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Non-specific binding (NSB) of high-molecular-weight proteins onto electrode surfaces can complicate
the application of electroanalytical techniques to clinical and environmental research, particularly in
biosensor applications. We present herein various strategies to modify the surface of reticulated vitreous
carbon (RVC) electrodes to suppress non-specific binding of biomolecules onto its surface. Non-specific
binding and specific binding (SB) of two enzyme conjugates, neutravidin-alkaline phosphatase (NA-ALP)
and biotinylated alkaline phosphatase (B-ALP), and also neutravidin itself, were studied using hydro-
quinone diphosphate (HQDP) as an enzyme substrate for ALP inside the pores of RVC electrodes that had
been subjected to various modification schemes. The extent of NSB and SB of these biomolecules inside
RVC pores was assessed by measuring the initial rate of generation of an electroactive product, hydro-
quinone (HQ), of the enzyme-catalyzed reaction, using linear scan voltammetry (LSV) for HQ detection.
Electrodes functionalized with phenylacetic acid and poly(ethylene glycol) (PEG) showed low NSB and
high SB (when biotin capture ligands were included in the modification scheme) in comparison with
unmodified electrodes and RVC electrodes modified in other ways. A simple sandwich bioassay for neu-
travidin was performed on the RVC electrode with the lowest NSB. A concentration detection limit of
52+2ngmL-! and an absolute detection limit of 5.2 4+ 0.2 ng were achieved for neutravidin when this
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assay was performed using a 100 p.L sample size.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Non-specific binding (NSB) of proteins onto sensor surfaces is
a well-known problem which can lead to false positive or nega-
tive results. Many useful biosensor applications are affected by NSB
signals. For example analyte measurements in whole blood, blood
plasma, or serum are often affected by NSB of serum proteins on
the sensor surface [1,2], and NSB of immunoglobulins onto sensor
surfaces greatly influences the specific antibody-antigen binding
kinetics [3-5]. In nucleic acid bioassays suppression of NSB of DNA
onto sensor surfaces is essential for achieving sequence-specific
DNA detection [6-8]. Minimizing NSB of molecules to maintain a
measurable and minimal signal-to-noise ratio in a sensor is there-
fore one of the most important goals in sensor technology.

Protein adsorption onto solid surfaces is influenced by the phys-
ical and chemical characteristics of the surface as well as the
sample under test. Many chemical and biological molecules tend
to adsorb on surfaces through hydrophobic and/or charge inter-
actions [9-11]. The rate and extent of protein adsorption onto
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a sensor surface can be altered by changing the surface chem-
istry of the sensor, modifying protein concentration and also
varying ionic strength, pH and temperature of buffer solutions
under test. One common way of blocking protein adsorption is
through the use of commercially available blocking buffers such as
Superblock RTM, sea block buffer, blocker casein, fish skin gelatin,
and bovine serum albumin (BSA). These blocking buffers create sur-
face functional groups which minimize the unwanted adsorption
of proteins. For example, a commonly used method for reducing
NSB in tests like ELISA is through the use of milk protein or BSA
[12-15]. A concentration of 2-5% of BSA protein in solutions to
be analyzed is often good enough to block NSB of many analyti-
cally important target molecules. Another common approach for
reducing NSB is to chemically functionalize a sensor surface, for
example by grafting polymers onto the sensor surface [16-18].
Sensor surfaces modified with polyethylene glycol films and with
hydrogel networks such as poly(methyl methacrylate) (PMMA),
poly(hydroxyethyl acrylate), carboxymethylated-dextran, cross-
linked cellulose and polyethyleneimine show an ability to block
protein adsorption [19-23]. Surface modification with highly nega-
tively charged molecules such as poly(acrylic acid) and carboxylate
dendrimers has also been used to suppress NSB of negatively
charged proteins and DNA [24,25].
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Scheme 1. Neutravidin bioassay on RVC electrode modified with phenylacetic acid and PEG.

In this work we present and discuss various strategies for
modifying reticulated vitreous carbon (RVC) electrode surfaces to
suppress non-specific binding while also promoting specific bind-
ing of proteins, particularly neutravidin. One advantage of using
RVC in bioassays is that RVC provides a high surface area per vol-
ume of analyte solution, which facilitates better analyte capture via
surface-bound bioaffinity agents. Another advantage is that RVC
provides a low resistance to fluid flow which facilitates surface
washing steps which are nearly always required in bioassays. Use
of RVC also prevents diffusive losses of redox-active analytes or
redox-active molecules generated via labeling [26-30]. This latter
attribute can allow for accumulation of redox-active species in a
confined space, thereby improving detection limits for analyses
that involve detection of redox-active molecules. But, like glassy
carbon, the surface of RVC is hydrophobic which tends to pro-
mote protein adsorption. Therefore to accomplish bioassays with
RVC, it is necessary to modify the surface of RVC in such a way
that it will reduce or prevent non-specific binding but at the same
time facilitate specific binding of analyte molecules onto the sur-
face.

Nine different RVC electrode modification schemes were tested
in this work to assess their relative properties for suppressing
NSB. Some of the modification schemes included surface grafting
of biotin groups to also allow for specific binding of avidin-
containing molecules. These electrodes were then subjected to
adsorption of neutravidin (NA), neutravidin-conjugated alkaline
phosphatase (NA-ALP) and biotin-conjugated alkaline phosphatase
(B-ALP), to test the extent of non-specific and specific bind-
ing. For cases involving ALP, the amount of ALP bound onto the
RVC surface was assessed by measuring the initial rate of con-
version of hydroquinone diphosphate (HQDP, an ALP enzyme
substrate) into hydroquinone (HQ) by surface-bound enzyme.
The initial rate was determined from analysis of multiple lin-
ear scan voltammograms obtained following exposure of the
electrode to a solution of HQDP. Since the initial rate of HQ gen-
erated is directly proportional to the amount of enzyme present,
it is possible to compare non-specific and specific binding of
ALP-containing molecules onto RVC surfaces by measuring the
initial rate of HQ production. The modified RVC electrode with
lowest non-specific binding was then used as a platform for
a neutravidin sandwich bioassay, using biotinylated ALP as an
enzyme label to detect captured neutravidin. A schematic repre-
sentation of this neutravidin sandwich bioassay is illustrated in
Scheme 1.

2. Experimental
2.1. Materials, chemicals and instruments

Reticulated vitreous carbon (RVC, 100ppi) foam used for
making electrodes was purchased from ERG Materials and
Aerospace Corp. Oakland, CA. All chemicals were used as
received from the manufacturer, unless otherwise mentioned.
Bovine serum albumin (BSA), biotinylated bovine serum albumin
(B-BSA), neutravidin (NA), biotin-conjugated alkaline phos-
phatase (B-ALP), neutravidin-conjugated alkaline phosphatase
(NA-ALP), biotinyl-3,6-dioxaoctanediamine (biotin-PEO-amine,
M.W. 374.50), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Pierce Biotechnology. Hydroquinone (HQ), potas-
sium ferricyanide and ruthenium hexamine trichloride were
obtained from VWR and poly(acrylic acid sodium salt) (PAA,
M.W. ~50,000Da) and poly(allylamine hydrochloride) (PAH,
M.W. ~70,000 Da) were obtained from Aldrich. Amine-terminated
polyethylene glycol (PEG-amine, M.\W. ~5000Da) was obtained
from Nektar Therapeutics (previously Shearwater Corp). Water was
purified using a Millipore MilliQ Ultrapure Water Purification Sys-
tem. Reaction buffer (pH 8) consisted of 200 mM Tris, 150 mM NaCl
and 10 mM MgCl,. MES buffer (pH 6) was prepared by dissolv-
ing 50 mM of 2-(N-morpholino)ethanesulfonic acid and 500 mM
NaCl. All electrochemical experiments were performed using a
CH Instruments Inc. model CHI 660A electrochemical worksta-
tion with aqueous Ag/AgCl as a reference electrode and Pt wire
mesh as a counter electrode unless otherwise mentioned. 4-amino
phenylacetic acid diazonium tetrafluoroborate salt was synthe-
sized according to a published procedure [31]. Hydroquinone
diphosphate (HQDP) was also synthesized by modifying two pub-
lished procedure [32,33].

The pipette-type RVC electrodes were prepared from RVC foam
using a syringe needle, shrink tube, gold wire and a micropipette tip.
Acylinder (2 mm diameter x 5 mm height) of 100 ppi RVC foam was
cut using a 12 gauge syringe needle. Electric contact was made by
wrapping a gold wire (0.12 mm diameter) around the RVC cylinder.
The RVC cylinder was then connected to a micropipette tip using
polyolefinic heat-shrink tubing. The internal surface area of the RVC
electrodes used in this work was approximately 1.3 + 0.2 cm? mg~!
of RVC foam and the internal free volume of the electrodes (i.e.
volume of solution that could be held inside the electrode) was
~10+1 pL.
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Scheme 2. Modification of RVC electrodes with different molecules (type I to type IX).

2.2. Fabrication of RVC electrodes for non-specific and specific
binding studies

Nine RVC electrode types were fabricated to study non-
specific and specific binding of various enzyme-containing
molecules. The RVC electrodes type I to type V were mod-
ified so as to prevent NSB, and electrodes type VI to type
IX were modified so as to prevent NSB while also allowing
for SB of targets via biotin-avidin chemistry. The structure of
all modified electrodes is illustrated in Scheme 2. The fabri-

cation and characterization of these electrodes are described
below.

Type I: The type I electrode is a control that is not functionalized in
any directed way. The electrode was pre-soaked in tris buffer for
5min prior to exposure to B-ALP or NA-ALP enzyme solutions as
described in Section 2.4.

Type II: The type Il electrode was modified with BSA by simple
adsorption. The electrode was incubated in 1mgmL-! of BSA in
tris buffer for 30 min followed by rinsing with tris buffer.
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Type III: The type III electrode was prepared by functionalizing
the RVC surface to produce exposed phenylacetic acid groups.
The RVC electrode was first rinsed with anhydrous acetonitrile
and dried under nitrogen. The electrode was then modified by
electrochemically reducing 5mM of 4-amino phenylacetic acid
tetrafluoroborate diazonium salt in anhydrous acetonitrile con-
taining 0.1 M N(Bu)4BF4. The diazonium salt solution was purged
with nitrogen for 15 min to remove dissolved oxygen prior to elec-
trode modification. The reduction was accomplished by applying a
5-segment cyclic potential scan starting at 0.2 V followed by three
forward scans up to —1.2V and two backward scans to 0.6V, at a
scan rate of 50 mVs~1. The electrode was then sonicated in ace-
tonitrile to remove any adsorbed material and rinsed thoroughly
with acetonitrile followed by rinsing with water.

Type IV: The type IV electrode was made using layer-by-layer (LBL)
adsorption of polyelectrolytes onto the surface of a type III elec-
trode. Poly(allylamine hydrochloride) (PAH) and poly(acrylic acid
sodium salt) (PAA) were dissolved in pure water at a concentra-
tion of 1 mgmL~!. The negatively charged type Il RVC electrodes
were used for polyelectrolyte deposition beginning with the poly-
cation by immersing the electrode in PAH solution for 15 min,
followed by a wash with water for 5 min, and then immersion in
the PAA solution for 15 min, followed by a wash for 5 min. Mul-
tilayer assemblies consisting of four layers each of PAA and PAH
were prepared by consecutive adsorption of both polyelectrolytes.
Type V: The type V electrode was modified by covalent attachment
of polyethylene glycol onto the RVC surface. The electrode was
first functionalized with phenylacetic acid groups as described for
type III electrode. The surface carboxylic acid groups were then
activated by incubating the functionalized RVC electrode in 25 mM
EDC and 25 mM NHS in MES buffer (pH 7) for 4 h. The covalent
binding of amine-terminated PEG was carried out by treating the
activated surface carboxylic acid groups with 1mgmL-! of PEG-
amine in MES buffer for 2 h.

Type VI: The type VI electrode was first functionalized with
activated phenylacetic acid groups in a manner similar to that
described above for type V electrodes. The activated surface car-
boxylic acid groups were then allowed to react with a solution of
1 mg mL~! of biotin-PEO-amine and 1 mg mL~! PEG-amine in MES
buffer for 2 h.

Type VII: The type VII electrode was prepared in a manner similar
to type VI with biotin-PEO-amine but without the PEG-amine.
Type VIII: The type VIII electrode was first modified with poly-
electrolyte multilayers as described for type IV electrode. The
carboxylic acid groups of the outermost poly(acrylic acid) layer on
the RVC electrode were then activated in 25 mM EDC and 25 mM
NHS in MES buffer for 4 h. The activated surface carboxylic acid
groups on the RVC electrode were then allowed to react with
1 mgmL-! of biotin-PEO-amine in MES buffer for 2 h.

Type IX: The type IX electrode consists simply of an adsorbed
layer of biotinylated BSA. An otherwise bare RVC electrode
was incubated in a solution containing 1mgmL-! of biotin-
BSA and 1mgmL-! of BSA in tris buffer for 30min. The
electrodes were rinsed with buffer and used for further
experiments.

2.3. Characterization of modified RVC electrodes

Electrodes modified with charged groups were characterized
by their ability to block cyclic voltammetric oxidation/reduction of
two charged redox probe molecules, K3Fe(CN)g and Ru(NH3)gCls.
Electrodes having negatively charged surfaces (types Ill, V, and IV
when the last polyelectrolyte layer is poly(acrylic acid)) were effec-
tive in blocking oxidation of Fe(CN)g*~, whereas electrodes having
positively charged surfaces (types IV when the last polyelectrolyte
layer is poly(allylamine) were effective in blocking reduction of

Ru(NH3)g3*. Hydroquinone oxidation/reduction was unimpeded at
all nine electrode types studied in this work.

2.4. Non-specific and specific binding of NA-ALP and B-ALP onto
modified RVC electrodes

NA-ALP and B-ALP enzyme conjugate solutions were prepared
at a concentration of 50 pgmL~! in tris buffer (pH 8). The modi-
fied RVC electrodes were always rinsed with tris buffer and dried
under a brief flow of nitrogen gas prior to exposure to enzyme solu-
tions. NSB of enzyme conjugates onto RVC electrodes was studied
by incubating one set of type I-V electrodes in NA-ALP solution
and a second set of type I-V electrodes in B-ALP solution for 30 min
each. The electrodes were rinsed thoroughly with tris buffer and
water and used for further studies. Specific binding of NA-ALP via
direct biotin-neutravidin binding was studied on type VI-IX RVC
electrodes. The electrodes were allowed to react with 50 g mL~!
solution of NA-ALP in tris buffer for 30 min, followed by rinsing
with buffer and water. For specific binding of B-ALP, the type VI-IX
electrodes were first allowed to react with 25 pgmL~! of neutra-
vidin in tris buffer for 30 min, followed by rinsing with buffer to
remove any adsorbed neutravidin. The enzyme conjugate B-ALP
was then immobilized onto these RVC electrodes by incubating the
electrodes in 50 g mL~! solution of B-ALP in tris buffer for 30 min.
The electrodes were then further tested with enzymatic substrate
HQDP to test for catalytic activity of enzymes that were attached
onto the RVC surface.

2.5. Enzyme substrate reaction on modified RVC electrodes

After specific and non-specific binding of NA-ALP and B-ALP
onto RVC electrodes was accomplished as described above, the
electrodes were subjected to further testing using ALP-catalyzed
hydrolysis of HQDP as an indicator of the presence of ALP on elec-
trode surfaces. The modified electrodes were exposed to a 1 mM
solution of HQDP in tris buffer and catalytically generated HQ was
detected using a series of linear scan voltammograms (LSV). A
potential range of —0.3V to 0.7V was used in LSV scans at a scan
rate of 100mVs~! with a quiet time of 10s prior to the start of
each individual LSV scan. A continuous method for 10 scans was
set up in such a way that each scan (including the 10s quiet time)
was automatically initiated immediately after the previous scan
was completed. The time for the HQ oxidative peak to appear was
noted in real time using a digital timer. The time when the elec-
trode was dipped into the solution was set as the reference zero
time. For LSV, the increasing peak current with time was recorded
at HQ peak potential (Ep) and plotted against time. The initial rate
of change of HQ peak current was then calculated from the initial
slope of a linear region of LSV curve, and the value was compared
for all modified electrodes.

2.6. Neutravidin sandwich bioassay

A series of type VI electrodes was used to perform sandwich
bioassays with neutravidin as analyte. Neutravidin solutions were
prepared in a concentration range from 1 pug mL~! to 20 ug mL~! in
tris buffer. Each of a series of type VI electrodes was incubated in a
different neutravidin solution for 30 min each. The electrodes were
then rinsed thoroughly with tris buffer followed by incubation in
50 wgmL~! of B-ALP solution for 30 min, followed by exposure to
a 1 mM HQDP solution to test for the amount of bound ALP via the
catalytic conversion of HQDP to HQ using LSV as described above.
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Table 1

The initial rate of change of peak current of HQ generated by catalytic conversion of 1 mM HQDP. The values were obtained by calculating the initial slope of increasing peak

current of HQ with time.

RVC electrode type

NA-ALP Initial rate of change of peak current of HQ (Amin~1)

B-ALPInitial rate of change of peak current of HQ (Amin~1)

RVC1 RVC2 Average RVC1 RVC2 Average
I 3.75x 1077 3.30x 1077 3.53x 1077 3.96 x 107 431x 1077 4.14x 1077
I 9.25 x 107 1.25x10-¢ 1.09 x 106 1.04 x 106 1.28 x 106 1.16 x 106
11 2.18 x 1077 2.06 x 107 2.12x 1077 2.91x 1077 2.54x 1077 2.73x1077
I\% 5.03x 1077 487 x 1077 4.95x 1077 - 7.75x 1077 7.75x 1077
\ 9.25x 108 8.95x 108 9.10x 108 8.63 x 108 7.25x 1078 7.94 x 108
VI 1.82x 10> 2.01x10°° 1.92 x 10> 1.85x 107> 2.08 x10-° 1.97 x 10-°
VIl 235x 107 2.18 x 107 227 x 107> 216 x 107> 2.83x107° 2.50x 107>
VI 3.17 x 106 - 3.17 x 106 2.79x 1073 4.45x 106 1.62x10°
IX 4.06 x 10~° 4.83x 107> 4.45x10~° 5.10x 107> 4.86 x10~° 4.98 x 10>

3. Results and discussion

All enzyme assays measure either consumption of substrate or
production of product over time. The time-course of product for-
mation of an enzyme-catalyzed reaction can be followed via a plot
of product concentration versus time. At the start of the reaction,
the product concentration increases linearly with time but at later
times the curve starts to level off due to depletion of substrate
and eventually the concentration of product reaches a plateau. It
has been observed that fitting the full time-course data of product
formation is difficult, as the process cannot be easily reduced to a
simple equation that expresses product concentration as a function
of time [34,35]. The most widely used method to approximate the
reaction progress curve is defined by differential equations or by an
implicit equation. But this method is complicated and requires use
of complex mathematics and assumptions that may not be realis-
tic [36,37]. Recently another more approximate method has been
used to fit the data of enzyme-catalyzed reaction progress curves
using a non-linear least squares fit [38]. The equation used in this
method is as follows:

Imﬂxt
—_— 1
(ty2+1) (1

where [ is the LSV peak current in amperes, which is proportional
to the concentration of product generated at a given time (t), Imax
is the saturation value of I which is achieved at long times when
substrate has been fully converted into product, and t;, is the time
required to elicit half of the maximum current response. This equa-
tion describes the data in a way that is consistent with the enzyme
rate law but it is not directly derived from the law. We have used
this method in the present work to estimate the initial rate of prod-
uct formation from the growth in peak current with time for a
series of LSV's acquired at electrodes at which an enzyme-catalyzed
reaction produces a redox-active product.

In this work we modified RVC electrodes with different func-
tional groups in order to study non-specific and specific binding of
two enzymes conjugates, NA-ALP and B-ALP, onto the electrodes.
The amount of enzyme bound to each electrode surface was com-
pared by measuring the initial rate of HQ generation. It is assumed
that the initial rate of HQ production is proportional to the initial
rate of increase of the HQ peak current detected at each RVC elec-
trode. For each electrode HQ peak current was recorded at +0.32V
with time. The recorded data (I versus t) for each electrode were fit-
ted using Eq. (1) to obtain the parameters Imax and t;,. The initial
rate of product generation was then obtained by calculating slope
of the tangent to the early region of the curve. The tangent was
approximated by fitting a straight line to the portion of the curve
near zero time. To fit a straight line we generated current values
for a time interval close to zero using the parameters derived from
Eq. (1).

The initial rate values for HQ generation for all the electrode
types from Scheme 2 are given in Table 1 for adsorption of both
NA-ALP and B-ALP. In each case two independent measurements
were made, and the results of both measurements and their average
values are reported. On type I to type V electrodes, the enzyme
conjugates were adsorbed non-specifically and hence the amount
of enzyme present on these electrode surfaces was comparatively
lower than the amount of specifically bound enzyme conjugates
on type VI to type IX electrodes. These data provide an overview
of all the experiments; the following sections discuss individual
experiments in more detail.

Before modifying the RVC electrodes, the NSB of enzyme conju-
gates was studied on unmodified electrodes (typeI). Fig. 1a presents
a series of linear scan voltammograms which show the growth of
HQ peak current with time on a type I electrode following exposure
to a 1mM HQDP solution. The peak current at +0.32V increases
with time, indicating the catalytic conversion of HQDP into HQ by
non-specifically adsorbed enzyme inside the RVC electrode pores.
The initial HQ generation rate was obtained from the slope of the
initial region of the line in Fig. 1b. The initial rate values for NSB
of NA-ALP and B-ALP are given in Table 1. The reason for non-
specific binding of enzymes onto type I RVC is most likely due
to hydrophobic interactions between carbon surface and enzymes
[39].

The type II electrode was modified with BSA and NSB of NA-
ALP and B-ALP was studied in a similar manner as described for
type I electrode. The HQ peak current and the initial rate of HQ
generation on this electrode are given in Figs. 2 and 3 respec-
tively. The initial rate value on type II electrodes was higher than
those obtained for type I electrodes. The higher NSB on type Il elec-
trodes could possibly be due to electrostatic interactions between
surface-bound BSA and the enzyme conjugates [40]. The type III
RVC electrode modified with phenylacetic acid groups showed
lower initial rate values compared to those obtained on type |
and type II electrodes (Figs. 2 and 3b), which indicates that com-
paratively less enzyme was adsorbed onto this surface. At pH 8,
the surface phenylacetic acid groups are deprotonated (pKa=4.28)
and the RVC surface is negatively charged. Also the net charges
on neutravidin (pl ~6.3) and alkaline phosphatase (pl ~5.7) are
negative at this pH. Adsorption of neutravidin or alkaline phos-
phatase onto this electrode is comparatively low due to repulsion
between negatively charged surface carboxylic acid groups and
negatively charged biomolecules. Also the carboxylate groups on
the RVC electrode make the surface relatively hydrophilic, thus
adsorption of proteins on this surface via hydrophobic mechanisms
is expected to be diminished compared to that on unmodified and
BSA coated electrodes [41]. However, NSB on type Il electrodes was
not entirely suppressed, and one possible reason for this finding is
that the electrode surface might not completely be covered with
the phenylacetic acid layer and some part of RVC electrode surface
might be exposed to enzymes.



H.Y. Shedge, S.E. Creager / Analytica Chimica Acta 657 (2010) 154-162 159

(a) 4.0x10° (b) 2.5x10+4
2.0x10% 1
0.0 2.0x104 1 °
< ]
< -2.0x10°%- 3
£ -4.0x10%] g 154047
[ 5 4
=
5 -6.0x10°6 S
o = 1.0x1047 1
= -6 -1
8.0x10 & ] $
= -5
100 5.0x107 1 .
-1.2x105 ] "
-1.4x10% T T y T r T T 0 —TT T T T T T T T Y
07 06 05 04 03 02 01 00 -01 0 1 2 3 4 5 6
Potential / V Time / min

Fig. 1. (a) Linear scan voltammetry of HQ generated by hydrolysis of 1 mM HQDP in tris buffer (pH 8) by an enzyme, NA-ALP adsorbed non-specifically on the type I RVC

electrode. (b) The HQ peak current recorded at 0.32V (a) with time.
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Fig. 2. Comparison of peak currents of catalytically generated HQ with time on RVC electrodes with non-specific (type I-V) and specific (VI-IX) binding of enzyme NA-ALP
(b) The initial rate of change of HQ peak current obtained from the initial slope of curves in (a).

To achieve a more complete coverage with a negatively charged
layer, another approach was used to modify RVC electrode. Poly-
electrolytes with negatively charged functional groups are known
to suppress adsorption of negatively charged oligonucleotides [42]
and other proteins [43]. The RVC electrode was modified by layer-
by-layer adsorption of poly(allylamine) (PAH) and poly(acrylic
acid) (PAA) as shownin Scheme 2 for the type IV electrode. PAH/PAA
was chosen for the multilayer build-up because it has been shown
to be bio-inert towards cell attachment [44]. However, it was
observed that the rate of HQ generation was higher on the type IV
electrode as compared to type I and Ill electrodes (Figs. 2 and 3). Two
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Fig. 3. (a) Comparison of peak currents of catalytically generated HQ with time on RVC electrodes with non-specific (type -V and VI-a*) and specific (VI-IX) binding of
enzyme B-ALP. (b) The initial rate of change of HQ peak current resulted on type I-IX electrodes. The type VI-a* electrode represents the non-specific adsorption of B-ALP

onto the type VI electrode in the absence of neutravidin analyte.
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terminating with a negatively charged polymer, some positively
charged groups of the inner polyelectrolyte layer can still emerge
and interact with negatively charged proteins [47]. Also, although
experimental data showed the formation of multilayers on the
RVC electrode (tested using redox probes), it is possible that the
entire electrode surface was not covered with the polyelectrolytes
due to the porous nature of RVC (compared to a flat planar car-
bon). The exposed RVC surface may still be subject to NSB of
proteins.

The type V electrode was obtained by covalent attachment of
polyethylene glycol (PEG) oligomers onto the RVC electrode. PEG is
known for its ability to suppress protein adsorption due to its neu-
tral hydrophilic groups [48-54]. It is believed that PEG uses “steric
repulsion” and a hydration layer via hydrogen bonding around the
PEG molecule to block NSB of proteins [55,56]. The initial rate of
production of HQ on this electrode was much lower than those
observed for type [, I, Illand IV electrodes (Figs. 2 and 3b), indicating
that much less enzyme was bound to the PEG-coated RVC surface.
From these findings it was concluded that the type V electrode was
most effective in suppressing NSB of NA-ALP and B-ALP and was
further used in our subsequent studies of neutravidin bioassays.

On type VI to type IX electrodes, NA-ALP and B-ALP were bound
specifically (Scheme 2) through formation of a neutravidin-biotin
complex. Fig. 4b shows the plot of HQ peak current versus time on
a type IX electrode where NA-ALP is specifically bound onto the
B-BSA-coated RVC electrode. The HQ peak current increases with
time linearly in the early-time region however it quickly becomes
non-linear even at relatively short times. The saturation of peak cur-
rent at later times is attributable to depletion of HQDP substrate. As
the concentration of enzyme conjugate on this electrode was high
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due to specific binding, more substrate was converted at a given
time compared to type I to type V electrodes. Similar behavior was
observed on type VI to type VIII electrodes indicating that specific
binding of enzyme on these electrodes has occurred (Figs. 2 and 3a).
The initial rates of HQ generation on type VI to type IX electrodes
are given in Figs. 2 and 3b for NA-ALP and B-ALP respectively. The
type IX electrode showed the highest signal which was attributed
to the relatively large number of biotin groups (9 mol biotin/mole
of BSA) available on the electrode surface for binding. The type VIII
electrode with polyelectrolyte multilayers, however showed rela-
tively low initial rate values indicating that the specific binding of
enzymes on this surface did not occur to a very great extent. One
possible cause for this behavior is that after activating or modify-
ing the outer PAA layer, it may no longer be negatively charged
because the acid groups have been converted to amides. In such a
case the outer functionalized PAA layer could just rinse away. The
initial rate values for type VI and VII electrodes differ marginally
indicating that the modification with PEG groups did not greatly
affect the specific binding of enzyme conjugates on the type VI
electrode. After comparing all the electrodes, the type VI electrode
was selected as a best platform for further studies of RVC-based
sandwich bioassay because it has the lowest non-specific binding
of NA-ALP and B-ALP and relatively high specific binding of NA-ALP
and NA (as indicated by subsequent labeling of captured NA with
B-ALP.

A neutravidin sandwich bioassay was carried out using a series
of type VI electrodes. Neutravidin, a deglycosylated form of avidin,
was used as analyte and B-ALP was used as an enzyme label to allow
for detection of captured analyte. Five different type VI electrodes
were treated with five different solutions containing different con-
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Fig. 5. (a) Plot of HQ peak current obtained from LSV plotted against time for concentrations of neutravidin analyte (0-20 wg mL-1) in tris buffer at a scan rate of 100 mVs~1.
(b) The initial rate of HQ generation plotted against various concentrations of neutravidin.
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centrations of neutravidin and the rate of conversion of HQDP to
HQ by surface-immobilized B-ALP was then studied at each elec-
trode. Fig. 5a show a series of plots of peak current of generated
HQ with time for electrodes exposed to solutions containing dif-
ferent concentration of neutravidin. The initial rate of change of
HQ peak current was calculated from the initial slope for all five
concentrations and a calibration curve was obtained by plotting
the initial slope values against neutravidin concentration (Fig. 5b).
The initial rate values increase with increasing concentration of
neutravidin. With increasing neutravidin concentration, the num-
ber of B-ALP molecules captured on the surface increases, and
thus the amount of HQ generated at a given time varies with the
amount of B-ALP on the electrodes. The calibration curve for neu-
travidin concentration was found to be linear having the equation
y=2.13 x10"7x+6.51 x 1078 (R2=0.993) where y is initial rate, and
x is neutravidin concentration.

A control experiment in the absence of neutravidin shows a very
low initial rate value (8 x 108 Amin~!) indicating that substantial
binding of B-ALP occurs only in the presence of neutravidin analyte
(Fig. 3b, type VI-a*). The lower concentration detection limit for this
assay was estimated using the equation DL=(30pjank)/m, where o
is the standard deviation for the blank (3.67 x 10~ Amin—1)and m
is the slope of the calibration curve line of Fig. 5b which is equal
t02.13+£0.09 x 10-7 Amin—! wg~! mL-1. The limit of detection for
neutravidin on type VI RVC electrodes was thus estimated to be
52+2ngmL-! and the absolute detection was 5.2 + 0.2 ng for the
sample size of 100 L used for this analysis.

Itisinstructive to compare the analytical figures of merits for the
present assay with those of previously described assays. The detec-
tion limit of our type VI RVC assay for neutravidin is close to that
of a recently reported voltammetric detection method for avidin
[57,58], however it is lower than that reported for the colorimetric
quantitation of avidin in a competitive inhibition method [59] and
in a sandwich bioassay [60,61].

The sensitivity of the RVC-based electrodes studied in this work
could be affected by several factors. One important factor is the abil-
ity to reproduce the RVC electrodes for each experiment. Since RVC
is porous in nature, an inhomogeneous pore distribution can result
in uneven coating and/or mechanical instability of the electrode.
Another important factor is possible variation in contact resistance
between the gold wire and the RVC foam that could result in an
uneven potential distribution across the electrode. Therefore, care
should be taken while fabricating the RVC electrodes to have con-
sistent size and volume and only the electrodes with low resistance
(<50 2) should be use for the experiments.

4. Conclusion

For electrodes of type I to type V, the initial rate of HQ gen-
eration was much lower compared to that observed on type VI
to type IX electrodes. The initial rate values were attributed to
non-specific and specific binding of NA-ALP and B-ALP on RVC
electrodes modified in different ways. Both phenylacetic acid
and polyethylene glycol-based electrode modification schemes
were successful in suppressing the non-specific binding of the
NA-ALP and B-ALP enzymes conjugates on RVC electrodes. The
electrode modified with PEG (type VI) showed the lowest non-
specific binding and also comparatively high specific binding when
some biotin was included in the electrode modification method
to serve as a capture agent for neutravidin. The initial rate of
HQ generation versus neutravidin concentration in a neutravidin
sandwich assay was linear over the neutravidin concentration
range studied. The lower concentration detection limit for neu-
travidin in this assay was 52+2ngmL~! and absolute detection
of 5.2+0.2ng of neutravidin was achieved in a 100 pL sam-
ple.
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