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During the last several decades, indium-tin-oxide (ITO)
films on glass or quartz substrates have been increasingly
emploved as an electrode surface because it has prominent
characteristics such as a good electrical conductivity. wide
electrochemical working window. and high optical trans-
parency.1 The films are commonly deposited on surfaces by
e-beam evaporation. physical vapor deposition. or sputtering
method.” Main use of ITO is to make transparent conductive
films for displays. solar cells. antistatic coatings. and bio-
sensors”" Numerous studies have been reported on the
development of biosensors on ITO electrodes utilizing
electronic and optical properties for direct electron transfer of
proteins, glucose sensors. electrochemical nucleic acid
biosensors. microfluidic on-chip detection. and electrochemilu-
minescence analysis. "

Biosensors application requires chemical modification of
ITO electrode surfaces with organic anchor molecules. In
most previous reports for the application, w-functionalized
alkylsilane such as amino- or mercapto-propyltrialkoxysilane
have been used as anchor molecules that are attached on the
hydroxylated 1ITO surface through self-assembly process of
silane part. For the immobilization of biomolecules or their
ligands, the end part of the silane molecules should be
activated by chemical coupling reaction with homo- or hetero-
bifunctional cross-linker molecules that contain biomolecule-
reactive group such as A-hydroxysuccinimide (NHS) ester.’
Other modification methods include the formation of organic
layers with carboxylic and phosphonic acids. and amines.' '
Thorper al. have mod1fled ITO with dicarboxylic acid for the
immobilization of DNA."> " Yang and coworkers took advantage
of the surface attachment of phosphomc acids onto ITO
instead of w-functionalized silane.' © Although those chemical
attachments are aftractive approaches for the modification of
ITO, thev are time consuming and require frequently further
modification of the attached surface with functional molecules.

Electrochemically directed attachment of various molecules
on bare ITO surfaces with organic molecules has demonstrated
that it is very rapid and facilitates the precise positioning of
adsorbent molecules.”* Especially. primary amine attachment
might be very useful because many functional molecules used
inbiosensor applications have primary amine.”* To the best
of our knowledge. direct electrochemical modification of bare
surface of ITO with primary amine groups has never been
reported.

In this paper. we report electrochemically directed and
addressed modification of ITO electrodes with a biotin-deri-

vatized primary anune (BDA) as a model molecule of primary
amine and spatially selective immobilization of avidin on the
modified surfaces. We also demonstrate the feasibility of the
BDA-modified surfaces to a sandwich-type immunosensor
using fluorescence detection. Our method is time saving
compared to the silanization process because electrochemical
reaction for the attachment is completed within several tens of
seconds and further modifications are less required. which are
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Scheme 1. The chemical structures of BDAs emploved in this study
and a proposed scheme for micropatteming of antibodies and
detection of antigens through electrochemically directed moditication
of bare ITO surfaces with BDAs.
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also important points for the surface preparation of multi-probes
biosensor without cross contamination.

Results and Discussion

Scheme 1 displays overall process of our study including
step-by-step modification of ITO electrodes array with BDA
by chemical and electrochemical treatments, a micropatterning
of antibody on the modified surface, and a sandwich
immunoassay. Individually addressable band-type 1TO micro-
electrodes arrays (JAIM) were prepared on glass substrates by
a simple microfabrication process as previously reported.”
We employ commercially available three kinds of BDAs;
biotin-PEQ:-amine (BPA). biotin hydrazide {BH), biotin-
PEOy-hydrazide (BPH).

To directly immobilize BDAs onto ITO electrode surtaces
through the electrochemical reaction, cyclic voltammetry
{CV) was performed on a bare ITO electrode as a working
electrode pretreated by sequential cleaning with EtOH,
acetone, piranha solution, and pure water, Figure | shows CV
results for three different BDASs solutions with 0.1 M KCl as
an electrolyte, which exhibit similar electrochemical behaviors
of irreversible anodic peak over 1,70 V {vs. Ag/AgCl as a
reference electrode) on the first cyvcle and gradual decreases of
the current with increasing the number of CV scan, indicating
gradual moditication of bare electrode surfaces. Electrolyte
only solution and free-biotin solution without primary amine
didn’t show any noticeable current at the same potential
region.

To examine the immobilization of BDAs through the
electrochemical manner, the blocking behaviors for the
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Figure 1. CVs for the clectrochemical reactions of three kinds of
BDAs (10 mM cach) on bare 1TO surfaces in an aqueous solution
with .1 M KCT (all scan rates = 50 mVisec): Solid line. lirst eycle:
dotted line, second cycle: dashed line. third cycle. (1) biotin
hydrazide (BH) (b} biotin-PEQO»-aminc (BPA) (¢) biotin-PEQ,-
hydrazide (BPH).
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electron transter at 1TO electrode surfaces after electrochemical
oxidation reaction of BH were investigated by CV with
Fe(CN)(f_ as a redox probe. Figure 2(a) shows that after the
electrochemical treatment with BH, the peak separation (AF,)
on the CV is slightly increased compared to the results for
bare [TO surface. AE, for the resulting surface after the electro-
chemical treatment without BH was not changed from the
value for bare surface. AF, was slightly increased with increa-
sing the concentration of BH and the number of CV scan.
Figure 2(b) shows that Nyquist plots of faradaic impedance
spectroscopic (F1S) results using FC(CN)h} as a redox probe
support the immobilization of BH. Charge transter resistance
(Ret) value from T'IS was increased after the electrochemical
reaction of BH. All results from the blocking test show that
charge transfer rate for the redox reaction of Fe(CN)ﬁs_
depends on the electrochemical reaction condition of BH,
implying that BH layer can be formed on ITO surfaces
through our method.” Because the change of AF, and Ry s
not significant, the surface coverage of immobilized BH
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Figure 2. Observation of blocking behaviors from (a) CV (scan rate
= 350 mVisce) and (b) FIS results for the clectron transter of
Fc(C.\J)(;} at [TO clectrode surfaces betore (@) and after (w) clectro-
chemical reaction off BH, In the FIS, impedance at the formal
potential ol Fe(CN)y 010,35 V (vs. Ag/AgCl) that was superimposed
on 50 mV rms sinusoidal potential modulations. was measured for
36 trequencics from 5 kHz to 0.5 Hz.
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Figure 3. Normalized XPS results of N(1s) for ITO surfaces before
{dashed line) and after (solid line) electrochemical treatments with
{(a) BH and (b) BPA.

might have low value.

[TO surfaces before and after electrochemical treatments
with BDAs were analyzed by X-ray photoelectron spectro-
scopy (XPS). As shown in Figure 3. while a N(1s) peak in
XPS was not detected for the untreated surfaces. the peak was
found at near 400 eV for the treated ones with BH and BPA.
From the integration of the peak area the modification with
BH has larger surface density than BPA. implying that BH
attachment on ITO surfaces is more efficient. Collectively.
the above results confirm the immobilization of BDAs on the
film surface. Although the electrochemical and XPS measure-
ments support our idea that ITO electrode surfaces can be
modified through the electrochemical manner. the nature of
the linkages between primary amine and ITO surface and the
exact mechanism of the oxidative attachment were not
investigated in this study. However. we suppose that the
mechanism and the resulting bond nature are similar to the
corresponding ones on carbon and metal surfaces. Most
plausible mechanism reported for carbon and metal surfaces
is the formation of a radical cation through oxidation of the
amine group.”

Next we applied the method to the patterning of biotinvlated
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Figure 4. Fluorescence microscopic images after spatially
selective and sequential immobilization of (a) TexasRed-labeled
and (b) FITC-labeled SA on BPH-modified IAIM. Scale bar= 200
pum.

{a)

Figure 5. (a) Fluorescence microscopic image for the detection of
rabbit IgG (500 ng/mL) resulted from the sandwich-type
immunoassay based on the process in Scheme 1. After detecting
rabbit [gG, the TAIM substrate was rensed to detect mouse IgG
(300 ng/mL). The resulting image 15 shown in (b). Scale bar = 200
pum.

antibodies on the IAIM for the detection of antigens. where
avidin (Av) or streptavidin (SA) was used as a linker molecule
connecting biotinyvlated antibodies to BDA on the surfaces.
The biospecific interaction between biotin and SA (association
constants. K, ~ 10" M™ in solution) is very stroug.:‘1 Prior to
the use of antibodies. patterning of SA through the modifica-
tion of the IAIM with BDAs was tested. BPH among BDAs
was emploved for this modification because poly-ethylene-
oxide (PEQ) linkage inserted as a spacer between biotin and
hydrazide group is known that it reduce nonspecific binding
of protein on solid surfaces. ™ The procedure for the patteming
of SA on the [AIM was as follows. First. BPH was selectively
formed on an electrode of the array with the electrochemically
directed manner. After washing with copious water. the whole
array surface presenting BPH-modified electrode was exposed
to phosphate buffered saline (PBS) solution of | pg/mL SA
labeled with TexasRed (red color) for 1 hour. After washing
the resulting swface with PBS and water. an opposite
electrode of the same array was modified with BPH and 1
ug/mL SA labeled with fluorescein isothiocyanate (FITC,
green color) via the same procedure as previously treated
electrode. Figure 4 shows that both red and green fluorescent
images on the same IAIM surface obtained by following the
above procedures are highly contrasted. which indicates that
the immobilization of BPH using our method is efficient for
the attachment of SA and nonspecific binding of SA is
negligible.
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We extended our method to the immunoassay. A procedure
for the patterning and the detection is described in Scheme 1.
We used two kinds of biotinylated antibodies. anti-rabbit IgG
and anti-mouse [gG. To save time for spending on sequential
two steps. avidin immobilization followed by attachment of
biotinylated antibody on the BPH-modified surface, Av
complexes of each biotinyvlated antibody were used in the
patterning. The complex was prepared from mixing a bio-
tinvlated antibody and Av in the PBS solution followed by
filtering with a centrifugal tube (cut-off MW: 60000 Dalton)
at 14000 x g for 12 min to remove unreacted excess Av,
Compared to the two steps. the use of the complex revealed
that cross contamination of antibodies due to nonspecific
binding was greatly decreased. which has been proven with
fluorescence imaging in the immunoassay. This result is very
important to give accurate data in the antigen detection
without false positive. The decrease might be attributed to the
removed interaction of a free biotinvlated antibody (as shown
in Scheme 1) and Av pre-attached surface. expected from the
two steps approach. Figure 5 shows fluorescent images from
the detection of two kinds of antigens based on the
sandwich-type immunoassay. After detection of rabbit IgG by
using anti-rabbit I1gG labeled with tetramethvl rhodamine
isothiocyanate (TRITC. red color). as shown in Figure 5a. the
resulting surface was reused to detect mouse IgG. Figure 5b
shows a detection result for mouse IgG. indicating that
FITC-labeled anti-mouse 1gG react exclusively with mouse
[gG surface. Two differently colored detection images with
high signal to noise ratio indicate that not only cross reaction
of two antigens is negligible but also the reusability of the
sensor surface to detect another antigen can be achieved.

In conclusion. we have demonstrated a simple method of
electrochemically directed modification of [TO surfaces with
primary amine-terminated molecules and its useful application
for the preparation of platform for the sandwich-type
immunoassy v/a the micropatterning through sequential
immobilization of two tvpes of antibodies. It have been shown
that the immunosensor platform gives a good result with high
signal to noise ratio on the fluorescence image and negligible
cross reaction. and can be reused in the detection of another
antigen. All advantages of our results might be attributed to
the combination of two independent techniques for time-
saving. The first is the electrochemically directed immo-
bilization of BDAs and the second is the employvment of Av
complexes of antibodies.

Experimental Section

All of biotin-derivatized primary amines (BDAs) were
purchased from Pierce (www.piercenet.com). Antigen. antibody,
and avidin (Av) were purchased from Sigma. and streptavidin
(SA) was purchased from Fluka.

Phosphate buffered saline (PBS) solution consisted of 0.01
M phosphate and 0.15 M NaCl. PBST is composed of PBS
and 0.03% (w/w) tween-20. The antibody-Av complex was
prepared from mixing a biotinylated antibody and Av in the
PBS solution followed by filtering with a centrifugal tube
(cut-off MW: 60000 Dalton) at 14000 x g for 12 min to
remove unreacted excess Av.

Notes

[TO electrodes array surface was cleaned successively with
acetone. ethanol, and water. The surface was immersed in
piranha solution for 5 seconds and then washed with pure
water. After drying the substrate. the electrochemical modi-
fication of the aimed electrode on the array substrate was
conducted in a cell with 0.05 M BDA solution containing 0.1
M KCl. Afterward. the surface was washed with pure water
and then immersed in anti-rabbit [gG-Av complex solution
for 30 min. After washing of the resulting electrode surface
with copious PBST. same procedure was repeated on the
other electrode on the same surface with anti-mouse IgG-Av
complex.

After immobilization of BDAs and the complexes. the
surface was disclosed to a drop of antigen solution (1 pg/mL)
and was incubated at room temperature for | hr. Following the
washing, the surface was incubated again at room temperature
with fluorescent labeled antibody solution (1 pg/mL) for 1 hr.
After the washing and drving. the surface was subjected to the
observation with an inverted fluorescent microscope (IX 71.
Olympus. Tokyo. Japan).
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