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Abstract

The resonance shifts (i.e., the resonance angle and the reflectance minimum) in surface plasmon resonance (SPR) curves due to the comg
refractive index and/or thickness variations of dielectric films were investigated. For both, nonabsorbing and absorbing dielectrics, tge resonan
angle shifts linearly with the refractive index and/or thickness variations. The reflectance minimum of the nonabsorbing dielectric does not
change as the resonance angle shifts. For an absorbing dielectric, the direction of the reflectance change depends strongly on the magnitt
of the absorption and thickness of the metal film. The reflectance minimum of the sensor with a thin metal film decreases before increasing
while that of the sensor with a thick metal film continuously increases as the absorption of the dielectric film increases. The phenomena wer
theoretically explained based on the SPR-generated evanescent field at the metal/dielectric interface associated with the optical properties
the sensor architecture.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction antigen—antibody, receptor—ligand, and drug—proteininterac-
tions) or physicochemical phenomena near the metal surface
Surface plasmon resonance (SPR) spectroscopy is a surfi.e., chemical reactions, absorption, degradation, swelling,
face sensitive characterization technique that takes advantaggrotein hybridizations, and self-assembling). The sensitive
of the resonance coupling between the exciting radiation andnature of the SPR sensor is derived from the unique char-
the surface plasmon wave propagates along the surface ofcteristic of the surface plasmon resonance (SPR)-generated
a thin noble metal film for probing changes near the metal evanescent field at the metal/dielectric interface under the to-
surface. The resonance coupling of the incident light and the tal internal reflection condition. The field is strongest at the
surface plasmon wave can be tailored for specific applicationsmetal/dielectric interface due to the resonance coupling. The
by altering the structure of the metal film or the environment strong SPR-generated evanescent field decays exponentially
in the vicinity of the metal surfacfl—4]. Due to the highly as a function of distance into the metal film and the dielectric
sensitive nature of the surface plasmon wave towards the op-medium. The rapid decay of the evanescent field makes SPR
tical properties of the dielectric media near the metal surface, sensor very sensitive to changes of the optical constant and/or
SPR sensor becomes a powerful affinity biosensor for mon- thickness of the dielectric film attached to the metal film. This
itoring interactions at the interface (i.e., enzyme—substrate,change can be observed via the shift of the resonance angle
of the SPR curv§2-7].

—_— The physicochemical phenomena at the metal surface,
" Eo"e.SpO”d'”g author. Tel.: +662 218 7585, fax: +662 218 7598. especially those associated with binding or interaction of
-mail addresssanong.e@chula.ac.th (S. Ekgasit). ) . . .

1 Present address: Department of Chemistry, University of Houston, 136 biomolecules at the interface, involve mass accumulation
Fleming Building, Houston, TX 77204-5003, USA. on the sensor surface, which induces refractive index and/or
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thickness variation of the dielectric film. By employing a conditions (i.e., polarization, angle of incidence, and wave-
functionalized dielectric film, specific interaction on the length of the coupled radiation) and material characteristics
sensor surface can be monitored. The molecular structure<i.e., the complex refractive indices of the metal films, the
biological function and/or structure—property relationship of dielectric films and the dielectric substrate, and the thickness
the molecules associated with the interaction can be stud-of the metal and the dielectric films). Under the total internal
ied. The linear relationship between the SPR signal and thereflection condition, the reflectan&¥0) of the coupled radi-
refractive index and/or thickness changes enables SPR foration with parallel polarization can be expressed in terms of
gquantitative analysis of the interactifi-7]. the evanescent field amplitude and optical properties of the
Although SPR sensor has been traditionally employed materials by the following expressi¢a3,24}
for monitoring physicochemical phenomena associated with
nonabsorbing dielectrics, its sensitivity improvement by ab- R(O) =1 A(®)
sorbing dielectrics has recently gained substantial attentions m\2 1 XN Zj+1
[8—21]. For a nonabsorbing dielectric film, the resonance an- =1- (T) 20 > {/ Im[e;] <E§(9))d2}
gle shifts linearly with the refractive index and/or thickness PG L v
changes without a significant change of the reflectance mini- 1)
mum. The progress of the interaction at the sensor surface cafyhereg is the angle of incidencé(d) the absorption irab-
be derived from the linear shift of the resonance angle or the sorptance unitr the wavelength of the coupled radiatién,
reflectance change monitored at an angle slightly lower thanhe complex dielectric constant of thh layer, and EX(6))
the resonance ang[@—4]. In the SPR sensitivity improve-  the mean square evanescent electric field at a distzinoe
ment scheme via the absorbing dielectric, the combination of he prism/metal interfaceN is the number of the dielectric
resonance angle shift due to refractive index and/or thicknessyjim in the sensor architecture with the metal film as the
changes and reflectance change due to the additional absorfyyrs layer.k,p(6) is thez-component of the wavevector in the
tion makes hSPRhse_nsorr] very Terr]]smve when it 'S_Uszd f_orr]prism.kzp(e) can be expressed in terms of theomponent of
monitoring the physicochemical phenomena associated wit 2 2 1/2
absorbing dielectrics. Gold and silver nanoparticles and gold the wavevectokip(0) by kzp(e)l/zz [(27/2)ep = Kp(0)]
colloid have been employed for sensitivity enhancement of With k:p(6) = (27/)[ep Sin” 6]~ andep is the dielectric
SPR-based biosensf8—13]. The enhancement techniques constant of the prism. The complex dielectric constant is re-
take advantage of the reflectance change due to the high ablated to the complex refractive index By= /i* = (n + ik)?;
sorption index of the additionally bound nanoparticles. Based Wheren andk, respectively, are refractive index and absorp-
on the specific binding scheme, the additionally bound gold tion index. The detailed derivations of the electric field and
nanoparticles enhance the detection limit of binding events, the reflectance based on the surface SPR-generated evanes-
especially those of small molecules such as DNA fragments. cent field are given elsewhej23-25]
In general, the binding of small molecules induces insignif-  For SPR of a nonabsorbing dielectric, the metal film is
icant changes in the SPR curve due to the extremely smallthe only absorbing medium in the sensor architecture. The
refractive index and/or thickness variatif#1—22] The re- reflectance can be expressed in terms of the evanescent field
flectance minimum change due to absorption at a low con- Within the metal film and the optical property of the metal
centration of bulk dielectric has been employed as a sen-film by [23,24}
sitive detection scheme for enzyme-based SPR s¢hSpr 2 4 du
The strong SPR-generated evanescent field has also been enR(9) = 1 — ( ) / Im[&m] (Ef(@))dz (2)
ployed for excitation of the surface-confined fluorophore near kzp(0)J) o
the metal surface in surface plasmon field-enhanced fluores-wheredy andzy, respectively, are thickness and complex
cence spectroscofy7-21] dielectric constant of the metal film. Although the nonab-
This paper will show that various unique characteristics sorbing dielectric does not contribute to the reflection loss in
and sensitive nature of the SPR technique are governed bythe SPR curve, its refractive index and thickness govern the
the SPR-generated evanescent field at the metal/dielectric intesonance condition of the SPR curve. The resonance angle
terface. The changes of SPR curve associated with complexshifts to a greater value without a significant change in the
refractive index and/or thickness variations of the nonabsorb- reflectance minimum as the thickness and/or refractive index
ing dielectrics, weakly absorbing dielectric, and strongly ab- of the nonabsorbing dielectric film increase.
sorbing dielectrics are theoretically explained via the SPR-  The SPR curve of an absorbing dielectric is characterized
generated evanescent field. by a broader curve shape together with a greater reflectance
minimum compared to that of the nonabsorbing dielectric.
This is due to the presence of an additional absorbing me-
2. Theory dia in the sensor architecture. When an absorbing dielectric
presents in the system, smaller evanescent field amplitude at
For an SPR setup in the Kretschmann—Raether ATR con-the metal/dielectric interface compared to that of the nonab-
figuration, reflectance depends strongly on the experimentalsorbing dielectric is observed. The reflectance with absorbing
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dielectrics can be expressed in terms of the evanescent fieldo the refraction at the air/prism interface. For direct compar-

by [24]:

2
ro=1- () o

. 2
=0 Im[em] (E£(6))dz

In
+ é [ f lelm[éDzuE?(e»dz”

wheredp| andép,, respectively, are thickness and complex di-
electric constant of thieth dielectric film, whilef ,_ indicates
integration over the thickness of the filins the number of
dielectric films.

®3)

3. Experimental
3.1. SPR setup

A schematicillustration of an SPR setup is showRiop 1
A radiation from a HeNe laser (632.8 or 1152 nm) was mod-

isons with the experimental results, the simulated results were
expressed in terms of the measured incidence dggiehile

the calculated reflectance was corrected for the reflection at
the prism surfaces.

3.2. Sensor fabrications

Glass wafers (LaSFN9 or BK7) were cleaned and coated
with a~50 nm gold film via a thermal evaporation instrument
(Edwards FL400, England) at a deposition rate of 0.1 nm/s
under UHV condition (5« 10~® mbar). The BK7 wafers were
pre-coated with~1 nm chromium adhesion promoter layer
prior to the coating of gold film. Freshly gold-coated wafers
were employed for all experiments.

3.2.1. Antibody binding experiment (SPR of
nonabsorbing and weakly absorbing dielectrics)

The self-assembled monolayer (SAM) was fabricated
by immersing the gold-coated LaSFN9 wafers in the thiol
solutions over night at room temperature. Ethanol solu-

ulated by a chopper. The plane of polarization and intensity tions of mixed thiols (OH-terminated thiol and biotin-

of the modulated radiation were controlled by two polarizers.

terminated thiol with a net thiol concentration of 50M)

The radiation was coupled to the systems via a right-angledwith mole fractions of the biotin-terminated thigl of 0.1

prism (LaSFN9 or BK7). The reflected beam was then fo-

and 0.04 were employed. After the SAM fabrication, the

cused onto a photodiode detector. The SPR signals were colsubstrates were rinsed thoroughly with absolute ethanol,

lected as a function of the measured incidence afwglde-
fined with respect to the direction normal to the prism/metal
interface. The measured incidence artiglés slightly differ-
ent from the incident angkeat the prism/metal interface due

| Photo Diode

Lens
Prism

Chopper

HeNe Laser

el
SPANI i - v )=
SO Na* J
(©)
J—\D Electropolymerization

EDOT

Fig. 1. (A) A schematic illustration of an SPR experimental setup. (B)
Structures of polyaniline (PANI) and sulfonated polyaniline (SPANI).
(C) Structures of 3,4-ethylenedioxythiophene (EDOT) and poly(3,4-
ethylenedioxythiophene) (PEDOT).

blown-dry with dry nitrogen, and kept under argon en-
vironment until being used. The experiments were per-
formed by injecting an aliquot of 1 mL fluorophore-labeled
antibody AF-2F5 (Alexa Fluor 647-labeled mouse mono-
clonal antibody 2F5 (isotype Igx) with dye-to-protein ra-

tio of 4.4, Molecular Probes) into the flow cell. The so-
lution was left in the flow cell for 15min in order to al-
low the complete binding of the antibody onto the sur-
face of SAM. The sensors were regenerated by flow wash-
ing the antibody-bound SAM with a sodium dodecyl sul-
fate solution (5mg/mL in HBS-EP). Once the regenera-
tion is completed (i.e., no additional change in the ob-
served SPR curve after prolonged washing), a binding with a
non-labeled antibody 2F5 was performed. After the bind-
ing of the non-labeled antibody, the final binding with
fluorophore-labeled antibody AF-RaM (Alexa Fluor 647-
labeled rabbit anti-mouse IgG with dye-to-protein ratio of
4.8, Molecular Probes) was then carried out. All experi-
ments were performed at room temperature {212°C)
with HBS-EP buffer solution (degassed 10 mM HEPES-
buffered saline, pH 7.4, 150 mM NaCl, 3mM EDTA with
0.005% (v/v) surfactant P-20, Biacore, Sweden). An equal
working concentration of 20nM was employed for the
fluorophore-labeled antibody AF-2F5 and the non-labeled
antibody 2F5 while a concentration of 33 nM was employed
for the fluorophore-labeled antibody AF-RaM. In order to
avoid bulk solution effect, the cell was flow-washed and
filled with running buffer before an SPR acquisition. The
SPR curves of the step-by-step binding events are shown in
Fig. 2
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Fig. 3. SPR curves of self-assembled PANI/SPANI conducting polymer
films with air as an ambient substrate: (a) Au; (b) Au/(PANI/SPANI); (c)
Au/(PANI/SPANI)x 2; (d) Au/(PANI/SPANI)x 3.
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3.2.3. PEDOT film under applied potential experiment
Fig. 2. SPR curves of the binding of antibodies onto the surface of SAM (SPR of strongly absorbing dielectrics with complex
with the mole fraction of biotin-terminated thiol of (&)= 0.1 and (B)x = refractive index variation)

0.04. The sensor architectures are: (a) Au/SAM; (b) Au/SAM/AF-2F5; (c) The ultra thin PEDOT, poly(3,4-ethylenedioxythiophene),
AU/SAM (regenerated); (d) Au/SAM/2F5; and (e) Au/SAM/2F5/AF-RaM. . .

Note:AF-2F5 and AF-RaM are fluorophore-labeled antibodies (weakly ab- film was eIECtrOpOIymerlzed _from a Q'Ol M Of. EDOT
sorbing dielectrics). monomer (3,4-ethylenedioxythiophene) in acetonitrile with

0.1 M TBAPF®6 (tetrabutylammonium hexafluorophosphate)
on the surface of a gold-coated LaSFN9 wafer at an ap-
plied potential of 0.9V for 30 §31]. A conventional three-

electrode cell was employed (i.e., the gold-coated LaSFN9
working electrode, a platinum wire counter electrode, and

The gold-coated BK7 wafer was functionalized by im- &0 Ag/Agf' non-agueous re_ference elgctrode). Th_e ultra thin
mersing in the solution of 3-mercapto-1-propanesulfonic PEDOT film was then subjected to different applied poten-
acid, sodium salt (0.001M in ethanol). The uniform and tials via a potentiostat (Princeton A_pphed Research 263A,
negatively charged substrate was immersed in a dilute Hcl EG&G) under amonomer-free solution of 0.1 M TBAPF6 in
solution prior to the self-assembled fabrications. The sub- acetonitrile. The SPR curves with the coupled wavelengths
strates were alternatively immersed, for 15 min, in aqueous ©f 632.8 and 1152 nm were acquired after applying a desired
solution of the polycation and the polyanion until the de- potential for 2.5 min. The SPR curves of the ultra thin PE-

sired numbers of self-assembled layers were achieved (i.e.POT film with the applied potentials of 0.5;0.2, —0.65,
2, 4, and 6 layersj26]. The fabricated wafer was rinsed @nd—1.0V are shown irFig. 4.

thoroughly with deionized water (Milli-Q, 18 k&, pH 5.6)
between the successive depositions. Structures of the poly-
electrolyte are shown iRig. 1 Polyaniline (PANI) and sul- 0.8
fonated polyaniline (SPANI) were synthesized following the
procedures given by MacDiarmid et 4R7] and Yue et.
al. [28], respectively. Poly(allylamine hydrochloride) (PAH;
MW 50,000-65,000) and poly(sodium 4-styrenesulfonate) @
(PSS; MW 70,000) were purchased from Aldrich. The syn-
thesized emeraldine hydrochloride was converted to emeral- 00
dine base by reacting with ammonium hydroxide for 24 h.

The polymer can be made water soluble according to a pro-
cedure given by Cheung et. §9]. A dilute solution of the 806
polymer (20 mg/mL in dimethylacetamide) was subsequently § 04
diluted (1:10) in water (pH 3.0-3.3). The pH of the aqueous ©

3.2.2. Self-assembled conducting polymer experiment
(SPR of a strongly absorbing dielectric with thickness
variation)

lectance

NC

Re

0.2

solution was then adjusted to approximately pH 2.6. Sul- At d B
fonation of PANI was performed by reacting with fuming 0.0 -

) . . ) . : 49 50 51 52 53 54
sulfuric acid and isolating the product, which is soluble in Measured incidence angle 2 (degree)

0.1 M sodium hydroxide. The pH of the SPANI solution was
adjusted to approximately pH3.0 prior to self-assembled fab- Fig. 4. SPR curves of ultra thin electropolymerized PEDOT at the coupled
rication[30]. The SPR curves of the multilayer PANI/SPANI wavelengths of (A) 632.8 nm and (B) 1152 nm at various applied potentials:

. . . . . (a) +0.50; (b)—0.20; (c)—0.65; and (d)-1.00V. SPR curves of the bare
fll.mS under ambient air environment are shown in gold film under the monomer-free solution of 0.1 M TBAPF6 in acetonitrile
Fig. 3 are shown (dotted lines).
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4. Results Similar resonance angle shifts were observed when the
same binding events were performed on the sensoryvith
The SPR curves of nonabsorbing and weakly absorbing 0.04,Fig. 2B. The change in the reflectance minimum was
dielectrics with mole fractions of the biotin-terminated thiol not observed after the binding of the non-labeled antibody,
x of 0.10 and 0.04 are shown Iig. 2A and 2B, respec-  Fig. 2B(d). However, the increments of the reflectance min-
tively. The broad SPR curve iRig. 2A(a) compared to that  imum were detected after the binding of the fluorophore-
in Fig. 2B(a) indicates a thinner gold film. When aweakly ab- labeled antibodiessig. 2B(b) and (e).
sorbing dielectric, the fluorophore-labeled antibody AF-2F5, For SPR of a strongly absorbing dielectric, the influences
was bound onto the surface of SAM wigh= 0.10, the res-  of the absorption via thickness increment were clearly ob-
onance angle shifted to a greater angle while the reflectanceserved in the SPR curves of the self-assembled PANI/SPANI
minimum slightly decreasedkig. 2A(b). The SPR curve re-  conducting polymer filmfig. 3. The resonance angle shifted
treated back and almost superimposed with that of the virgin to a greater value, the reflectance minimum increased, the
SAMwhen the fluorophore-labeled antibody was removed by SPR curve became broader while the resonance angle and
the regeneration procedsig. 2A(c). When a nonabsorbing  the critical angle were less obvious as the number of the
dielectric, the non-labeled antibody 2F5, was bound onto the self-assembled PANI/SPANI film increased. The largest re-
regenerated surface, the resonance angle shifted to a greatdlectance increment was observed when the first layer of
angle without a significant change of the reflectance min- PANI/SPANI film was fabricated onto the gold surface.
imum, Fig. 2A(d). The magnitude of the shift is slightly =~ Smaller increments were detected with the successive self-
greater than that of the fluorophore-labeled antibody. When assembled layers.
the fluorophore-labeled antibody AF-RaM was additionally ~ The influence of the absorption by the complex refractive
bound onto the sensor, the resonance angle shifted furtheindex variations was examined via the SPR curves of PEDOT

with a slight decrease of the reflectance minimgig, 2A(d). conducting polymer films under various applied potentials,
Table 1
Fitting parameter of the observed SPR CurveBim 2
SPR curve Layer architecture of the sefsor fespr?
Au SAM AF-2F5 or 2F5 AF-RaM

Complex refractive indexi(= n + ik)
Thickness (nm)

Fig. 2A(a) 0.139 +i3.607 1.500 56.9
42.00 1.60

Fig. 2A(b) 0.139 +i3.607 1.500 1.450 #0.019 57.6°
42.00 1.60 5.00

Fig. 2A(c) 0.139 +i3.607 1.500 56.9
42.00 1.60

Fig. 2A(d) 0.139 +i3.607 1.500 #50 57.8
42.00 1.60 6.32

Fig. 2A(e) 0.139 +i3.607 1.500 #50 1450 +i0.017 58.3
42.00 1.60 6.32 4.40

Fig. 2B(a) 0.198 +i3.580 1.500 56.9
51.00 1.40

Fig. 2B(b) 0.198 +i3.580 1.500 1.450 #0.034 57.4
51.00 1.40 4.05

Fig. 2B(c) 0.198 +i3.580 1.500 56.9
51.00 1.40

Fig. 2B(d) 0.198 +i3.580 1.500 #50 57.6°
51.00 1.40 5.15

Fig. 2B(e) 0.198 +i3.580 1.500 #50 1450 +i0.032
51.00 1.40 5.15 4.33 58.2

The values of the complex refractive indices are represented by bold characters.

2 An LASFN9 Glass I = 1.845) is employed as a coupling prism while the HBS-EP buffer (1.333) is employed as a semi-infinitely thick nonabsorbing
ambient substrate.

b The measured angle of incidengehas a resolution of G2 ear the resonance angle.

¢ Alexa Fluor 647-labeled mouse monoclonal antibody 2F5 (isotype ipG

d Alexa Fluor 647-labeled rabbit anti-mouse 1gG.
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Table 2

Fitting parameter of the observed SPR Curvesim 3

SPR curve Layer architecture of the sefsor fespr?
Cre Au PANI/SPANI PANI/SPANI PANI/SPANI
Complex refractive indexi(= n + ik)
Thickness (nm)

Fig. 3a 3.66 +i4.36 0.20 +3.48 43.7
0.70 55.30

Fig. 3b 3.66 +i4.36 0.20 43.48 1.50 40.22 44.4
0.70 55.30 6.00

Fig. 3¢ 3.66 +i4.36 0.20 43.48 1.50 40.22 1.50 40.22 46.3
0.70 55.30 6.00 7.40

Fig. 3d 3.66 +i4.36 0.20 +3.48 1.50 +0.22 1.50 40.22 1.50 #0.22 48.5
0.70 55.30 6.00 7.40 7.20

The values of the complex refractive indices are represented by bold characters.
a8 A BK7 Glass = 1.515) is employed as a coupling prism while air(1.00) is employed as a semi-infinitely thick nonabsorbing ambient substrate.
b The measured angle of incidengehas a resolution of ®ear the resonance angle.
¢ The complex refractive index is obtained from referef&4.

Fig. 4 The SPR curve of the bare gold with 0.1 M TABPF6 with the 0.5V applied potential were smaller than those with
solution at the coupled wavelength of 1152 rifig. 4B, was negatively applied potentials. When the film was subjected to
narrower than that with the coupled wavelength of 632.8 nm. a negatively applied potential (i.e-0.2,—0.65,and-1.0 V),

At the coupled wavelength of 632.8 nfiaig. 4A, the reso- the reflectance minimum increased while the resonance angle
nance angle and the reflectance minimum of the SPR curveshifted to greater value and became less obvious.

Table 3

Fitting parameter of the observed SPR curveBim 4

SPR curve Layer architecture of the sefsor fespr?
Au PEDOT
Complex refractive indexi(= n + ik)
Thickness (nm)

Fig. 4A(a) 0.198 +i3.569 58.3
40.00

Fig. 4A(b) 0.198 +i3.569 1.328 4#0.049 58.00
40.00 22.50

Fig. 4A(c) 0.198 +i3.569 1.343 #0.067 58.5
40.00 22.10

Fig. 4A(d) 0.198 +i3.569 1.404 40.178 60.4
40.00 21.30

Fig. 4A(e) 0.198 +i3.569 1.406 #0.341 61.9
40.00 19.70

Fig. 4B(a) 0.230 +i8.066 51.2
40.00

Fig. 4B(b) 0.230 +i8.066 1.230 +#0.239 51.r
40.00 22.50

Fig. 4B(c) 0.230 +i8.066 1.322 40.170 51.3
40.00 22.10

Fig. 4B(d) 0.230 +i8.066 1.445 +0.083 51.7
40.00 21.30

Fig. 4B(e) 0.230 +i8.066 1.514 40.026 51.7
40.00 19.70

The values of the complex refractive indices are represented by bold characters.
2 An LASFN9 Glass (i = 1.845) is employed as a coupling prism while the 0.1 M TBAPF6 in acetonitritel(.340) is employed as a semi-infinitely thick

nonabsorbing ambient substrate.
b The measured angle of incidengehas a resolution of 02 ear the resonance angle.
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With the same potentials applied on the exact same PE-the metal filmis the only absorbing medium in the SPR of the
DOT film, opposite phenomena were observed with the cou- nonabsorbing dielectrics, the attenuation of the reflectance
pled wavelength of 1152 nm. The broadest SPR curve with can be assigned to the absorption of the m@&24] Ac-
the highest reflectance minimum and the smallest resonancecording to Eq(2), the reflectance is proportional to the inte-
angle was observed at the 0.5V applied potential. The reso-gration of the product between the evanescent field amplitude
nance angle shifted to a greater value while the reflectanceand the imaginary part of the dielectric constant of the metal
minimum decreased as the film was subjected to a greaterfilm, the evanescent field integration must be constant or in-
negatively applied potential (i.e50.2,—0.65, and-1.0V, significantly changed as the resonance angle skifts.5B
respectively). shows the evanescent field decay profile at three different res-
In order to determine the layer architectures and to gain onance conditions defined Fig. 5A. Although their reso-
insight understandings of the investigated systems, the ob-nance angles are different, the corresponding evanescent field
served SPR curves were fitted by Fresnel equation. The fitteddecay profiles within the metal film are almost the same. The
parameters are shown Tables 1-3 same magnitudes of the evanescent field integrations make
their reflectance minimums almost the same (i.e., cannot be
differentiated experimentally, séég. 5A).

5. Discussion SPR of an absorbing dielectric is more complicated than
that of the nonabsorbing dielectric due to the presence of

For binding events of nonabsorbing dielectrics, the reso- an additional absorbing medium. The resonance angle shifts
nance angle increases without a significant change of the reto a greater angle due to the thickness and/or refractive in-
flectance minimum (i.eEig. 2A(c) and (d) andFig. 2B(c) and dex increment. The reflectance minimum also changes while
(d)). This phenomenon associates with the evanescent fieldthe SPR curve becomes broader as the absorption of the ab-
in the metal film. The evanescent field at the resonance anglesorbing dielectric increases. The direction of the reflectance
does not change significantly as it shifts to a greater angle bychange (i.e., increasing or decreasing) depends strongly on
the deposition of a nonabsorbing dielectfi. 5Ashowsthe  the thickness of the metal film. For a weakly absorbing di-
resonance shift (i.e., the resonance angle and the reflectancelectric, if the thickness of the metal film is smaller than
minimum) of the SPR curve induced by thickness and re- the optimal thickness, the reflectance minimum decreases as
fractive index increments. The resonance angle shifts linearly the absorption of the dielectric film increases (e 2A).
with thickness and refractive index of the nonabsorbing film. The opposite phenomenon is observed when the thickness
The reflectance minimum, however, stays unchanged. Sinceof the metal film is greater than the optimal thickness (see
Fig. 2B).

The optimal thickness of the metal film in SPR measure-

Thickness of the nonabsorbing dielectric film d(nm)
5 10 15 " ment depends strongly on the wavelength of the coupled ra-

— = 3 )
08F A Gy Hosnm Lol g diation and optical constants of the metal film and the di-
w06l h:A 1 3 electric medium. As shown iRig. 6, the optimal thickness
g do o BTN 4 s 2 of the gold film decreases as the absorption of the dielec-
%04' L e tric film increases. For a weakly absorbing thin dielectric
o2} J/% 57T film, the optimal gold thickness can be estimated from that
| . o] E of the nonabsorbing dielectric since their evanescent field
Refractive TRt the nor!l:bsorbing dieleciric film ng, 180 p_roflles_are not significantly dlﬁerel_’]tf Based on the com_plex
dielectric constant from Fresnel fitting, the optimal thick-
8B ness of the gold film irFig. 2A is 45.56 nm while that in
- Bl [Z_Tf)zL (E2)a: Fig. 2B is 45.40 nm. The calculated optimal thickness, thus,
R i - b confirms that the gold film ifffig. 2A is thinner than optimal
—~ a 1.35 5 56.72 0.6674 .
-3 b 145 5 5727 08673 thickness.
A5 088 16 o) 9eer0 The evanescent field decay profiles at the resonance an-
" gles of the SPR curves iRig. 2 are shown inFig. 7. The

0 10 20 30 40 50 weaker evanescent field in the system with absorbing dielec-
A ok PSR i e tric makes the absorption of the gold film smaller than that
Fig. 5. (A) The resonance condition of a nonabsorbing dielectric film: (1) of the gOId film m_the Sy_Stem Wlt_h npnabsorblng dielectric.
thickness variation of a film witinp = 1.45; (Il) refractive index variation For the system with a thin gold filnfig. 2A, the decreased
for a film with dp = 5 nm thick. The solid lines indicate the resonance angle absorption of gold film can be compensated by the absorp-
while the dotted lines (two lines are superimposed) indicate the reflectancetion of the fluorophore-labeled antibody. The summation of
minimum. (B) The evanescent field decay profile within the metal film at the absorption of the gold film and that of the quorophore-
three different conditions: a, b, and c, defined in (A). The insert shows the . . h .
evanescent field integrations at the resonance angles. The layer architecturgibeled ant'bOdy _(|.eE|g. 2A(b) and (e)) I_S greater than that
of the system and the coupled wavelength are shown in the fijote:the of the gold film with unbound SAM or with non-labeled an-

positions labeled-(b) have the same layer architecture. tibody (i.e.,Fig. 2A(a) and (d)). As a result, according to Eg.
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Fig. 6. (A) SPR curves at various metal film thickness. The resonance con-
ditions (resonance angle and reflectance minimum) at various absorption in-
dicesk of the bulk absorbing dielectric with = 1.346+ ik: (B) k= 0.000;

(C) k=0.002; and (Dk = 0.005. The simulation parameters are shown.
Note:the resonance conditions in (B) are those of the SPR curves in (A).

(3), smaller reflectance minimums in SPR curves of absorb-
ing dielectric compared to that of the nonabsorbing dielectric
are observed. If the absorption of the dielectric film is greatly

0 10 20 30 40
Thickness of the absorbing dielectric film (nm)

Fig. 8. Parameters at the resonance condition as the thickness of the absorb-
ing dielectric film increases (i.e., via thickness increment) for sensors with
thickness of the gold film (A) thinner than the optimal thickness and (B)
thicker than the optimal thickness. The simulation parameters are shown in
Table 1(i.e., fitting parameters dfig. 2A(b) and B(b), respectively) with

an increasing thickness of AF-2F5 layer. Thraxes are parameters at the
resonance conditiorfépr, resonance angl&spg, reflectance minimum;

Awm, absorptance of the metal fildp, absorptance of the absorbing di-
electric;Av + Ap, the total absorptance&Ef:dM_), evanescent field at the
metal/dielectric interface on the metal side arﬂf:dM+), that on the di-
electric side).

pensate the decreased absorption of gold, thus, a greater re-
flectance is observedrig. 2B(b) and (e)).
The changes associated with the increased absorption of

increased, the evanescent field is significantly decreased. Thdhe dielectric film via. the thickness increment, as summa-
absorption of the dielectric will not compensate the decreased’2€d inFig. 8 include: the resonance angle linearly shifts to

absorption of the metal film, thus, a greater reflectance mini-
mum compared to that of the nonabsorbing dielectric will be

a greater value, the evanescent field at the metal/dielectric in-
terface decreases, the absorption of the metal film decreases

observed. The opposite phenomena are observed in the Sysv_vhile the absorption of the absorbing dielectric increases.

tem with a thick gold film. As shown iRig. 7, the evanescent
field is significantly decreased as the dielectric film becomes
absorbing. The absorption of the dielectric film cannot com-

6r A & @bogpy = 57.8° 40
a, c: @fegpr = 56.9°
~
¥ 4 e: @fespg  =58.4° : o 30 i‘c» l —
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'
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Distance from prism/metal interface (nm)

0 10

Fig. 7. The evanescent field decay profiles at the resonance angles of the

SPR curves: (A) ifFig. 2A and (B) inFig. 2B. The dotted lines indicate the
metal/dielectric interfaces. The simulation parameters are shohabie 1
The curve labels are associated with thosEigf 2

However, the change of the reflectance minimum depends
strongly on the thickness of the gold film. For a sensor with
a gold film thinner than the optimal thickne$sg. 8A, the
reflectance minimum decreases to a minimal value (almost
zero) before continuously increasing as the thickness of the
dielectric film increases. This is due to the associated ab-
sorptions of the gold film and the absorbing dielectric film.
The absorption of a thin dielectric film (i.e., less than 20 nmin
this case) is greater than the decreased absorption of the metal
film. Thus, the total absorption increases with the thickness of
the dielectric film. The high absorption of the dielectric film
is due to the strong evanescent field at the metal/dielectric in-
terface. Although, the absorption index and thickness of the
dielectric film are much smaller than those of the metal film,
the evanescent field in the dielectric medium is much greater
than that in the metal film. According to the employed sensor
architecture, the evanescent field at the metal/dielectric inter-
face on the dielectric side is 30 times greater than that of the
coupled radiation. The evanescent field at the metal/dielectric
interface on the metal side, on the other hand, is only six times
greater (se€ig. 8). As the thickness of the absorbing dielec-
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4f T ——a_ i were very small, as confirmed by the quartz crystal microbal-
a: @6egpr = 43.1° ! ance (QCM) measuremej®l], substantial SPR curve vari-
o : gz::::jj;‘;;‘;’ i X <= ations caused by the complex refractive index changes were
34 d: @besen = 48.5° bi 20 clearly observed. The thickness changes of the conducting
c P polymer films upon applied potential were also reported else-
N — l/dl_JTro where.[32,33] The greater reflectance minimums and the
0 20 40 50 60 70 80 broader SPR curves compared to that of the bare gold film

Distance from prism/metal interface (nm) indicate absorptions of the PEDOT film at the coupled wave-

Fig. 9. The evanescent field decay profiles at the resonance angles of the!engths' The broad SPR Curve_ of bare_goldilg. 4A (Au)
SPR curves iffFig. 3. The simulation parameters are showTable 2 The indicates that the 40 nm gold thickness is smaller than the op-
curve labels are associated with thos&gf. 3. timal value at 632.8 nm excitation wavelength. According to
the dielectric constant of the gold film obtained from the Fres-

tric film is further increased, the SPR-generated evanescentnel fitting, the optimal gold thickness equals 45.48 nm. The
field is further decreased. Although the absorption of the di- above statementis confirmed by the SPR curve with 0.5V ap-
electric film increases, the increased absorption cannot com-plied potential where the reflectance minimum is smaller than
pensate the decreased absorption of the metal film. As aresultthat of the bare gold film. Although the film is weakly absorb-
the total absorption decreases as the thickness of the metaing at 0.5V applied potential, it becomes highly absorbing
film increases. According to E¢R), this results in a greater  under the negatively applied potentials. Thus, the reflectance
reflectance minimum compared to that of the nonabsorbing minimum becomes greater than that of the bare gold film as
dielectric film. the absorption increases. The observatidfign4A confirms

For a sensor with a thick gold filnfig. 8B, the reflectance  the prediction shown ifrig. 8A.
minimum increases with the thickness of the absorbing di-  According to the results from Fresnel fitting, the optimal
electric film. The evanescent field decreases as the absorptiorthickness of the gold film at 1152 nm is 40.48 nm. Despite
of the dielectric film increases. The absorption of the metal the slightly smaller film thickness compared to the optimal
film, then, decreases due to the weaker evanescent field. Althickness, the greater absorption index of the gold at 1152 nm
though the absorption of the dielectric film increases with the makes the SPR curves narrower than that at 632.8 nm. The
thickness of the dielectric film, the increased absorption can- SPR curve at 0.5V applied potential indicates that the PE-
not compensate the decreased absorption of the metal film. ADOT film is strongly absorbing at 1152 nm. In contrast to
a result, the reflectance minimum of the absorbing dielectric those at 632.8 nm, PEDOT film becomes less absorbing un-
is greater than that of the nonabsorbing dielectric. der the negatively applied potential. The phenomenon pre-

The broader SPR curve with high reflectance minimum dicted inFig. 8A is not observed ifrig. 4B due to the strong
in the SPR curve of a strongly absorbing self-assembled absorption of the PEDOT film and a slightly smaller thick-
PANI/SPANI film is due to the very weak evanescent field as- ness of the gold film compared to the optimal thickness at the
sociated with the absorption of the dielectric. The increased coupled wavelength of 1152 nm (i.e., 40.00 nm compared to
absorption of the dielectric film due to thickness increment 40.48 nm).
cannot compensate the decreased absorption of the metal
film. As shown inFig. 9, a substantial decrement of the
evanescent field is observed at the first deposition of the self-6. Conclusions
assembled PANI/SPANI while smaller decrements are ob-
served in the consecutive depositions. As a result, the largest The resonance condition of an SPR curve is greatly
reflectance change is observed upon the deposition of the firsinfluenced by the experimental parameters and optical
layer. Beside the decreased evanescent field amplitude at th@roperties of the materials involving in the sensing scheme.
metal/dielectric interface, the difference between the absorp-The physicochemical phenomena induce changes in the
tion maximum of the metal film and that of the dielectricisa Optical properties of the dielectric film attached to the metal
contributing factor to the broadening of the SPR cU&&j. film thus shift the resonance condition. The resonance angle

When the physicochemica| phenomenon induces a Sig_ShiftS Iinearly with the refractive index and/or thickness
nificant Change in the Comp|ex refractive index of the di- variations. The reflectance minimum Change, on the other
electric film attached to the gold surface, the corresponding hand, depends strongly on the absorption of the dielectric
SPR curve changes substantially. The refractive index and/orfilm and thickness of the metal film. For a nonabsorbing
thickness variation shifts the resonance angle while the ab-dielectric, the resonance angle shifts without a significant
sorption index change alters the minimum reflectance. Thechange in the reflectance minimum. For a sensor with a
smaller resonance ang]em‘ig' 4A(a) and B(a) Compared to thin metal fllm, the reflectance minimum decreases before
that of the bare gold implies that the refractive index of the continuously increases as the absorption of the dielectric
PEDOT film with 0.5V applied potential is smaller than that film increases. The reflectance minimum of the sensor with
of the ambient solution (01 M TBAPF®6 in acetonitr"e)_ Al- a thick metal fllm, on the other hand, CO”tinUOUSly increases
though the thickness variations of the PEDOT filnFig. 4 as the absorption of the absorbing dielectric increases.
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