (1.0 x 10-*M and
7.0 x 10~16 M) are more than sufficient for real samples analysis.
Since the provisional guidelines of the World Health Organization
for MCLR in drinking water is 1 gL~ (1.0 x 109 M) [43,44] and
the maximum residue limit (MRL) for benzylpenicillin in milk is
4ppb (1.2 x 10~8 M) [45]. That s, real samples can be simply diluted
more than 10,000 times before analysis to reduce any matrix effect.

4. Conclusions

The results from this research showed that there is an optimal
amount of nanoparticles that can be used to increase the surface
area for electrode modification. This has helped to increase the
amount of immobilized antibodies and, hence, the performance
of the immunosensor. Higher responses were initially observed
with increasing amounts (concentration) of nanoparticles. How-
ever, there was a particular quantity at which the signals were
highest but declined at higher amount of nanoparticles. This was
because when the number of nanoparticles was too high, they
clustered together, and produced a decrease of the surface area.
Electrodes modified with nanoparticles provide better sensitivity
and detection limits than without nanoparticles for both large and
small molecules. Both AuNPs and AgNPs produced the same effi-
ciencies. Thus, AgNPs that can be prepared with lower cost could be
effectively applied. The high sensitivity and extremely low detec-
tion limit demonstrated that the system could easily determine the
analytes at very low concentrations. The effect of any matrix com-
ponents could be easily eliminated by simply diluting the sample.
This system would be useful for the detection of toxins and residues
of small molecule which is quite difficult to analyze with a label-free
immunosensor.
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A multilayer electrode modified with a self-assembled thiourea monolayer (SATUM) followed by gold
nanoparticles (AuNPs), mercaptosuccinic acid (MSA) and antibody was investigated for the detection of
ultra trace amount of a small molecule (chloramphenicol) in an impedimetric system. The formation of
the antibody-antigen complex at the electrode surface caused the impedance to increase. Under opti-
mum conditions three modified electrodes were compared the SATUM/AuNPs/MSA electrode provided
a wide linear range (0.50-10) x 10~'6 M, and a very low determination limit of 1.0 x 10~16 M. This deter-
mination limit was much lower than the SATUM/AuNPs electrode, 1.0 x 10-'5 M, and SATUM electrode,
4.7 x 10~ M. The modified electrode provided good selectivity for chloramphenicol detection and can
be reused up to 45 times with a relative standard deviation of lower than 4%. When applied to determine
chloramphenicol in shrimp samples, the results agreed well with those obtained by the high-performance
liquid chromatography coupled with a photo diode array detector (P> 0.05). The developed system can

Sensitivity enhancement

be applied to detect other small molecules using appropriate affinity binding pairs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Impedimetric immunosensor is a sensitive technique for
real-time, label-free detection of antigen-antibody binding. The
principle is based on the change in interfacial property (resistance
and/or capacitance) between the electrode surface and solution
when an antibody attached to an electrode surface reacts with an
antigen to form a complex (Lisdat and Schafer, 2008; Thavarungkul
et al., 2007). Real-time non-faradaic impedimetric systems have
been reported, for example, for the detection of interferon-vy, a
relatively large molecule (15.5kDa), at the attomolar level (Bart
et al., 2005; Dijksma et al., 2001). For a smaller molecule, such as
penicillin-G (MW 334 gmol~1), the limit of detection is higher, at
the femtomolar level (Thavarungkul et al., 2007). In some appli-
cations, such as for detecting toxic residues in food, the limit is
sometimes recommended as the minimum required performance
limit (MRPL) of the analytical method (Commission Decision of 13
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March, 2003). In the case of toxins it is obviously better to be able
to detect them at the lowest possible level. Therefore, a system
that can provide a higher analysis response with a lower limit of
detection would provide many advantages.

One way to enhance the response of a label-free immunosen-
sor is to increase the amount of an immobilized antibody on the
electrode so that a larger immunological complex can occur, and
therefore produce a larger signal. Recently such an enhancement
was investigated by immobilizing antibody on an electrode surface
incorporating with gold (Wang et al., 2004a) or silver nanoparticles
(Loyprasert et al., 2008) to increase the surface area for attach-
ment of the immobilized antibody and which led to a higher signal.
Multilayer gold nanoparticles (AuNPs) networks have also been
employed to allow for further increases of the electrode surface
area (Wang et al., 2004b) and these may be useful for detection of
small molecule analytes.

In this work we have proposed a slightly different strategy for
producing the “multilayer”. Instead of using a multilayer of AuNPs,
only one layer of nanoparticles (on a self-assembled thiourea
monolayer) was employed. Then a layer of mercaptosuccinic
acid (MSA), a thiol compound, was formed on the nanoparticles
layer. This MSA has two free functional carboxylic groups (Lewis,
1992) that are used to immobilize the antibody. The electrode
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Fig. 1. Schematic illustration of the modified electrode: the cleaned gold electrode with a self-assembled thiourea monolayer (SATUM) (a), a small tube containing the gold
nanoparticles solution was fitted on the electrode, gold nanoparticles was adsorbed on the electrode via SATUM (SATUM/AuNPs) (b), mercaptosuccinic acid adsorbed on the
AuNPs layer (SATUM/AuNPs/MSA) and activated with EDC/NHS to immobilize the antibody (anti-CAP) (d). The layers on the modified gold electrode surface are represented
by capacitors in series (e) where Csatumjaunps/msa is the capacitance related to the SATUM/AuNPs/MSA layer, Cynsi-cap is the capacitance related to the chloramphenicol antibody
layer and Ccap is the capacitance related to the binding between CAP and immobilized antibody on the modified electrode.

modification steps were optimized to obtain the maximum amount
of immobilized antibody. Chloramphenicol (CAP) was chosen as
a model analyte because it is a synthetic antibiotic with a low
molecular weight (MW 323.13 gmol~!) that is widely used as an
anti-microbial agent (Zhang et al.,2008). Also there is need to detect
very small residual amounts of CAP in food samples to ensure there
will be no possible dangers to human health. The proposed system
was then applied to analyze CAP (analyte) in shrimp samples.

2. Materials and methods
2.1. Chemical and materials

Monoclonal anti-CAP was obtained from US biological (Mas-
sachusetts, USA). CAP, thiourea and chloroauric acid trihydrate
(HAuCl4-3H,0) were obtained from Sigma (St. Louis, USA). 3-
Mercaptosuccinic acid was obtained from Fluka Chemie (Buchs,
Switzerland) and 1-dodecanethiol from Aldrich (Milwaukee, USA).
All other chemicals were of analytical grade. Buffers were prepared
with water treated with a reverse osmosis-deionized system, fil-
tered through a nylon membrane filter (pore size 0.2 wm) (Albet,
Spain) with subsequent degassing before use.

2.2. Gold nanoparticles (AuNPs) preparation

AuNPs were prepared followed the method described by Wang
et al. (2004a) with a slight modification. In brief, a 600 mL mixture
of 0.10 mM chloroauric acid trihydrate and 0.15 mM tri-sodium cit-
rate were vigorously stirred in a dark glass bottle while adding
6.0 mL of 50 mM sodium borohydride. The mixture was left under
vigorous stirring for 18 h at room temperature and stored at 4 °C.

2.3. Modified electrode preparation
Gold electrodes (diameter 3.0 mm, 99.99% purity) were first pol-

ished (Gripo® 2V, Metkon Instrument Ltd., Turkey) using alumina
slurries (5, 1 and 0.3 wm, respectively). They were washed with

distilled water and ethanol, followed by electrochemical etching in
0.5 M H,S04 by cyclic voltammetry ata scanrate of 100 mV s~! from
0.10V to 1.50V vs a Ag/AgCl electrode and washed with distilled
water. Finally they were dried with pure nitrogen gas. Surface mod-
ifications were performed by immersing the electrode in 250 mM
thiourea solution (in 0.10 mM H,S04) at room temperature for 24 h
(Limbut et al., 2006) during which time a self-assembled thiourea
monolayer (SATUM) was formed (Fig. 1a). A small tube containing
a solution of AuNPs was fitted on the top of the electrode and left
to stand at 4 °C. During this time the AuNPs in the solution were
adsorbed onto the SATUM via the -NH; group (Fig. 1b). The vol-
ume (amount) of the AuNPs and incubation time were studied to
obtain the conditions that provided the largest surface area. MSA
was then adsorbed onto the AuNPs via the —-SH moieties at room
temperature by filling the tube on top of the electrode with 2.0 mL
of MSA solution (Fig. 1c). At this time the concentration of MSA and
the incubation time were investigated to obtain the conditions that
yielded the maximum amount of the adsorbed MSA. The modified
surface was then activated with 500 p.L of EDC/NHS (EDC 1% (v/v),
NHS 2.5% (v/v) in 50 mM phosphate buffer pH 5.00 with 50 mM
KCl) for 5h. After that 20 wL of anti-CAP (50 wgmL~! in 10 mM
phosphate buffer pH 7.00) was dropped onto the modified elec-
trode and left for the binding reaction to occur overnight at 4°C
(Fig. 1d). The electrode was then immersed in 0.1 M ethanolamine
pH 8.00 for 7min to block any unreacted aldehyde groups on
the surface. Finally, the remaining pinholes on the modified elec-
trode were blocked by 10 mM 1-dodecanethiol. This is now the
SATUM/AuNPs/MSA modified electrode.

For the SATUM modified electrode, after the SAM was formed
the surface was treated with 5% (v/v) glutaraldehyde in 10 mM
phosphate buffer pH 7.00 at room temperature for 20 min, this step
was to activate the aldehyde groups. Then 20 wL of 50 wgmL-!
anti-CAP was dropped onto the surface and left overnight at
4°C, The electrode was immersed in 0.1 M ethanolamine pH
8.00 for 7min to block any unreacted aldehyde groups on the
surface. Finally, the modified electrode was blocked by 10 mM
1-dodecanethiol.
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Table 1
Tested and optimum conditions of the modified electrode and the flow injection system. Three replicates were tested for each studied value.
Parameter Studied value Optimum
Electrode modification
AuNPs
Volume (L) 200, 300, 400, 500, 600, 700 and 800 500
Incubation time (h) 2,3,4,5,6and 8 4
MSA
Concentration (mM) 50, 75 and 100 75
Incubation time (h) 3,6,9,12and 18 9
Flow injection system
Regeneration solution
Type 0.1 M MgCl,, HCI pH 2.50, 25 mM glycine-HCI pH 2.50, 25 mM NaOH and 50 mM NaOH NaOH
Concentration (mM) 10, 25,50, 75 and 100 50
Carrier buffer Phosphate buffer saline
Concentration (mM) 5,10and 15 10
pH 6.80, 7.00 and 7.20 7.00
Flow rate and sample volume
Flow rate (wLmin~') 50, 100 and 150 100
Sample volume (L) 400, 450 and 500 450

For the SATUM/AuNPs modified electrode, after the formation
of SAM and adsorption of the AuNPs, 20 L of anti-CAP was placed
on the modified electrode, left overnight at 4°C and then blocked
by 10 mM 1-dodecanethiol.

During immobilization, the degree of insulation of the differ-
ent layers was investigated by cyclic voltammetry performed in a
batch cell containing 5 mM K3 [Fe(CN)g] and 0.1 M KCl. The modified
gold electrode was used as the working electrode (WE) together
with a Ag/AgCl reference electrode (RE) and a platinum rod aux-
iliary electrode (AE). The amount of the immobilized antibody on
the electrode was also measured using the silver binding method
(Krystal, 1987). Briefly, the protein sample solution was treated
with glutaraldehyde and then exposed to ammonical silver. After
15 min the absorbance of the solution was measured at 420 nm and
the amount of protein was calculated from the calibration equation.

2.4. Optimization of electrode modification

The optimum volume and incubation time of the AuNPs for the
modification of the electrode (Table 1) were studied in term of sur-
face coverage obtained from a cyclic voltammogram performed in
0.1 M H;S04, using three electrodes for each test. The percentage of
the surface coverage was evaluated from the area of the reduction
peak of electroadsorption of oxygen atom on the AuNPs modified
electrode compared with a bare gold electrode (Limbut et al., 2006;
Xiang et al., 2001) (Fig. 2) by Eq. (1).

QsATUM/AuNPs

QsGE

where Qsatymaunps @and Qpge are the amount of electric charge
exchanged during the electroadsorption of oxygen (Ccm~2) on
the electrode modified with AuNPs and on a bare gold electrode,
respectively.

For the modified MSA layer, the optimum volume and incu-
bation time were considered through its insulating property. The
adsorption of the MSA layer was studied by a cyclic voltammo-
grams performed in 5mM K3[Fe(CN)g] containing 0.1 M KCIL. The
average peak height (P) was calculated from the anodic (ipa) and
the cathodic (ipc) peak height (Fig. 2 inset) by Eq. (2). Then the
differential peak height was evaluated by Eq. (3).

Surface coverage(%) = x 100 (1)

Average peak height, P = w o

PsaTum/Aunps/MsA — PsaTUM/AuNPs
Psatum/aunps

%100 (3)

Differential peak height(%) =

where Psatym/aunps/msa 1S the average peak height of the MSA mod-
ified electrode and Psaym/aunps iS the average peak height of the
AuNPs modified electrode.

The concentration and incubation time of MSA (Table 1) were
optimized together. Three electrodes were tested for each value.

2.5. Impedimetric measurement

CAP was determined using a flow injection impedimetric
immunosensor system. The measurements were carried out using
an Autolab PGSTAT30 electrochemical impedance analyzer and
a potentionstat/galvanostat (Metrohm Autolab, The Netherlands)
connected to a computer. The modified electrode was used as
the WE together with a custom-made Ag/AgCl RE and a Pt
wire auxiliary electrode (99.95% purity diameter 1.5mm, Alfa
Aesar, USA). The volume of the flow cell was 10 nL. The Eco

Fig. 2. Example of a cyclic voltammograms of bare gold electrode (BGE) (solid
line) compared with the electrode modified with AuNPs via a self-assembled
monolayer (500 wL, 4h incubation time) (dash line) performed in 0.1 M H,SO4
solution at a scan rate of 100mVs~' vs an Ag/AgCl reference electrode. The volt-
age range was 0.10-1.50V. Inset, cyclic voltammograms of the immobilization
steps of anti-CAP modified electrode (under optimum condition of the modifica-
tion steps) obtained with 5mM Ks[Fe(CN)s] in 0.1 M KCl solution at a scan rate
of 100mVs~! vs a Ag/AgCl reference electrode. The voltage range was —0.30 to
0.70V. (a) Bare gold electrode, (b) self-assembled thiourea monolayer (SATUM), (c)
SATUM/AuNPs, (d) SATUM/AuNPs/MSA, (e) anti-CAP immobilized on the multilayer
of SATUM/AuNPs/MSA and (f) after treatment with 1-dodecanethiol. The anodic
peak height (ip,) and the cathodic peak height (i, ) are also shown.
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Fig. 3. Impedance response of the modified electrode monitor at a single frequency. The base-line signal of the carrier buffer was first recorded. After solution containing
CAP was injected, the immunocomplex of antigen, CAP, and antibody, anti-CAP, caused the impedance to increase (AZ}). Regeneration solution was then injected to remove
CAP from the immobilized anti-CAP. When the signal base-line was recovered a new analysis cycle was applied (AZ}). The time used to monitor CAP-anti-CAP binding is the
analysis time. The time used, after the injection of regeneration solution, to remove the bound antigen followed by continuous flow of buffer to bring back to the base-line
is the regeneration time. Inset: the optimum frequency was determined from a Bode plot in the region where the system show nearly ideal capacitor behavior, i.e., the plot
of logarithm of impedance against logarithm of frequency is a straight line with a slope of —1 and the phase angle closest to —90°.

Chemie software, Frequency Response Analyzer (FRA 4.9.005), was
used to monitor the impedance by applying an AC amplitude of
+10mV with a DC potential of 0.00mV (vs Ag/AgCl reference
electrode). The CAP-anti-CAP interaction was monitored via the
change of the imaginary part of the impedance (Z”) as a func-
tion of time at a single frequency. The optimum frequency was
determined from a Bode plot (Fig. 3 inset) (Bart et al., 2005;
Thavarungkul et al., 2007). The carrier buffer was first passed
though the system and the Z” base-line was recorded (Fig. 3).
When the CAP was injected, it bound to the immobilized anti-CAP
on the modified electrode. This was like adding another capaci-
tor in series (Fig. 1e) and this led to the increase of impedance
(AZ") which corresponded with the concentration of CAP
(Fig. 4 inset).

2.6. Optimization of the flow injection impedimetric
immunosensor

The modified electrode can be reused by removing the anti-
gen from the immobilized antibody using a regeneration solution.
Type and concentration of regeneration solutions were studied.
These were followed by concentration and pH of the carrier buffer,
flow rate and sample volume, respectively (Table 1). Each of
these parameters was investigated by analyzing the same con-
centration of CAP, 1.0 x 10~1> M. Initial conditions of the flow
injection impedimetric immunosensor were: carrier buffer 10 mM
phosphate buffer saline [2.7mM KCl and 137 mM NaCl pH 7.40
(Maupas et al., 1997)], regeneration solution HCI pH 2.50, flow rate
50 pLmin~! and sample volume 400 p.L. The optimal conditions

Fig.4. Acalibration plot of SATUM/AuNPs/MSA modified electrode obtained from the impedimetricimmunosensor under optimum conditions: 10 mM PBS pH 7.00 containing
2.7mM KCI and 137 mM Nacl, flow rate 100 pL min~', sample volume 450 pL and 50 mM NaOH as regeneration solution. Inset shows example of the impedance changes

(AZ") caused by the binding of analyte (CAP)-immobilized anti-CAP interaction.
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were selected by achieving a balance between a high response and
a short analysis time.

2.7. Real sample analysis

Six shrimp samples were collected from six markets in Hat Yai,
Songkhla, Thailand. The effect of the matrix was first studied by
comparing the impedimetric immunosensor responses obtained
from standard and spiked samples. Standard CAP solutions
(CAP in carrier buffer) were analyzed at 5.0 x 10-17, 1.0 x 1016,
25x 10716, 50x 10716 and 1.0 x 10-1> M. Spiked samples were
prepared by spiking 20 L of the standard CAP at concentrations of
25%x10719,5.0%x 10719, 12.5x 10719, 25%x 1072 and 5.0 x 10~ M
in 2.0 g of blended shrimp. Then 10.0 mL of carrier buffer was added
and homogenized by an ultrasonic homogenizer (Biologics, Inc.,
USA) for 15min. The mixture was centrifuge at 10,000 rpm for
15 min. 200 pL of the supernatant was then transferred to a desalt
column (Bio-Rad Laboratories, USA). The desalted spiked sample
was diluted 10,000 times by the carrier buffer. The final concen-
trations of the analyte were 5.0 x 1017, 1.0 x 1016, 2.5 x 1016,
5.0 x 10716 and 1.0 x 10-1> M. A blank sample was also analyzed
with each sample. Responses were plotted against the known con-
centration of CAP. The slope of the standard CAP and the spiked
samples were evaluated by two-way ANOVA calculated by R soft-
ware (R Development Core Team, 2006) to test whether the slopes
of the two plots differ significantly. If there is no difference, this
indicates that the matrix has no effect on the response of the sys-
tem.

For real sample analysis 2.0g of blended shrimp sample was
mixed with 10.0mL of carrier buffer, homogenized, centrifuged,
desalted and diluted as described above before being analyzed.

2.8. Comparison between the impedimetric immunosensor and a
HPLC-DAD method

The six shrimp samples were extracted with 20 mL of ethyl
acetate and defatted with 10mL n-hexane (Xia et al., 2007;
Zhang et al., 2008). They were analyzed with the impedimetric
immunosensor under optimum conditions and the high per-
formance liquid chromatography combined with a diode array
detector (HPLC-DAD) (Agilent Series 1100, USA). For the HPLC-DAD
technique, the analysis was operated on an Alltima HP C18 col-
umn, 150 mm x 4.6 mm, 3 wm (Alltech, USA). The conditions were
0.4mLmin-! of mobile phase (80:20, acetonitrile:water) and a
20 pL sample volume and a wavelength of 278 nm (Hong et al.,
2002). Results from the two techniques were compared by the
Wilcoxon signed rank test.

3. Results and discussion
3.1. Gold nanoparticles

The sizes of the nanoparticles were measured from TEM images
(JEM-2010, JEOL, Japan, operating at 80kV). The average diam-
eter was 2.7+0.4nm (n=311). Assuming that the gold solution
(0.10 mM) was completely converted to AuNPs, the amount of the
gold nanoparticles could be calculated from the concentration and
the diameter via the mass to be 9.9 x 1016 particles per liter.

3.2. Electrochemical characteristics of anti-CAP modified
electrode

The electrochemical characteristics of the modified electrode
were investigated after each immobilization step by voltammetry.
The increase or decrease of the redox peaks helped to deter-
mine whether each immobilization step was successful. The bare

gold electrode clearly showed the signals of the redox couple
[Fe(CN)g]*~/[Fe(CN)g]3~ (Fig. 2 inset a). The redox peaks decreased
when the SATUM was formed on the gold electrode surface (Fig. 2
inset b). This is because the SATUM impeded the electron transfer
of the system. The redox peaks then increased when AuNPs were
deposited on SATUM (Fig. 2 inset c) due to the increase of electron
transfer through the AuNPs. When the electrode was modified with
MSA followed by anti-CAP, the redox peaks reduced after each step
due to the added insulation by these materials (Fig. 2 inset d and
e). Finally, after treatment with 1-dodecanethiol the redox peaks
disappeared (Fig. 2 inset f), to indicate total insulation.

For modification of the electrode with AuNPs the volume
(amount) of AuNPs (with 8 h incubation time) was tested between
200 and 800 pL. The percentage of surface coverage increased
with the volume of AuNPs from 200 L to 500 L, then decreased
(Table 1, Supplementary data Table S-1). It is possible that when
the number of the AuNPs becomes too high gold nanoparticles clus-
ter together, thus, reducing the surface area due to the curvature
of individual particles. The effect of the incubation time was then
studied using 500 L of AuNPs (Table 1). The percentage of surface
coverage increased with incubation time from 2 to 4 h and became
stable (Table 1, Supplementary data Table S-1). Therefore, 500 L
and a 4 h incubation time were used as the optimum conditions for
modification by AuNPs.

When MSA was adsorbed on the AuNPs layer, the insulation
caused electron transfer to decrease. The purpose was to obtain the
condition that can provide the most adsorbed MSA indicated by the
insulation of the surface. By increasing the concentration and incu-
bation time of MSA more MSA was adsorbed, the surface became
more insulated and the percentage of the differential peak height
became more negative. Between the three tested concentrations
(Table 1, Supplementary data Table S-2), 75 and 100 mM provided
similar insulation property, much better than with 50 mM. For the
incubation time the insulation property increase from 3 to 9 h after
which (9-18 h) the percentage of the differential peak height did
not differ significantly (P> 0.05). Therefore, 75 mM of MSA with a
9h incubation time was chosen to modify the electrode since it
used lesser reagent and provided similar characteristic to 100 mM
MSA.

3.3. Operating frequency

The optimal frequency was tested for each modified electrode
before use (Fig. 3 inset). For the 54 electrodes tested, an average of
189 + 44 Hz was obtained. The optimum frequency was then set for
the real-time detection of the interaction of CAP with the anti-CAP.

3.4. Optimization of the flow impedimetric immunosensor system

The parameters that affected the responses of the flow injec-
tion impedimetric immunosensor system were optimized. When
an optimal condition was obtained for one parameter it was used
in the optimization of the next parameter following the sequence
described in this following section.

3.4.1. Type and concentration of regeneration solution
The ability of the regeneration solution was evaluated in

terms of the percentage of residual activity determined from the

impedance changed when the anti-CAP bound to CAP (400 L,

1.0 x 10715 M) before (AZy) and after (AZj;) regeneration (Fig. 3)

using Eq. (4).

AZj x 100

Residual activity(%) = -
AZ]

(4)

Three types of regeneration solution were studied, high ionic
strength, low pH and high pH (Table 1, Supplementary data Table
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S-3), using three replicates for each of the solutions. NaOH, the high
pH, provided the highest residual activities with a short regenera-
tion time. This is because at high pH both CAP (pK; 5.5) and anti-CAP
(pI 7.00-8.00) are deprotonated and the net negative charge causes
the repulsion between the affinity binding pair. The effect of the
concentration of NaOH was then studied. The highest residual activ-
ity was obtained at 50 mM with a relatively short regeneration time
(18-22 min). Therefore, 50 mM of NaOH was used as the regenera-
tion solution.

3.4.2. Concentration and pH of carrier buffer

Phosphate buffer saline, often used for impedance immunosen-
sors (Maupas et al., 1997; Thavarungkul et al., 2007), was employed
as the carrier buffer. The influences of the concentration and
pH were optimized together (Table 1). The highest impedance
change was provided by 10 mM phosphate buffer saline pH 7.00
(27.3 £ 0.6 ©2). This was probably because one of the binding forces
of the affinity binding is electrostatic (Cunningham, 1998) which
depends on the charges on the antibody and antigen. At pH 7.00
CAP (pK, 5.5) was deprotonated and is negatively charged while
anti-CAP had a positive charge (pI 7.00-8.00) which helped with
the binding (Li et al., 2006). It is possible that at this pH the dif-
ferent charges on each side of the affinity pair enabled maximum
binding compared to other pH.

3.4.3. Flow rate and sample volume

The flow rate and sample volume were studied together
(Table 1). A low flow rate and a high sample volume provided a
high response due to the longer contact time between the affin-
ity binding pair and the large amount of analyte (Supplementary
data Table S-4). In this study 100 wLmin~! and 450 w.L were chosen
because these conditions provided a high response (23.3 +0.6 2)
with a relatively short analysis time.

The determinations of the optimal conditions are summarized
in Table 1.

3.5. Linear range and determination limit

Performance of the electrodes modified with SATUM,
SATUM/AuNPs and SATUM/AuNPs/MSA were studied under
optimum conditions (Table 1), using three replications for
each concentration. Fig. 4 shows the calibration plot of the
SATUM/AuNPs/MSA modified electrode. It provided a wide
linear range of (0.50-10)x 10~16M. For the SATUM/AuNPs
modified electrode, a linear range of (1.0-10)x10~1>M was

obtained with the linear regression equation AZ{, ;. / Aunps($2) =

(1.05+£0.08) x 1015CAP(M) +(11.24+0.4), r=0.995. The SATUM
modified electrode gave a linear range of (1.0-10) x 10~14 M with
AZyrimmunps(2) = (0.62 £ 0.04) x 10"CAP(M) + (8.8 £ 0.2),
r=0.997.

Besides the lower detectable linear concentration range, the
determination limit of the SATUM/AuNPs/MSA modified electrode
was also better than the electrode modified with SATUM/AuNPs
and SATUM. For residue analysis the result can be reported as
determinable if it is greater than or equal to the determination
limit. This value can be calculated from three times the maxi-
mum blank signal (Vogelgesang and Hddrich, 1998). Using the
SATUM/AuNPs/MSA modified electrode the maximum of the blank
signal (carrier buffer) was 3.6 2 (average=3.2 £ 0.2 2,n=20), three
times the blank signal corresponded to a very low determination
limit of 1.0 x 10~16 M. A higher determination limit was obtained
for the SATUM/AuNPs and SATUM electrode, i.e., 1.0x 101> M
(maximum blank signal=4.1 €2, average=3.7+0.2 2, n=20) and
4.7 x 10~* M (maximum blank signal = 3.9 2, average=3.2+ 0.4 Q,
n=20), respectively.

The reason for the better performance of the SATUM/AuNPs/
MSA was probably due to the larger amount of immobilized anti-
body. The use of MSA with two functional groups that can bind to
the antibody and at the same time acted as a spacer to increase the
distance between the immobilized antibody and the AuNPs sur-
face can reduce the steric hindrance (Weimer et al., 2000) and this
led to a higher immobilization yield and hence a higher response.
These results were confirmed by determining the amount of immo-
bilized antibody on the modified electrode by the silver binding
method (Krystal, 1987). The immobilization yield 0of 91.2 + 0.4% was
obtained for SATUM/AuNPs/MSA electrode while only 62 + 1% and
41 4+ 1% were attained by the SATUM/AuNPs and SATUM electrode,
respectively (Supplementary data Table S-5).

It is generally expected that for label-free measurements
impedance changes will be most pronounced if the target is
substantially larger than the probe or has significantly different
properties (Berggren et al., 2001; Daniels and Pourmand, 2007).
However, the proposed impedimetric immunosensor can provide
very good response for a small CAP molecule. Therefore, the molec-
ular weight might not be the only factor affecting the response
(Berggren and Johansson, 1997; Jiang et al., 2003). It has been sug-
gested that “Mechanisms by which the affinity interaction changes
the measured interface impedance are still poorly understood.
There is need for both experimental and theoretical work in this
regard.” (Daniels and Pourmand, 2007).

3.6. Reproducibility

The reproducibility of the responses of two SATUM/AuNPs/MSA
electrodes was evaluated at optimum conditions, by repeatedly
injecting the same concentration of standard CAP (1.0 x 10-1> M),
The regeneration solution was used to remove CAP analyte from
the immobilized anti-CAP after each analysis. For the first electrode
the average percentage residual activity of the first 45 cycles of
regeneration (3 days) was 97 + 3 (%R.S.D. = 3). After that the resid-
ual activity decreased rapidly. For another modified electrode, the
average percentage residual activity of the first 47 regeneration
cycles (3 days) was 100 +4 (%R.S.D.=4). The loss of activity may
be due to either the loss of antibody from the modified surface or
reduction of the antibody activity. Cyclic voltammetry was used to
test this hypothesis. A cyclic voltammogram of the electrode after
the loss of activity appeared to be as flat as for the electrode blocked
with 1-dodecanethiol to indicate that the modified electrode layer
remained intact. The decrease of the percentage of residual activity
was therefore probably due to the loss of activity of the immobilized
antibody.

The reproducibility of the different electrodes modified with
SATUM/AuNPs/MSA and anti-CAP were tested by comparing
the sensitivity (slope) of the calibration plot of the electrodes
prepared in the same batch. The linear regression equation,
between 5.0 x 10717 and 1.0 x 10-1> M, of the six modified elec-
trodes were AZ/(Q) = (1.14 £ 0.09) x 10'°CAP(M) + (14.2 £ 0.5),
AZ(2) =(1.28 +£0.06) x 10'®CAP(M) + (10.5 £ 0.3), AZY(Q) =
(1.20 £ 0.08) x 10'°CAP(M) + (12.4 £ 0.4), AZY(Q)=(1.17+
0.10) x 10'6CAP(M) + (12.6 = 0.5), AZI(R2)=(1.26+0.11) x
10'®CAP(M) + (10.4+£0.6)  and AZY(Q) = (1.22 £0.09) x
10'®CAP(M) + (9.5 £ 0.5) with r in the range of 0.990-0.997.

The sensitivities of the calibration plot therefore did not differ
significantly among each electrode (P>0.05) to indicate that the
performance of the different electrodes can be reproduced.

3.7. Selectivity

The immunosensor was tested for its selectivity to CAP at
a concentration of 1.0 x 10~ M and the average response was
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Comparison of CAP concentrations in spiked shrimp samples obtained from the label-free immunosensor and HPLC-DAD technique (1.00 ppm=3.09 x 10~6 M) (n=3).

Sample no. Spiked concentrations (ppm)
1.00 1.50 2.00 2.50
HPLC Immunosensor HPLC Immunosensor HPLC Immunosensor HPLC Immunosensor
1 0.97 + 0.01 1.03 + 0.06 1.49 £ 0.01 149 £ 0.11 2.00 + 0.02 2.10 + 0.06 2.52 +£ 0.05 249 + 0.16
2 0.96 + 0.02 1.00 £+ 0.12 1.53 £ 0.04 1.46 + 0.06 2.01 + 0.02 2.10 + 0.16 2.49 + 0.03 2.59 +0.12
3 0.98 + 0.03 0.92 + 0.06 1.53 £ 0.03 1.59 £ 0.12 2.03 + 0.02 1.99 £ 0.14 2.48 + 0.05 248 +0.18
4 0.95 + 0.02 1.04 £ 0.05 1.52 £+ 0.02 1.46 + 0.15 2.04 + 0.01 2.04 £ 0.15 2.49 + 0.02 2.53 + 0.08
5 0.94 + 0.02 1.03 £+ 0.06 1.57 £ 0.03 1.52 £ 0.11 2.06 + 0.05 2.04 + 0.06 2.47 + 0.06 2.51 £ 0.16
6 1.02 £+ 0.01 1.16 £+ 0.06 1.48 £ 0.01 1.44 £ 0.11 2.05 + 0.03 2.04 + 0.06 2.53 + 0.01 2.57 + 0.06

27.3+1.2 Q2 (n=3). Antibiotics with similar structure to CAP, i.e.,
florfenicol, thiamphenicol and chloramphenicol base, and those
that are frequency tested in shrimp, i.e., oxolinic acid and tetra-
cycline were tested at the same concentration as for CAP and at a
100 and 10,000 times higher concentration. All of these antibiotics
provide very low impedance changes (4.4 & 1.3 2) for all concentra-
tions that are much lower than the response at the determination
limit (10.8 2). The responses from these antibiotics also did not
change with concentration. Hence, this system showed very good
selectivity for CAP.

3.8. Matrix interference

Preliminary tests indicated that spiked shrimp sample when
diluted about 10,000 times provided a signal similar to the signal
of the standard solution, i.e., there was no matrix interference at
this dilution. The six shrimp samples, each spiked with 2.5 x 10-19,
5.0 x 10719,12.5 x 10710, 2.5 x 109 and 5.0 x 102 M of CAP were
then tested for the matrix effect after the simple extraction
and 10,000 times dilution (the concentrations were 5.0 x 10~17,
1.0x10716,2.5x 10716, 5.0 x 10-16 and 1.0 x 10~1° M, see Section
2.7). The standard and the spiked sample calibration equations
were obtained between 5.0 x 10~17 and 1.0 x 10~1> M. The slopes
of the standard and spiked samples were compared by two-way
ANOVA. For all six samples, there were no significant differences
(P>0.05) between the two slopes, to indicate that the matrix has no
effect on the responses of the system (Eurachem, 1998). Therefore,
all samples, with a 10,000 times dilution, can be directly analyzed
using the standard calibration plot.

3.9. Real sample analysis

The six samples were analyzed by the label-free impedimet-
ric immunosensor under optimum conditions with a 10,000 times
dilution. The response was used to determine the concentration
of CAP in the shrimp sample from the standard calibration plot
(0.50-10) x 10~16 M and multiplied by the dilution factor. For all
samples, the concentration of chloramphenicol was not deter-
minable because the obtained signals were much lower than the
determination limit.

Although chloramphenicol could not be determined in any
of the samples, the proposed impedimetric system using the
SATUM/AuNPs/MSA modified electrode would be more than suf-
ficient for quantitative analysis of CAP in shrimp at an ultra-trace
level. Since the determination limit of the system is 1.0 x 10716 M
and taking into consideration the simple extraction procedure and
dilution before analysis (see Section 2.7) this corresponded to a
determination limit of 1.6 x 103 g of CAP per kilogram of shrimp
(1.6 ppt). This is still much lower than the MRPL for the analytical
method used for the determination of chloramphenicol set by the
European Communities, i.e., 0.3 pgkg~! (Commission Decision of
13 March, 2003).

Comparing to other reports on conventional method for CAP
detection in shrimp, i.e., ELISA (Shen and Jiang, 2005), HPLC-UV
(Sridl and Cichna-Markl, 2007) and LC-MS-MS (Tittlemier et al.,
2007; Zhang et al., 2008), the proposed system provided the
lower determination limit and only a simple sample preparation is
required, without the use of solvent. As for other biosensors, they
are mostly based on indirect assay, i.e., inhibition (Ferguson et al.,
2005) or competitive assay (Park and Kim, 2006) which required
several steps and have a higher determination limit than this work.
Although the reusability of the electrode for this proposed method
was less than the competitive method of Yuan et al. (2008) the
analysis is much simpler.

3.10. Recovery

To validate the method, recovery was studied from shrimp
samples (2.0g) spiked with 20 L of 5.0x 10719, 12.5x 1010,
2.5x 1072 and 5.0 x 10~ M CAP. These corresponded to 1.6, 4.0,
8.1 and 16.2 ppt of CAP in the shrimp samples. The samples were
then extracted with 10 mL of carrier buffer, centrifuged, desalted
diluted 10,000 times and tested by the impedimetric immunosen-
sor. The percentage of recovery of CAP (analyte) was calculated by
Eq. (5).

(Cy — C3) x 100

Recovery(%) = C
3

(5)
where C; is the determined concentration of the spiked CAP sample,
C, is the concentration of the real sample and C3 is the concentra-
tion of the spiked CAP (Eurachem, 1998).

The recoveries of CAP in the shrimp sample were in the range
of 87-116% with a relative standard deviation of between 1 and
14% (Supplementary data Table S-6). These values were acceptable.
Since for 1 ppb level (3.1 x 10~2 M) the recovery is acceptable if
it was in the range 40-120% with <30% R.S.D. (Taverniers et al.,
2004). Therefore, the range of recoveries and %R.S.D. obtained
by the proposed method are acceptable since the tested concen-
trations were in the ppt range. These results showed that the
developed label-free injection impedimetric immunosensor is suit-
able for small molecule (analyte, CAP) determination in real sample
(shrimp).

3.11. Comparison with HPLC-DAD

To further validate the system, concentrations from spiked sam-
ples obtained from the immunosensor were compared with those
from HPLC-DAD analysis. A preliminary study with HPLC-DAD indi-
cated that it could determine CAP in the range of 1.00-2.50 ppm.
The extractant that had been defatted from each of the six shrimp
samples was spiked with four concentrations within this range
and analyzed. These same samples were then diluted 10,000 times
and analyzed using the impedimetric immunosensor. CAP was
not found by both methods in unspiked samples (Table 2). The
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recoveries from the impedimetric immunosensor and HPLC-DAD
were in the range of 9942 to 1034+ 1% and 9541 to 1054 1%,
respectively. These are within the acceptable range for the ppm
level, i.e., 80-110% for recovery at this level (Thévenot et al., 2001).
Comparison between the two analysis techniques by the Wilcoxon
signed rank test indicated that there was no evidence for any
systematic difference between the results obtained from the two
methods (P> 0.05).

4. Conclusions

The multilayer SATUM/AuNPs/MSA modified electrode is well-
suited for the detection of ultra trace levels of small molecules.
CAP, a small molecule is determinable at very low concentration
of 1.0 x 10716 M, 1.6 ppt. The sample preparation step is simple
and does not require any solvent extraction and preconcentra-
tion steps. One preparation of the electrode can be reused up to
45 analysis cycles and this helps to reduce the cost of analysis.
Other antigen-antibody couples can easily be applied by modify-
ing the electrode with different antibodies. The good performance
of the developed system implied that it would be very useful for
the detection of toxin, and small molecules, present at ultra trace
concentrations.
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A highly sensitive label-free capacitive immunosensor was developed based on layer by layer (LBL) self-
assembled gold nanoparticles (AuNPs) using thiourea (TU) as a cross-linker on a poly-tyramine (Pty)
modified gold electrode. One to five layers at various concentrations of AuNPs were tested. The LBL AuNPs
increased the surface area of the electrode, enabling more antibodies to be immobilized and resulted in
an increase of the sensitivity. Testing for human serum albumin (HSA) by anti-human serum albumin
(anti-HSA) was used as a model. It is shown that there is an optimal concentration and number of AuNPs
layer that can effectively enhance the sensitivity of a label-free capacitive immunosensor system. The
electrode with two layers of 71 nmol1-! AuNPs provided the highest sensitivity, compared to 24 nmol 1!
and 236 nmol 1= AuNPs. It is also shown for the first time the interfacial properties of each layer through
the investigated surface coverage, impedance spectroscopy electrochemical values, and surface morphol-
ogy. The high sensitivity was related to the surface coverage (%) and hence the immobilization yield (%).
In addition, it is presented for the first time the effect of the direction of AuNPs deposition. The face-down
deposition direction of the electrode into AuNPs solution, provided a better sensitivity, lower detection
limit (10-'9 mol1-') and a wider linear range (1.0 x 10719 to 1.0 x 10-'° mol I-!) than the face-up, into the
AuNPs, deposition direction. When this electrode was used to determine the amount of albumin in urine
samples, the results agreed well with those obtained by the conventional clinical methods (P>0.05) and
provided good recovery (%). This method could be applied for the sensitive detection of other analytes
using other affinity binding pairs.
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1. Introduction

Label-free immunosensor combines a specific interaction
between antigen and antibody that rely on the direct detection
of the change in physical properties during the formation of the
immune complex. These changes can be measured by a num-
ber of transducers such as mass sensitive [1], optical [2,3] and
electrochemical [4,5] detectors. Among these techniques electro-
chemical detections generally offer a low cost, highly sensitive
and highly efficient method [6-8]. One of these methods that
has attracted recent interest due to its high sensitivity, simple

* Corresponding author at: Department of Physics, Faculty of Science, Prince of
Songkla University, Hat-Yai, Songkhla, 90112, Thailand. Tel.: +66 74 288753;
fax: +66 74 558849.
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instrumentation, rapid analysis and low cost is the potential step
capacitive technique [3,9-14]. It can directly detect the binding
between antigen and antibody [12,15-17]. The principle of this
capacitive immunosensor is based on measuring the capacitance
change caused by the change of dielectric properties when the
immobilized antibody and the antigen in the sample is formed
on the electrode surface, causing the capacitance to decrease [9].
This technique has been applied to detect many analytes such as
disease markers [3,17,18], residual toxin [12,15,19], total bacte-
ria [20] and viruses [13]. Although the technique can provide a
sensitive detection it still requires further modification for trace
level analysis where low detection limits and high sensitivity are
needed. One way to increase the signal is to increase the sensing ele-
ments by increasing the effective surface area of the electrode using
nanoparticles. Gold nanoparticles (AuNPs) are often used because
they provide a large surface to-volume-ratio, have strong adsorp-
tion ability for protein and good biocompatibility. AuNPs have been
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used to increase the amount of the sensing element [15,21]. Using
AuNPs with the capacitive transducer has provided very low detec-
tion limits in the order of nanograms or even femtograms per
milliliter [10,15].

To further increase the amount of the sensing element addi-
tional layers of AuNPs can be used. This so called layer by layer
(LBL) technique is a versatile and powerful strategy that has fre-
quently been employed [11,22-28]. This technique can increase
the amount of AuNPs attached to the electrode surface resulting
in a larger electrode surface area [28,29] and enables more of the
sensing elements to be immobilized. It can be fabricated via an elec-
trostatic interaction [27,30,31] or via a molecular linker such as a
dithiol [26,28] and cystamine [32]. In this work thiourea (TU), a
low cost and less toxic compound compared to other cross linkers,
was used as the cross linker. The aim of this work was to develop
a highly sensitive label-free capacitive immunosensor based on
layer by layer self-assembled AuNPs using TU as a cross linker on
a poly-tyramine (Pty) modified gold electrode. Anti-human serum
albumin (anti-HSA) and human serum albumin (HSA) were used
as a model of the immunosensing due to its clinical importance.
HSA is widely measured in daily clinical examination in order to
evaluate liver function, severity of disease or hypermetabolic states
[33,34]. This work also investigated the electrochemical proper-
ties and the morphology of the electrode with different layers and
different concentration of AuNPs using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and scanning elec-
tron microscopy (SEM) techniques. The direction of deposition of
the AuNPs was also tested, i.e., with the electrode face-up and
face-down into the AuNPs solution. Finally, the performance of the
capacitive immunosensor system such as its linear range, limit of
detection and real sample analysis were studied.

2. Experimental
2.1. Materials

Polyclonal anti-human serum albumin and human serum albu-
min were obtained from Dako (Glostrup, Denmark), chlorauric acid
(HAuCly) solution and 1-dodecanethiol ethanolic acid were from
Aldrich (Miwaukee, USA), sodium borohydride (NaBH4) was from
Fluka Chemie AG (Buchs, Switzerland), trisodium citrate from Uni-
var (Auckland, New Zealand), tyramine and thiourea were from
Sigma-Aldrich (Steinheim, Germany). All other chemicals were of
analytical grade. All buffers were prepared with deionized water
treated with a reverse osmosis-deionizing system. Before use,
buffers were filtered through a nylon membrane filter (Albet, Spain,
pore size 0.20 wm) with subsequent degassing.

2.2. Gold nanoparticles (AuNPs) synthesis

AuNPs were synthesized followed the procedure reported by
Loyprasert et al. [15]. Briefly, 500 ml of a 2.5mmol 1~ chloroau-
ric acid trihydrate solution and 3.75mmoll-! tri-sodium citrate
solution was prepared in a dark glass bottle. Five milliliter of
1.25moll~! sodium borohydride was rapidly added into the
gold solution under continuous stirring. The solution was stirred
overnight. The prepared AuNPs were then stored at 4 °C for further
use.

The particle size of the AuNPs was measured from transmission
electron microscope images (TEM, JEM-2010, JEOL). The TEM was
operated in a high vacuum mode with a voltage of 200 kV.

2.3. Fabrication of the electrode with layers of gold nanoparticles

A gold electrode (diameter=3.0 mm, 99.99% purity) was pol-
ished by hand using alumina slurries with particle diameters of

5.0, 1.0 and 0.3 pm, respectively. The electrode was then cleaned
by rinsing with distilled water and electrochemically etched by
cyclic voltammetry in 0.5 mol1-1 H,SO4 using a potential from 0.0
to 1.5V versus a Ag/AgCl reference electrode with a scan rate of
0.1Vs~! for 25 scans (Microautolab type III, Methrohm Autolab
B.V., Netherland). The electrode was then dried using pure nitrogen
gas. Pty was then electropolymerized onto the gold electrode from
a 50mmol1-! tyramine monomer solution, dissolved in a mixed
solution of ethanol and phosphate buffer (2.0 mmoll-') pH 7.00
(volume ratio of 3:1), using the potential from 0.0 to 0.8V versus
a Ag/AgCl reference electrode with a scan rate of 0.05Vs~! for 10
scans [15].

The Pty modified electrode was then immersed in 1.0 ml of col-
loidal AuNPs for 4h at 4°C, then removed and rinsed with water.
This will be referred to as the first layer of AuNPs (AuNPs;). The
AuNPs; /Pty modified electrode was then immersed in 2.0 ml of
250 mmoll-! TU, the cross linker, for 24 h at room temperature.
This step will be referred to as the TU; step. These two steps
were repeated to obtain a multilayered electrode (AuNPs,/TU,,_1)
where n is the number of layers (n=1-5). The electrode with differ-
ent numbers of layers and different concentrations of AuNPs were
studied for the conditions that provided the largest surface area,
good electron transfer (see Section 2.5), the largest immobilization
yield (see Section 2.6) and the highest detection sensitivity by the
capacitive system (see Sections 2.7-2.8). The electrodes with dif-
ferent layers of colloidal particles were immobilized with 20 L of
500 wgml~—! anti-HSA and left overnight at 4 °C. Finally, the elec-
trode was immersed in 10 mmol 1-! 1-dodecanethiol ethanolic acid
solution for 20 min to block the remaining pinholes (Scheme 1).

2.4. Effect of AuNPs deposition direction

The deposition of the AuNPs layer was carried out through two
arrangements of the electrode. The “face-up” method where a small
tube containing 1.0 ml of the solution of AuNPs was fitted on top of
the electrode and left to stand for 4h at 4°C. For the “face-down”
method the electrode was immersed in 1.0 ml of the solution of
AuNPs (in a 5ml beaker) for 4h at 4°C. The electrode with the
number of layers of AuNPs that provided the highest sensitivity
(see Section 3.3.2) was employed in this study.

2.5. Surface characterization

2.5.1. Surface coverage

The surface coverage of the electrode with different layers
of AuNPs was determined by cyclic voltammetry in 0.10mol1-!
H,S0,4 using a potential from 0.1 to 1.2V with a scan rate of
100mV s~ versus an Ag/AgCl reference electrode. The surface cov-
erage was evaluated from the area of the reduction peak of the gold
oxide on the different layers of AuNPs modified electrode compared
with a bare gold electrode [21,35,36] by Eq. (1)

Surface coverage (%)= M x 100 (1)
QscE

where Qaunps), and Qpcg are the amount of the surface gold oxide
formed on the electrode modified with AuNPs; and on a bare gold
electrode, respectively.

2.5.2. Scanning electron microscopy

The surface morphology of the electrodes with different layers of
AuNPs was observed by scanning electron microscopy (SEM, JSM-
5800, JEOL, Japan) operated at an accelerating voltage of 20 kV. The
SEM samples were prepared by placing the modified gold electrode
on the carbon tape.
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Scheme 1. Illustration of the fabrication of the multilayered gold nanoparticles electrode: the cleaned gold electrode (GE) with a poly-tyramine film (Pty), gold nanoparticles
(AuNPs) was adsorbed on the electrode via the amine-group of Pty and this was called the AuNPs; layer (a), thiourea (TU) was adsorbed on the AuNPs; layer followed by
the AuNPs and this is AuNPs, layer (b). The two steps of AuNPs and TU adsorption were continued to obtain the multilayered AuNPs electrode (n=5) and the antibody
was immobilized on the AuNPs (anti-HSA) to bind with the antigen (HSA) (c). The layers on the modified gold electrode surface are represented by capacitors in series
where Cipp of aunps/pry IS the capacitance related to the LBL of AuNPs/Pty layer, Cani-nsa is the capacitance related to the human serum albumin antibody layer and Cysa is the
capacitance related to the binding between antigen and immobilized antibody on the modified electrode.

2.5.3. Electrochemical impedance spectroscopy

The electrochemical cell consisted of a working electrode (with
the different layers of AuNPs), a platinum wire auxiliary electrode,
and an Ag/AgCl reference electrode. Electrochemical impedance
spectroscopy was performed with the Autolab PGSTAT30 elec-
trochemical impedance analyzer and potentiostat/galvanostat
(Methrohm Autolab B.V., The Netherlands) in 10 mmoll-! PBS
containing 10 mmol 1! [Fe(CN)g]3~/[Fe(CN)g]*~ (1:1) mixture at a
bias potential of 0.20V. A small alternative voltage of 5mV was
applied with a frequency between 0.1 Hz and 10kHz. The mea-
sured impedance spectra were fitted to an equivalent circuit model
using the Autolab and the Frequency Response Analysis system
software, FRA (version 4.9.004) [37]. The resistance of the electron
transfer between the solution and the electrode surface (Ret), the
resistance of the solution (Rs), the constant phase element (CPE)
and the Warburg element (Zy ) were obtained from their Nyquist
plot.

2.6. Immobilization yield

Using a silver binding protein method [38], the immobilization
yield of the anti-HSA was determined as the difference between
the amount of the anti-HSA in the solution prepared before the
immobilization and the solution collected from the electrode sur-
face after the immobilization. Five-microliter of the anti-HSA
solution was first diluted to 50 wl with distilled water contain-
ing 0.2% of sodium dodecyl sulfate (SDS) and 0.4% of Tween 20.
Then 950 .l of distilled water and 20 pl of 2.5% glutaraldehyde
were added to each sample and mixed with 200 ul of ammo-
niacal silver. After 20 min the reaction was stopped by adding
40l of 30mgml-! sodium thiosulfate solution. Absorbance
was measured at 420nm and this was used to calculate the
concentration from the calibration curve of the standard anti-
body.

2.7. Capacitance measurement

The experimental set-up of the flow injection capacitive
immunosensor system is shown in Fig. 1(a). The modified gold elec-
trode (working electrode), stainless steel tube (auxiliary electrode)
and a custom made Ag/AgCl (reference electrode) were placed in
a custom-made measuring flow cell (10 ul) and they were con-
nected to a potentiostat (Model EA161, EDAQ, New South Wales,
Australia). The capacitance was determined from the obtained
current response when a potential step of 50 mV (pulse width

6.4 ms) was applied to the working electrode. The system can be
represented by a simple RC circuit model and the current-time
response can be expressed by Eq. (2) [9].

u —t
()= —exp | =——— 2
( ) Rs P (Rsctotal) ( )

where i(t) is the current in the circuit as a function of time, u is the
applied pulse potential, Rs is the dynamic resistance of the recog-
nition layer, t is the time elapsed after the potential step is applied,
and Gy is the total capacitance measured at the working elec-
trode/solution interface. Eq. (3) is obtained by taking the logarithm
of Eq. (2).

u t
In(t) =In (—) - 3
( ) Rs Rsctotal ( )
From the linear least-square fitting of Ini(t) versus t, Rs and
Ciotal Was calculated from the intercept and slope of the linear
regression equation, respectively. During the continuous flow of
the running buffer, a baseline capacitance was obtained. When HSA
was injected into the flow system it bound to the immobilized anti-
HSA on the working electrode, and the C;, decreased as described
by Eq. (4) [9]
1 1 1 1
Ctotal CLBL of AuNPs/Pty

Canti-HsA " Cusa “)
where C, is the total capacitance measured at the working elec-
trode/solution interface, Cipp of aunps/pty iS the capacitance of the
modified electrode layer, C,,i-psa is the capacitance of the anti-
HSA layer, and Cysp is the capacitance of the HSA layer. Gy Was
measured every minute and the results were later plotted as a func-
tion of time. The capacitance change (AC) could be determined
(Fig. 1(b)) as

AC = Cpefore binding with HSA — Cafter binding with HSA (5)

The regeneration solution, 300 .l of HCI pH 2.50 [39], was then
injected to break the binding interaction of the immobilized anti-
HSA and HSA. The capacitance then returned to its original baseline,
ready for a new analysis cycles (Fig. 1(b)).

2.8. Determination of the sensitivity

The calibration plot of the capacitance change (per unit area
of the bare electrode surface) with the logarithm of the HSA
concentration was first studied by injecting different concentra-
tions of standard HSA with a subsequent regeneration step to
remove the HSA (Fig. 1). The tested concentrations were 1.0 x 10~16
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Fig. 1. Schematic diagram showing (a) the flow injection capacitive immunosensor system, (b) capacitance response of the immobilized anti-HSA multilayered electrode
as a function of time. The baseline signal of the carrier buffer was first recorded. After HSA was injected, the binding between HSA and immobilized anti-HSA caused the
capacitance to decrease (AC; ). The regeneration solution was then injected to remove HSA from the immobilized anti-HSA. When the signal baseline was recovered a new
analysis cycle was applied. (c) The obtained capacitance changes (—nFcm~2) (AC) were then plotted versus the logarithm of the HSA concentration and the sensitivity was

obtained as the slope of the linear equation.

to 1.0 x 10-19moll-! that represented the linear range of the
HSA detection (obtained from the preliminary study). Each con-
centration of standard HSA was done in three replicates. The
measurements were carried out using the following operation

conditions: regeneration solution HCI pH 2.50, 10 mmoll-!
Tris—-HCI buffer pH 7.00 as the running buffer, sample vol-
ume 300l and flow rate 50 wImin~! [19]. The performance
of the capacitive immunosensor system was determined by the



206 S. Samanman et al. / Electrochimica Acta 80 (2012) 202-212

sensitivity, which is the slope of the calibration plot. A higher sen-
sitivity reflects a more efficient system.

2.9. Determination of HSA in a real sample

Urine samples were obtained from Songklanagarind Hospital,
Hat Yai, Thailand. The samples were analyzed by the flow capacitive
immunosensor system using the electrode with optimal depo-
sition direction of AuNPs (see Section 3.3.3). The results of the
samples were compared with those obtained by the Hospital, an
immunoturbidimetric assay. In brief, the urine sample was added
into the buffer followed by anti-albumin to start the reaction. The
antigen-antibody complexes agglutinated and the turbidity was
measured [40,41].

3. Results and discussion
3.1. AuNPs synthesis

Fig. 2 shows a TEM image of the prepared AuNPs, the size distri-
bution was 7 =2 nm (n=200) (inset). From this size and assuming
complete conversion of the 2.5mmol 1~ chloroauric acid solution
the number of nanoparticles (assuming solid spheres) was calcu-
lated via the mass (197 gmol~1), volume (1 nanoparticle =47r3/3)
and density (19.3gml~1) to be 1.42 x 107 nanoparticles per liter
or 236 nmol -1, Other concentrations of AuNPs were prepared by
diluting the synthesized AuNPs with deionized water.

3.2. Characterization of the electrode consisting of different layers
of gold nanoparticles

3.2.1. Surface coverage (%)

From a preliminary study the surface coverage (%) of 1 layer
of AuNPs was determined for various concentrations of the pre-
pared AuNPs solution (9, 24, 47, 71, 95, 118 and 236nmoll-1),
the 71 nmol 1~ of AuNPs or 0.75 mmol 1-! of the original chloroau-
ric acid solution, provided the highest surface coverage. However,
other reports have used the 0.25mmol ! and 2.5mmoll-! of
chloroauric acid solution for the preparation of AuNPs for the
immobilization of a biorecognition element [10,15]. Therefore,
these three concentrations (0.25, 0.75 and 2.5 mmol 1~1) chloroau-
ric acid solution were chosen for a more detailed study. The amount
of AuNPs of these three concentrations is 24 nmoll-1, 71 nmol 1-!
and 236nmoll-1, respectively. The surface coverage of the elec-
trode with different layers of AuNPs was determined from the cyclic
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Fig. 2. An example of a TEM image of gold nanoparticles. The histogram in the inset
shows the characteristic particle size distribution. The mean diameter is 7 +2 nm
(n=200).

voltammograms (Fig. 3(a)). The effective surface area increased
with the number of AuNPs layer up to two layers (AuNPs;) then
decreased (Fig. 3(b)). The decrease of the surface area (n>2) is
possibly because more and more particles were adsorbed on the
surface and they came into contact with each other. Therefore, the
total surface area from the curvature surface of separated individ-
ual nanoparticles decreased. These results corresponded well to
the report by Zhang and Srinivasan that when the number of layers
increased the aggregation of the particles became more and more
pronounced [27].

Comparing the amount of the three AuNPs concentrations, the
71 nmol1-1 of AuNPs provided the highest surface coverage. At a
lower concentration a lower surface area was caused by a lower

160, ®
I .
3 140
< P toe
<
S 1201 o
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=
151 # ®
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‘g ¢24 nmol I'' AuNPs
@ 80 1 m71 nmolI'' AuNPs
@236 nmol I'' AuNPs
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0 1 2 3 4 5 6
Number of AuNPs layers

Fig. 3. Example of (a) cyclic voltammograms of a bare gold electrode (solid line) compared with the electrode modified with AuNPss (dash line) performed in 0.1 mol1-!
H,S04 solution at a scan rate of 100 mV s~! versus with a Ag/AgCl reference electrode. The voltage range was 0.10-1.50V, Q(aunps)s and Qgce are the amount of electric charge
exchanged during the oxygen electroadsorption on the electrode modified with AuNPss and on a bare gold electrode, respectively, (b) the surface coverage (%) versus the

number of AuNPs layers with different concentrations of gold nanoparticles.
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amount of AuNPs and at a higher concentration a lower surface area
was probably caused by too many nanoparticles were adsorbed,
leading to a reduction of the total surface area as described above.
The results are in line with the study made by Dawan et al. on Ag
nanoparticles [10].

3.2.2. Surface morphology

The surface morphology of different layer of AuNPs was investi-
gated using scanning electron microscopy. Fig. 4(a) and (b) shows
an example of the SEM images of the bare gold electrode and Pty
modified gold electrode, respectively. The Pty surface provided a
rougher surface than the bare gold electrode. Examples of the SEM
images of the surfaces after deposition of AuNPs;,/TU,,_; are shown
in Fig. 4(c)-(k). When AuNPs were assembled onto the Pty surface
via the binding of the —NH, group to AuNPs, the distribution of
AuNPs of this first layer were rather scattered (AuNPs; ) (Fig. 4(c)).
When it was exposed to the TU solution, a tightly organized packed
layer was formed (Fig. 4(d)). Denser AuNPs were obtained after the
formation of the second layer of AuNPs (AuNPs,) (on TU; layer)
(Fig. 4(e)). This denser layer of AuNPs provided a larger surface
area. Electrodes with more than two layers of AuNPs showed large
clusters (Fig. 4(g), (i) and (k)) clearly indicated the closely packed
particles. For the other two concentrations of AuNPs (24 nmol 1!
and 236 nmol1-1), the SEM images of the different layers showed a
similar trend, i.e., large clusters of the closely packed colloidal par-
ticles were observed after two layers of AuNPs. In the case of the
higher concentration of AuNPs (236 nmol1-1) larger clusters were
observed. These closely packed particles leveled out the curvature
of the individual nanoparticles adsorbed on the surface, hence, less
surface area.

3.2.3. Electrochemical impedance spectroscopy characterization

The fitting in terms of the magnitude and phase of impedance
were compared between the simulation based on the theoretical
circuit model and experimental results obtained on the modified
electrode. The equivalent circuit model with a double layer capac-
itor (Cq;) did not provide a good fitting to the experimental data
(Fig. 5(a)). An improved fitting was by using a constant phase ele-
ment (CPE) in place of Cy; (Fig. 5(b)). A CPE generates the impedance
that can be expressed by Zcpg(w)=Zg(jw)™™ where 0<n<1,j is the
imaginary number, Zj is a constant, and o the angular frequency
[8]. From all the fittings, the obtained n values were between 0.84
and 0.93 demonstrated a deviation from an ideal capacitor (n=1).
The obtained errors of the n value originated from the difference
between the simulated and the experimental results were only
0.3-0.8%, indicating the good fitting. Hence, the equivalent circuit
model with the CPE was used throughout the study.

Fig. 6(a) shows the impedance spectrum of the bare gold elec-
trode with a very small semicircle, i.e., a very low electron transfer
resistance, and a linear part that indicated a diffusion limiting pro-
cess. An example of the impedance spectra of the electrode with
different modification layers of 71nmoll~! AuNPs is shown in
Fig. 6(b). Fig. 6(c) is the zoom in the impedance spectra (within
the rectangle of Fig. 6(b)) from the TU; layer to the AuNPs5 layer.
The EIS values were obtained by fitting the impedance data of one
electrode, with three scans, using the Randles’ equivalent circuit for
bare gold electrode (Fig. 6(a) inset), the equivalent circuit of Fig. 6(b)
(inset) for the Pty layer and the equivalent circuit of Fig. 6(c) (inset)
for TU; to AuNPs5 layer. The Re; values of these surfaces are shown
in Fig. 6(d). The bare gold electrode gave a very low Rer because
of the good electron transfer. The Pty film modified gold electrode
formed a non-conducting layer on the surface and this acted as the
electron transfer barrier, thus, the large increase of the Re;. When
AuNPs were attached to the Pty films (AuNPs; ), the Rer decreased,
implying that the AuNPs play a similar role to a conducting layer,
which makes it easier for the electron transfer to take place. The Ret

» ’.“- ‘-'vl:-u

(k) AuNPs,

Fig. 4. An example of the SEM images of electrode surfaces modified with
71nmoll~" of AuNPs and thiourea on a Pty modified gold electrode (a) the bare
gold electrode, (b) Pty, (c) AuNPsy, (d) TUy, (e) AuNPs;, (f) TUs, (g) AuNPs3, (h) TUs,
(i) AuNPsy4, (j) TU4 and (k) AuNPss.
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Fig. 5. An example of the fittings in terms of the magnitude and phase of impedance, compared between the simulation based on the equivalent circuit model (inset) of the
electrochemical interface and the measured values from the modified electrode: Re, the resistance of the electron transfer; R, the resistance of the solution; Cy;, the double
layer capacitance; CPE, the constant phase element and Zy, Warburg element. The different between (a) and (b) is the capacitance component. From the fitting, the obtained
n value was 0.84 demonstrated a deviation from an ideal capacitor (n=1). The obtained error of the n value originated from the difference between the simulated and the

experimental result at (b) was only 0.8%.

value increased again after the TU layer was formed on the AuNPs;
because of the tightly packed TU; insulated surface. The diameter
of the semicircle decreased again after the introduction of AuNPs;
on the TU; surface because the redox reaction of the redox probe
occurred far more rapidly on the AuNPs, surface than the insulating
TU; surface, resulting in a decrease of the Ret values. These behav-
iors were repeated with an additional layer, i.e., the Ret increased
when the surface was terminated with the TU and decreased when
the surface was terminated with the metal nanoparticles. How-
ever, after the second layer the Re: values showed little change.
These results corresponded very well to the results of the surface
coverage (%) (Fig. 3(b)).

For the Rs value, the resistance of the solution, there should be no
change with the modified surface. The results in Fig. 6(e) confirmed
this, i.e., the R values were not significantly difference.

Fig. 6(f) shows that the capacitance, CPE, decreased from the
bare gold electrode to the Pty surface. This is due to the insulating
nature of the Pty. The increase in the thickness by an insulated layer
can be described as an addition of a capacitor in series, hence the
total capacitance decreased. After the AuNPs; layer was assembled
on to the Pty surface the CPE increases because the AuNPs pro-
vided a good electron transfer layer [9,42,43]. The interface can
then be considered to be an array of capacitors in parallel [43],
hence the total capacitance increased. When the TU was formed
on the AuNPsq layer another insulated layer was formed and again
the CPE value decreased. That is, the CPE increased when the sur-
face was terminated with the conducting metal nanoparticles and
decreased when the surface was terminated with the insulated TU.
The CPE value increased with the number of AuNPs layers up to
two layers (AuNPs;) then decreased. The highest capacitance at
the second AuNPs layer correlated well to its highest surface area
(Cxarea).

3.3. Capacitive immunosensor system

3.3.1. Electrochemical characterization of immobilization

Cyclic voltammetry was used to test the immobilization step by
evaluating the electron transfer kinetics of [Fe(CN)g]4~/3>~ on the
modified electrode in the electrolyte solution. Fig. 7 is an example
of the electrode with two layers of 71 nmol1~! AuNPs. The voltam-
mogram of a clean gold electrode presented large oxidation and
reduction peaks (Fig. 7(a) inset), which decreased when the Pty

Table 1

Effect of the number of layers of AuNPs on the sensitivities (slope of the calibra-
tion plot) and the immobilization yield of anti-HSA with different concentrations of
AuNPs using the face-up deposition direction method.

The number of layers of AuNPs  Sensitivities (—nFcm~2 log(mol1-1)-1)

24nmol 1! 71 nmol 1! 236 nmol 1!

1 3.51 +0.14 5.64 + 0.23 2.87 +0.12
2 5.05 + 0.15 7.08 + 0.26 4.77 £ 0.21
3 5.12 +£ 0.26 6.79 + 0.18 339 +0.16
4 4.04 + 0.21 5.82 4+ 0.18 2.64 + 0.10
5 2.60 + 0.25 4.83 + 0.20 1.95 £ 0.12

Immobilization yield (%)

24 nmol 1-! 71 nmol1-! 236 nmol -1
1 72.1 +£0.9,73.3+04 81.3 + 0.6,80.9+0.6 64.7 + 0.5,64.0+0.2
2 84.3 + 0.7,85.0+0.6 89.7 +£ 0.5,90.2+0.5 79.1 £0.1,79.9+0.7
3 80.0 + 0.6,81.44+0.3 85.2 +0.4,854+0.6 66.0 + 0.6,65.4+1.1
4 76.4 + 0.4,76.8+0.6 83.9 + 0.4, 82.1+0.1 58.7 £ 0.3,58.1+0.4
5 62.8 +£0.2,64.7+0.5 79.8 +£0.7,79.1+£0.9 55.5 + 0.6,54.5+0.9

a 2 electrodes.

film was added, hence, the ability to transfer electrons was reduced
(Fig. 7(b)). The redox peaks increased when the first layer of AuNPs
was assembled to the Pty surface due to the better transfer of the
electrons of the metal nanoparticles (Fig. 7(c)) then decreased when
the first layer of TU was formed (Fig. 7(d)). The increase of the
redox peaks was observed again after adding the second layers of
AuNPs (Fig. 7(e)), much higher than after the first layer. This corre-
sponded well with the lower Ret in Fig. 7(d). The redox peaks then
decreased when the anti-HSA was immobilized (Fig. 7(f)). For the
last step using the 1-dodecanethiol ethanolic solution the redox
peaks completely disappeared (Fig. 7(g)) indicating total insulation
which is the necessary condition for the non-Faradaic detection of
the employed capacitive system [14].

3.3.2. Effect of the number of layers of gold nanoparticles

The performance of the label-free capacitive immunosensor sys-
tem was determined from the sensitivity, which is the slope of
the linear calibration plot between 1 x 10-'6 and 1 x 10-19 molI-1.
The electrode with two layers provided the highest sensitivities
(Table 1). The decreased in the sensitivity is related to the sur-
face coverage. The electrode with one layer of AuNPs provided a



S. Samanman et al. / Electrochimica Acta 80 (2012) 202-212

(@)

600 CPE
R, l °
400 Ra 2o ’
g " a
N ° >
200 L Bare gold electrode
DDDDDM”
0 T T T 1
0 200 400 600 800
(b) 7’1Q
7000 -
6000 - Co T
e U
5000 A ‘e . N
CLTU
2 4000 .: i, a44%4* AuNPs, .
N 3000 3 pE
- TUZ M/J_‘
AuNPs; Ry
0 T T T r 1
(1} 5000 10000 15000 20000 25000
7°/Q
(©
2500 - )
X . TU,
2000 - P o
G 1500 o AUNPSZ
N e, T TU,
10001 % < e Te s
xx';o © e sty 0:x’zsnxxxxx"x CPE
et B ® e “AuNPs; R |
500 - x'%c ig%o& TU, o
b & AUNPs,
AuNPs; e
0 : . ; : : — .
0 1000 2000 3000 4000 5000 6000 7000 8000

710

(d)

209

Pty —<&— 24 nmol I'' AuNPs
25000 A «+fx++ 71 nmol I AuNPs
TU] --0--- 236 nmol I'' AuNPs
20000 A
15000 A
10000 A
TU,
5000 A
Wl 8 S \g AuNPs,
Bare AuNPs; AuNPs,
0 4 T T T T T T T T T T ]
Modification layer
()
130 1 —&— 24 nmol I AuNPs
=+Ax=+ 71 nmol I'' AuNPs
120 A --o--- 236 nmol I'' AuNPs
] TU
e 110 1 TU,
o
100 A
90 4 Bare ! AuNPs, AuNPs, AuNPs;
AuNPs;
80 — T T T T T T
Modification layer
(f) —&— 24 nmol I AuNPs
8.0 7 Bare AuNPs, «+fv++ 71 nmol I'' AuNPs
Y ----- 236 nmol I'' AuNPs
70 AuNPs,;
i £ AuNPs;  AuNPs
6.0 : ) uﬁ. * AuNPs;
= 5.0 1 o
=
=40 A
Q
3.0 1
2.0 A
TU, TU
1.0 - Pty 3 TU,
0.0 T T T T T T T T T T "
Modification layer

Fig. 6. (a) Example of an EIS spectra of bare gold electron with the equivalent circuits applied to fit the Nyquist plot that included a semicircle part and a linear part (inset), (b)
the EIS spectra of the different layer of 71 nmol I-! AuNPs with the equivalent circuits applied to fit the Nyquist plot that has only the semicircle part (Pty), Rs, the resistance
of the solution; Zw, the Warburg impedance; Ret, the resistance of the electron transfer between the solution and the electrode surface; CPE, the capacitance of the double
layer, (c) EIS spectra of TU, to AuNPs (zoom out from inset Fig. 5(b)) obtained in the 10 mmol 1-! Fe(CN)s3~/4~ solution containing 0.1 mol1-! KCI. EIS values of the electrode
with different layers and different concentrations of AuNPs, (d) Re values, (e) Rs values and (f) CPE values of one electrode with three scans (n=3).

lower sensitivity than the two layers because of the reduced sur-
face area due to the presence of fewer nanoparticles, hence, less
antibody was immobilized. The electrodes with more than two lay-
ers also provided a lower sensitivity because of a lower surface
area, however, in this case it was caused by too many nanoparti-
cles became closely packed and, hence, there was a reduced surface
enhancement caused by the reduction of the curvature from indi-
vidual particles. The smaller surface area also increased the steric
hindrance of immobilized anti-HSA [30]. To confirm the above rea-
soning, immobilization yields of the anti-HSA on the electrode
with different layers of AuNPs in the face-up arrangement of the

electrode were tested for 2 electrodes and 3 replications per elec-
trode. The electrode with two layers bound the largest amount of
antibody and this corresponded to the highest sensitivity (Table 1).
For the electrode with different concentrations of AuNPs, the high-
est immobilization yield was provided by the 71 nmoll~! AuNPs
followed by 24nmoll-! AuNPs and 236 nmoll-! AuNPs. This is
also related to the surface coverage. It can be concluded that a
larger surface area enabled a larger amount of sensing element
to be immobilized. From the results the electrode with two layers
[AuNPs], was chosen for further testing the effect of the direction
of deposition of the AuNPs.
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Fig. 7. Cyclic voltammograms of a 71 nmol 1-' AuNPs modified electrode obtained
in 10mmol 1! Fe(CN)g*~/3~ solution, (a) bare gold, (b) Pty electropolymerized gold
electrode, (c) AuNPs; layer adsorbed on the —NH, group of Pty, (d) TUy, (e) AuNPs;
layer, (f) anti-HSA modified on AuNPs;/(TU/AuNPs); /Pty modified gold electrode,
and (g) after 1-dodecanethiol treatment.

3.3.3. Effect of the deposition direction of the AuNPs

The electrode with two layers of AuNPs was then tested to
obtain the best direction for deposition of the colloidal nanoparti-
cles. An example of the comparison of the response of immobilized
anti-HSA with two layers of 71 nmoll-! AuNPs through the two
arrangements of the electrode is shown in Fig. 8. The face-
down arrangement provided a higher sensitivity than the face-up
arrangement of the electrode. From the SEM images (Fig. 8 inset)
the face-down arrangement provided a smaller size clusters than
the face-up arrangement of the electrode. As indicated earlier
(Section 3.2.2) smaller clusters of the AuNPs resulted in a larger
total surface area from the curvature of separated individual parti-
cles, i.e., larger area for antibody immobilization, hence, the better
responses.

Table 2 summarizes the performance of the capacitive
immunosensor system with various concentrations of the two lay-
ered AuNPs. With the face-down arrangement of the electrode, all
concentrations of AuNPs provided a better immobilization yield
and sensitivity, a wider linear range and lower detection limit
than the face-up arrangement. Between the three concentrations
of AuNPs, the 71 nmoll~! AuNPs provided the highest sensitivity,
1.2 times higher than for the 24 nmol1-! and 1.3 times higher than
the 236 nmol1-!. The reasons were as described earlier in Section
3.3.2.

3.4. Determination of HSA in real samples

Six urine samples were obtained from Songklanagarind Hos-
pital, Hat Yai, Thailand. When testing with real samples matrix

Table 2

Fig. 8. Comparison of the responses of the anti-HSA modified electrode made with
two layers of 71 nmol1~! AuNPs on the electrode in either the “face-down” (®) and
“face-up” (O). The SEM images and figures inset were presented after the AuNPs;
was deposited on the electrode in either the “face-down” (a) and “face-up” (b). The
limit of detection (LOD) was determined by following IUPAC recommendation 1994
where the limit of detection is taken as the concentration of an analyte at the point
of intersection of the extrapolated linear range and final low concentration level
segments of the calibration plot [51].

Table 3

Results of determination of the HSA concentration in urine samples analyzed by the
capacitive immunosensor, using an electrode with two layers of 71 nmol1-! AuNPs
and the face-down deposition direction compared to an immunoturbidimetric assay
used by the hospital analysis [40,41].

Urine Capacitive immunosensor Immunoturbidimetric
samples (mgl-1)? assay (mgl-1)

1 384 +1.1 38.5

2 27.7 £ 0.5 271

3 69+24 7.2

4 420 + 24 42.6

5 71+ 04 6.9

6 9.7 +1.2 9.6

2 3 replications.

interference generally occurs. One way to reduce the effect of the
matrix is by dilution, however, the amount of analyte would also
be reduced. Since the detection limit of this system is very low this
should not be a problem. From some of our previous work a dilu-
tion factor of between 108 and 107 times was generally required to
eliminate interference from other substances in the sample matrix
[10,39]. Therefore, a 108 times dilution was applied. Since nor-
mal urine albumin excretion is <20 wgml~! or 3.0 x 107 mol 1!
(molecular weight of HSA=68,000gmol-1) [36,39] after a 106
times dilution, the concentration would be 3.0 x 1013 mol1-1.
Therefore, a calibration curve was prepared between 1.0 x 1013
and 1.0 x 10-12 moll-1. The diluted urine samples were injected

Effect of the direction of AuNPs deposition on the performance of the capacitive immunosensor system with various concentration of AuNPs by immobilization of anti-HSA
through AuNPs; on a Pty modified gold electrode (y is the capacitance change in —nFcm~2 and x is the concentration of HSA in log mol1-').

AuNPs concentration Deposition Sensitivities (—nF cm—2 Immobilization yield (%) Linear range (moll-1) Limit of detection
(nmolI-1) direction log(mol1-1)-1) (moll-1)
24 Face-down 7.69 £ 0.19 92.74+0.1,91.6 £0.1 1079 to 1010 1019
Face-up 5.07 £ 0.15 84.1+0.2,86.6 £0.4 10-'8 to 1010 1018
712 Face-down-1 9.36 + 0.30 96.3+0.2,96.2+0.3 10 to 1010 10°1°
Face-down-2 9.78 + 0.30 - 10-"9 to 1010 1019
Face-up-1 7.88 £ 0.60 93.24+0.1,91.3+£0.1 108 to 1010 1018
Face-up-2 7.52+0.30 - 108 to 1010 1018
236 Face-down 723 £0.24 89.74+0.5,90.2+0.5 109 to 1010 10-19
Face-up 4.10 £ 0.15 76.4+04,73.3+£04 108 to 1010 1018

a 2 electrodes per deposition direction.
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Table 4
Recoveries in spiked urine sample with 10° times dilution factor (mean +SD, n=3).
Unfortified sample Spiked Determined Parameters
concentration () concentration (Cs) concentration (C;)
(x10~7 moll-1) (x10-7 moll-1) (x10~7 moll-1)
% Recovery % RSD
143+0.18 1.0 2.40 + 0.05 97 +5 6
3.0 4.50 £+ 0.06 102 £ 2 2
5.0 6.37 + 0.20 99 + 4 4
7.0 8.35 + 0.26 99 + 4 4
9.0 10.58 + 0.37 102 + 4 4
Table 5
Properties comparison of this current study and other biosensor methods.
Detection methods Modified electrode Linear range (mgl-') Detection limit (mgl-1) References
DPV AuNPs-Ab/PVA/SPCE 2.5-200 2.5x1072 [46]
QCM Ab/GA/ED/quartz crystal 16.0-128 - [47]
SPR CB/PEG/gold 10.0-1.0 4 [48]
EIS Ab/GA/Si-p/SiO[Si3Ny 6.8x10°6t06.8 6.8x 1077 [49]
Capacitive Ab/GA/Pty/gold 1.8x1073to 368 x 103 1.6x1073 [50]
Capacitive Ab/GA/PoPD/gold 6.8x 1077 t0 6.8 x 102 54 %1077 [39]
Capacitive Ab/AgNPs/TU/gold 6.8x10"" t0 6.8 x 1073 6.8x 1011 [10]
Capacitive Ab/AuNPs/TU/gold 6.8x107" t0 6.8 x 103 6.8 x 101 [10]
Capacitive Ab/[AuNPs],/Pty/gold 6.8x107"2t06.8x 1073 6.8 x 10712 This work

DPV: differential pulse voltammetry, Ab: antibody, PVA; polyvinyl alcohol, SPCE: screen-printed carbon electrode, QCM: quartz crystal microbalance, GA: glutaraldehyde, ED:
ethylene diamine, SPR: surface plasmon resonance, CB: cibacron blue, PEG: poly ethylene glycon, EIS: electrochemical impedance spectroscopy, Pty: poly tyramine, PoPD:
poly-o-phenylenediamine, AgNPs: silver nanoparticles, TU: thiourea, AuNPs: gold nanoparticles.

into the capacitive system. The responses were used to obtain the
concentrations from the calibration plot. The results obtained from
the capacitive immunosensor and the results from the hospital
analysis (Table 3) were compared by the Wilcoxon signed rank test.
There is no evidence for systematic differences between the results
obtained from the two methods (P> 0.05). That is, the concentra-
tions determined by the capacitive immunosensor system are in
good agreement to the normal hospital analysis.

To further validate the capacitive immunosensor, a percentage
recovery test was studied by spiking different concentrations of
standard HSA into urine sample (1.0 x 10~7 to 9.0 x 10~7 mol1-1)
to obtain the final concentration range after dilution (10 times)
between 1.0x 1013 and 9.0 x 10-¥moll-!. Then the spiked
sample was analyzed by the capacitive immunosensor. The per-
centage of recovery was calculated by Eq. (6).

(€1 -G)

Recovery (%)= [ C
3

} « 100 6)
where Cq =concentration determined in fortified (or spiked) sam-
ple, C;=concentration determined in unfortified sample and
C3 =concentration of fortification [44]. C, was calculated based
on a standard calibration curve done prior to the test. The signal
obtained from the unfortified urine sample after diluted 10° times
was then used to calculate the concentration of HSA from the stan-
dard calibration equation. The obtained concentration was then
multiplied by 108. The concentration of HSA in the urine sample
was (1.43 +0.18) x 10~7 mol1-1. Recoveries of the spiked five albu-
min concentrations were between 97 and 102% with RSD =2-6%
(Table 4). Since the acceptable recovery in an analytical analysis
in the x10~7 moll-! level is 80-110% and RSD is 15-22% [45], the
recoveries for all spiked concentrations of HSA in the urine sample
are acceptable.

In this work selectivity of the system to detect HSA was not
tested since it has been shown in a previous work of our group that
the anti-HSA provided good selectivity to HSA [39].

Table 5 summarizes the detection limit and the linear range
obtained by this work and previously reported methods. In
comparison with some other detection methods for albumin,

such as differential pulse voltammetry (DPV) [46], quartz crystal
microbalance (QCM) [47], surface plasmon resonance (SPR) [48],
electrochemical impedance spectroscopy (EIS) [49] and capacitive
[10,39,50], our transducer with the proposed immobilization step
provided lower detection limit and wider linear range in the very
low concentration area.

4. Conclusions

The sensitivity of a label-free capacitive immunosensor can be
improved by the LBL technique due to the increase of the amount
of assembled gold nanoparticles that results in an increase of
the effective surface area for the immobilized sensing elements.
The electrode with two layers of 71 nmol1~! AuNPs provided the
highest sensitivity and this was related to the highest surface cov-
erage (%) and hence the immobilization yield (%). A face-down
arrangement of the electrode for the deposited AuNPs provided
a better sensitivity, a wider linear range and a lower detection
limit (10~ mol1-!) than the face-up arrangement (10-18 mol1-1)
of the electrode because the self-assembled AuNPs were not as
closely packed. The electrode with one layer had a lower sensi-
tivity because of a lower surface area. The electrode with more
than two layers provided a lower sensitivity because of there was
less surface area. This was caused by too many adsorbed AuNPs
became very closely packed, reducing the surface area due to the
curvature of individual particle. The high sensitivity (9.36 +0.30,
9.78 £0.30 —-nFcm2logmol1-1)~! and extremely low detection
limit (10~ moll-1) demonstrated that the system could easily
determine the analyte at ultra trace level. The effect of any matrix
interferences was eliminated by simply diluting the sample. This
method was tested for its ability to detect HSA in urine samples.
The concentrations determined by the capacitive immunosensor
system were in good agreement with the immunoturbidimetric
assay used by the hospital (P>0.05). This work also determined
the characteristic properties of the AuNPs modified electrodes
based on the LBL technique. This information can be useful for
other electrochemical technique detection. This method could cer-
tainly be applied for the sensitive detection of other analytes using
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other affinity binding pairs such as in genosensors to detect target
DNA:s.
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