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1. INTRODUCTION The transmission of a specific wavelength of light which can 34
be enhanced by SPR has been discovered'” and is termed 37
transmission surface plasmon resonance (TSPR). The principle 33
of detection relies on the transmission spectra of p-palarized 19
light, which is observed when the light passes through the thin 4
gold film coated-grating substrate under specific conditions.'#'? 4,

—

21 Surface plasmon resonance {SPR) is a powerful technique to
22 monitor interfacial reactions and thin flm deposition in real
23 time.'™ Recently, an optical biosensor-based technique using
24 SPR has been explored to study the interaction of numerous
25 biomolecules including deoxyribonudleic acid {DNA), proteins,

26 enzyme, antibodies, and antigens.™” This is becase of its T-he TSPR—based‘ sensor is an attractive platform in label-free < _
27 characteristic of being a label-free analytical method with online blosensor and immunosensor applications because it is 43

28 monitoring and high selectivity.® Surface plasmon waves can be applicable to simple in situ sensing systems. “

29 excited by the attenuated total reflection (ATR) method with a Conlducting polymers in the area 23f biosensors have been 45

30 prism® or a diffraction grating coupling configuration.*'° The attracting considerable attention, Biosensors based on 44

31 advantages of grating-based SPR technique include the fact that conducting polymers have been used to detect biomolecules 47

32 it is prism-less, convenjent, and propagating SPR excitation

33 method.”"™** More recently, several researchers have improved Received:  May 31, 2012

34 the sensitivity of biosensors and other immunosensor-based Accepted: August 2, 2012

35 grating-coupled SPR methods, !¢
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28 such as glucose, hormones, neurotransmitters, antibodies, and
49 antigens.” ™" Immunosensors are biosensors based on specific
se antigen—antibody interactions in which the transducer directly
s1 or indirectly detects immunochemical reactions.?'*? In
$2 particular, polypyrroles (PPy) and their derivatives containing
53 the carboxylic group have been the most promising conducting
54 polymers studied for immunosensor applications. ™ This is
ss because of the possibility of grafting biologically active
s6 molecules through a covalent bond with carboxylic function-
57 alities. Also, they have received considerable attention because
s¢ of their advantages of good stability and high immobilization
59 density, 3¢

60 In recent years, a combination of SPR and electrochemical
61 measurement has been reported for the study of conducting
62 polymer,”* and has been adapted for monitoring the
& interaction between biomolecules and electropolymerized
64 conjugated polymer films in several groups.***>*~* Lowever,
65 a study using TSPR spectroscopy combined with an EC
66 method for in situ investigation of the optical and electro-
67 chemical properties of conducting polymer films and the
¢8 biomolecular interactions has not been reported. To our
69 knowledge, this is the first study on biosensors using in situ EC-
70 TSPR technique to simultaneously measure optical and
71 electrical responses with conducting polymers. We demon-
72 strated that the sensitivity and utility of 2 TSPR technique and
73 the possibility to control the morphology, optical properties,
74 and stability of polymer film by an electrochemically controlled
75 method are key issues regarding possible applications of this
76 new technique.

77 In this study, we report the EC-TSPR biosensors for the
78 detection of human IgG based on a poly(pyrrole-3-carboxylic
79 acid) (PP3C) film. The EC-TSPR technique is a promising
8 candidate to generate an efficient tool to monitor the optical
81 and electrical properties of conducting polymer films on metal
g2 supports, particularly for the detection of biomolecular
83 interactions. This is because of its high affinity and inherent
& advantages over other techniques (e.g,, simple instrumentation
ssand 2 simple platform based upon an inexpensive and
86 commercially available diffraction grating). PP3C is a
g7 particularly promising material for immunosensor applications
88 due to its unique optical, electrical, and structural properties. A
89 electrochemical immunosensor could have an electrachemically
90 controfled surface morphology to enhance the sensitivity of the
o1 sensing signal. Herein, the PP3C film was fabricated by
92 electropolymerization of a P3C monomer on a gold-coated
93 transparent grating substrate. In situ BC-TSPR spectroscopy
9+ wag performed to study the kinetic properties during
95 electropolymerization of the deposited PP3C film and the
96 electroactivity of PP3C film in neutral phosphate-buffered
o7 saline (PBS) solution. The EC-TSPR immunosensor-based
o8 PP3C film was constructed using monoclonal antthuman IgG
99 produced in mice as a model analysis. The real-time TSPR
100 response during the construction of the PP3C-based
101 immunosensor and the binding process of antthuman,/human
102 IgG with various concentrations of human IgG were monitored
103 in situ by EC-TSPR measurement. Moreover, to investigate the
104 electrochemically enhanced immunosensor sensitivity, we
tos measured the TSPR responses at several constantly applied
106 potentials compared with the open-cirenit condition.
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2. MATERIAL AND METHODS

107 2.1. Materials. P3C monomer, PBS tablets, monoclonal antihuman
108 IgG (Fab-specific) produced in mice, and reagent-grade human IgG

serum were obtained from Sigma-Aldrich (St Louis, MO, USA) and 109
used as received, 110
2.2. Instruments. In situ EC-TSPR measurement was obtained 112
using a TSPR setup combined with a three-electrode electrochemical 112
cell (Figure ia}. The TSPR setup was carried out in a collinear 1131
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Pigure 1. (a) Schematic flustration of the EC-SPR setup and (b)

TSPR spectra for s-polarized and p-polarized fight on a gold-coated
grating substrate at an incident angle (8) of 35°.

geometry. The white light from a halogen source (model LS[; Ocean 114
Optics, Dunedin, FL, USA) was collimated using  convex lens with 115
focal length of 150 mm (Newport Corporation, Irvine, CA, USA). The 116
resuiting beam was passed through a linear polarizer, which was 117
captured using p- and s-polarized light before lluminating the grating 118
sample through an aperture {diameter, 2 mm). The sample was 119
mounted on a rotating sample holder for manual alignment. The 120
transmitted light was collected by a 600-um optical fiber and recorded 121
with a Fiberoptic Spectrometer (SD2000; Ocean Optics). OP Wave 122
software was used for all measurements, storage, and processing of 123
data. For the electrochernical system, the electrochemical cell consisted 124
of a three-electrode cell with platinum wire and silver wire used as the 125
counter and reference electrodes, respectively. The gold-coated 126
transparent grating substrate was used as a working electrode. All 127
the potentials reported in this worlk are relative to this reference 123
electrode. The electrochemical experiments were measured in 2 single- 129
compartment three-electrode electrochemical cell with a computer- 130
controlled potentiostat HZ-5000 model (Hokute Denko). 131
2.3, Grating Construction. DVD-I (Taiyo Yuden) was used as 132
the diffraction grating substrate in this work. Initially, the DVD-R was 133
cut into several pieces and then grooved polycarbonate pieces were 134
manually split from the polymer coating layer. The layer of dye on the 135
grooved polycarbonate side was removed by scaking in concentrated 136
nitric acid and then rinsed with ethanol and deionized water, The gold- 137
coated grating substrate was prepared by vacuum evaporation of 138
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139 approximately 3 nm Cr and 47 nm gold on the deaned polycarbonate
140 grating side,

141 2.4, Electropolymerization of Pyrrole-3-carboxylic acid. A 0.1
142 M P3C monomer in 05 M H,80, solution was used for
143 electropelymerization of the PP3C film on the gold-coated grating
144 substrate. The electropolymerization was performed by cyclic
145 voltammetry from 0.0 to 10 V at a scan rate of 20 mV/s. The
146 electropolymerized electrode was then rinsed with 0.5 M H,S80, and
147 deionized water. The electropolymerization process was monitored in
148 situ by EC-TSPR measurement.

g 2.5. Construction of a PP3C-Based Immunosensor, The
150 procedure for covalent immobilization for the detection of human IgG
151 was performed after the electropolymerization of PP3C film, Briefly,
1s2 PBS solution (pH 7.4) was injected to obtain the TSPR baseline.
153 Carboxylic groups on the surface of the PP3C flm were then activated
154 with I:1 activator solutions, 0.4 M L-ethyl-3-(3-dimethylaminopropyl)-
155 carbodiimide hydrochloride (EDC) and 0.1 M N-hydroxysuccinimide
156 {NHS) in deionized water. The PBS solution was injected as a rinsing
157 solution followed by the incubation of 100 #g/mL antihuman 1gG for
158 10 min. After rinsing with PBS solution, a blocking solution, 0.2 M
159 ethanolamine hydrochloride (EA—HCI) buffer solution, was injected
160 to avoid nonspecific binding by deactivating the remaining unreacted
161 NHS groups before the detection of human IgG.

162 2.6, Detection of Human igG. The obtained PP3C-based
163 Immunosensors were applied at different constant potentials of —0.2,
164 0.3, and 0.6 V and open-circuit potentials for the detection of various
165 concentrations of human IgG (1, 2.5, 5, and 10 pg/mL). Real-time
166 investigation of the immobilization process and the binding process of
167 human IgG to antihuman IgG on a PP3C-based immunosensor was
168 then carried out,

o

3. RESULTS AND DISCUSSION

169 3.1. TSPR Properties on Gold-Coated Grating Sub-
170 strates. The gold-coated grating substrates used in this study
171 were prepared by vacuum evaporation of approximately 3 nm
172 Cr and 47 nm gold on the grating DVD-R."® The surface
173 morphology of gold-coated grating substrate was characterized
174 by AFM to investigate the homogeneity of the film. The
175 obtained results indicated a grating pitch and amplitude of gold-
176 coated grating substrate were 670 and 136 nm, respectively. A
177 roughness analysis revealed a smooth surface with a roughness
178 of 7.1 nm over an area of two-dimensional views of 2 X 2 pm?
179 AFM fmage (see the Supporting Information, SI Figure 1).
180 The transmission spectra measured through gold-coated
grating substrates for s- and p-polarized light at an incident
182 angle of 35° are shown in Figure 1b. The transmission spectra
183 for s- and p-polarized light showed a broad peak at
184 approximately 550 nm, which was related to the green
185 transmitted color of gold flms. Furthermore, an additional
186 peak for p-polarized light transmission was observed at
187 approximately 750 nm. The increased light transmission
188 represented was due to the decoupling of excited surface
189 plasmon on the gold-coated grating substrate. Moreover, to
190 study the peak intensity at different incident angles, the sample
191 on a rofating sample holder was rotated from 0 to 40°. The
192 transmission spectra intensity increased as the TSPR. angle was
193 increased from 0 up to 35° and then decreased after the TSPR
194 angle of 40° (see the Supporting Information, SI Figure 2),
195 Maximum transmission intensity was observed at an incident
196 angle of 35°. Consequently, the obtained transmission spectra
197 were evaluated by measuring the p-polarized light compared
198 with s-polarized light at a fived incident angle of 35° in which s-
199 polarized light was used as a baseline.

00 3.2, In situ EC-TSPR Monitoring of the Eleciro-
201 polymerization of P3C. The conducting polymer employed
202 in the present study was PP3C, which was fabricated by
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electropolymerization on a gold-coated grating substrate from a 203
0.1 M P3C monomer in 0.5 M H,30, solution by cyclic 204
voltammetry with a potential range from 0.0 to 1.0 V at a scan 30s

rate of 20 mV/s, Figure 2a shows the cyclic voltammetry 206 22
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Figure 2. (a) Cyclic voltammagram of the electropolymerization of
P3C and (b) the transmission kinetic data corresponding to the cyclic
voltammetry scans with a potential range of 0.0 to 1.0 V as a function
of time during the electropolymerization of P3C.

properties during the electropolymerization of P3C. The anodic 207
scan began to increase at about 0.5 V, dramiatically increased 208
after 0.5 V, and then the current slightly decreased at about 0.2 209
Viin the cathodic scan, The corresponding relationship of the 210
transmission kinetic data with the cyclic voltammogram as a 21
function of time during the electropalymerization of P3C is 212
shown in PFigure 2(b). From the TSPR responses, the 213

transmission light intensity increased during doping and 214 -

decreased during dedoping. This indicated formation of si
PP3C film deposited on the gold-coated grating substrate and 214
the change in dielectric constants or thickness of the deposited 217
film. Kinetic properties during electropolymerization of P3C 213
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219 monomer to PP3C on the substrate was monitored in sim
220 using BC-TSPR measurement. The results of the transmission
221 spectra carried out before and after electropolymerization are
222 shown in Figure 3(a). The increase in transmission intensity

2200
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Figure 3. (a) TSPR spectra before and after the electropolymerization
of P3C and (b) TSPR spectra of PP3C film in PBS solution at several
constant applied potentials.

223 obtained after the electropolymerization was in good agreement
224 with the formation and deposition of PP3C on the substrate, as
226 discussed above. Therefore, the usefulness of the TSPR
226 technique as a promising candidate allowing in situ
227 investigation of electropolymerization properties was noted.

228 3.3. Potentiostatic Measurement in Neutral PBS
229 Solution. The properties of a polymer film used to fabricate
230 immunosensors are essential for sensing efficiency. One
231 strategy is the adjustment of polymer morphology under an
232 electrochemically controlled potential. We have previously
233 shown that the morphology of PP3C films can be changed by
234 changing the potential in PBS solution.”® The morphological
235 change can be obtained by doping/dedoping in PBS solution.
236 Here, we measured the TSPR response of PP3C in PBS
237 solution at constant potentials of ~0.2, 0.0, 0.3, and 0.6 V and
238 the open-circuit potential condition. Figure 3b shows the TSPR
239 spectra of PP3C in PBS solution at several constant applied
240 potentials. Shifts in the TSPR curve to longer wavelengths and
24) decreases in TSPR intensity were observed with increasing
242 constant applied potential. This behavior indicated an increase
243 in the thickness and imaginary part of the dielectric constant of
244 the PP3C film because of the doping effect indnced by applying

the potential. This is reasonable because the PP3C film shows 245
electroactivity in neutral PBS solution owing to the self-doping 246
effect from the functional group.® The polymers can be swelled 247
as the solution is also penetrated into the film during the 145
doping. Therefore, PP3C film can be used to control the space 249
for the binding site in the polymer chain based on the swelling 250
and shrinking of polymer morphology. The swelling of the film 251
should provide more space for the effective immobilization, 22
which plays an important role in the sensing performance in the 153
PP3C-based immunosensor system. 254
3.4. Construction of a PP3C-Based Immunosensor, s
The electrochemically controlled TSPR technique was used to 256
monitor the immobilization of anthuman IgG on the PP3C 257
surface and the binding of antthuman IgG and human IgG in 258
real time. Figure 4 shows the real-time TSPR kinetic curve 2s0 %
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Figure 4. TSPR binding curve during the construction of a PP3C-
based immunosensor for the detection of human TgG {10 pg/ml.) at
an open circuit.

during the construction of the PP3C-based immunosensor. The 20
surface-modification steps led to an increase in the intensity of 261
the transmission response. Initially, PBS solution (pH 7.4) was 262
used to obtain the TSPR baseline. The deposited PP3C film 263
introduced COOH groups to the substrate, which could then 264
be activated for anti-IgG immobilization. To activate the surface 265
COOH group, we injected a mixture of EDC/NHS solution as 265
a coupling reagent for 10 min to promote covalent linkages on 267
the surface of the PP3C film by forming the N-hydroxysucci- 268
nimide ester.’® TSPR intensity increased during the activation 269
process indicating the activation of carboxylic groups and 270
formation of a stable reactive intermediate; however, the 271
intensity decreased and became stable after tinsing with PBS 272
solution. Amide bonding of anthuman IgG ento the activated 273
surface was also obtained as the TSPR intensity increased again 27s
after 2 solution of 100 pg/mL antihuman IgG was injected. 275 -
Upon rinsing by PBS solution, the TSPR intensity showed a 276
gradual increase after the modified surface was treated with 277
EA—-HCI solutior, indicating deactivation of the remaining free 273
binding sites, After rinsing with PBS solution, a constant 279
potential was applied for 1 min to obtain the baseline before the 280
detection of human IgG. The TSPR response increased after 2s
the injection of human IgG, which indicated the binding 282
process of antthuman IgG and human IgG. Finally, the TSPR 23
signal decreased due to some dissociation of IgG after the 184
injection of PBS solution and remained stable. 285
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286 3.5, Detection of Human IgG. The sensitivity of the
287 PP3C-based immunosensor was compared with a standard
288 system. Mercaptoundecanoic acid (MUA) was employed to
289 construct an immunosensor-based selfassembled monolayer,
290 which was attributed to be the standard system in this
291 experiment. TSPR responses for the detection of human IgG
292 on anthuman [gG-PP3C film in comparison with the
293 antthuman IgG—MUA SAM system are shown in Pigure 3,

1200

OC-PP3C >

1000
800 +
600 -

400

A Shift of intensity {a.u.)

200 4

0

i B 1.0 ' l 160 IIOIOD
Log concentration of 1gG (ug/mi}))
Figure 5. Plot of human IgG concentration and the shift in TSPR
responses during the binding process of human IgG on antihuman

[gG—PP3C film in comparison with the antihuman IgG—MUA SAM
system at open circuit,

294 The relationship between the shift in transmission intensity and
295 human IgG concentration on the PP3C film showed a higher
296 sensitivity than that of the standard MUA system, and the
297 dynamic range was from 1 to 1 X 10% pg/mL. Furthermore, the
208 concentration of human IgG at 1 ng/mL could be still
299 detectable with this system, although the linearity could not be
360 obtained in this range (see the Supporting Information, SI
so1 Figure 3). On the basis of our previous study, the detection
302 limit and dynamic range with the EC-TSPR technique is
303 comparable or even better than that with conventional EC-§PR
304 technique.*®

305 In addition, to increase the sensitivity of the detection of
306 human IgG by controlling the potential, we investigated the
307 TSPR responses of the human IgG/antihuman IgG binding
308 process by EC-TSPR measurement at different concentrations
309 of human IgG with applied potentials of —0.2, 0.3, and 0.6 V. A
310 plot of the shift in transmission intensity with the concentration
311 of human IgG at different constant applied potentials is shown
312 in Figure 6, Linearity was obtained in each applied potential
313 with the concentrations of human IgG. This observation
314 implied that the ability of the binding process between
a1s antihuman IgG and human IgG could be enhanced with
316 electrochemically controlled potentials. This is because, by
317 applying a constant potential, the electrochemically controlled
318 PP3C film swells and opens more binding sites inside the
319 polymer chain for the binding of antihuman 1gG and human
320 Ig, which can enhance the binding efficiency for the detection
321 of human IgG.

4. CONCLUSIONS

322 The performance, sensitivity, and utility of EC-TSPR spectros-
323 copy for investigation of the properties of PP3C film and
324 detection of human IgG were demonstrated. This is the first

400
0] v oesv

A 03V
309'_ 8 02y

250 - B Open circuit

2004
150
1490

AShift of intensity {a.uj

T T T

Concentration of Human IgG {ug/ml)

Figure 6. Plot of the shift in transmission sensitivity during the hinding
process with concentration of human IgG at different constant applied
potentials.

report using a novel in situ EC-TSPR technique to monitor the s
electropolymerization and formation of PP3C film, The TSPK 16
spectra shifted to higher wavelengths with an increase in the 37
constant applied potential due to the swelling of PP3C films. 32
Immobilization of antthuman IgG and its interaction with 31
human-IgG were investigated in situ using BC-TSPR measure- 130
ments. TSPR intensity increased with increasing human IgG 3
concentration and constant applied potential on the modified 333
surface, The binding process of the electrochemically controlied 333
system was better than that of a standard MUA system. 334
Enhanced binding of human IgG on electrochemically 335
controlled PABA film could be created by morphological 335
changes at constant applied potentials, swelling/shrinking, and 337
open/closed spaces of the binding site inside the palymer 31
chain. Hence, this result clearly demonstrated that an 33
electrochemically controlled PP3C-based TSPR sensor is a 340
sensitive tool to enhance the binding of biological malecules, 341
We conclude that this technique could be applied to the stody 34
of biomolecular interactions in various systems, and that 343
diagnostic tools in many formats could be developed. 344
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