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Abstract

Reflection loss in surface-plasmon resonance (SPR) curve of an absorbing dielectric is due to the absorptions of the metal film and th
absorbing dielectrics. The SPR curve is significantly distorted from that of the nonabsorbing dielectric (i.e., broader curve shape with highet
reflectance minimum), especially for strong absorbing dielectrics. When absorption of the absorbing dielectric is too small (i.e., very thin
or low concentration), insignificant change in SPR curve is observed as the absorbing dielectric binds onto a nonabsorbing dielectric film
However, if the absorbing dielectrics are fluorophores or fluorophore-labeled molecules, the presence of small amount of the absorbin
dielectric can be detected by the highly sensitive surface-plasmon field-enhanced fluorescence spectroscopy (SPFS). The fluorescer
signal can be expressed in terms of the dielectric constant of the absorbing dielectric and the SPR-generated evanescent field. Althou
the fluorescence quenching near the metal surface complicates the SPFS-fluorescence signal, the quantitative analysis can be perforn
on a well-defined dielectric layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction associate with molecules and/or small number of molecules
such as protein fragment and small drug molecules cannot

Surface-plasmon resonance (SPR) spectroscopy takes adse detected by SPR technique due to insignificant change
vantage of the strong SPR-generated evanescent field at that the surfacg7-9]. In order to improve sensitivity of the
surface of a thin noble metal film for probing thin dielectric SPR-based sensing technique, the surface sensitive SPR
films deposited on the metal surface. The exponential decayphenomenon is combined with fluorescence spectroscopy.
characteristic of the SPR-generated evanescent field make8y coupling the strong SPR-generated evanescent field to
SPR sensor very sensitive to chemical or physical interac-a layer of fluorophores or fluorophore-labeled molecules
tions that can induce thickness and/or complex refractive confined near the metal surface, the fluorescence signal can
index variations near the metal surfdde?]. As the refrac- be pickup by a sensitive detector. The highly surface sensi-
tive index and/or the thickness of the dielectric film change, tive nature of surface-plasmon field-enhanced fluorescence
the resonance angle shifts to a new position. The magnitudespectroscopy (SPFS) has proven to be a complementary
of the angle shift and/or the variation of the reflectance at ato SPR technique where additional chemical information
certain angle of incidence can be correlated to the physic-together with physical information of the thin film at the
ochemical phenomena at the interface. The kinetics of theinterface can be collected simultaneoufly9]. The com-
reactions, binding events as well as properties of the dielec-bination of the highly sensitive nature of the fluorescence
tric film under various environments and experimental con- technique with the strong SPR-generated evanescent field
ditions can be followed2—-6]. makes SPFS exceptionally sensitive to minute changes asso-

Since an observable change in the SPR curve is inducedciated with fluorophores. A detection limit less than 240 pM
by thickness and/or refractive index changes, binding eventsof human chorionic gonadotrophin (hCG) was observed

via SPR-based fluoroimmunoasgag9]. A multicomponent
- macromolecular adsorption onto the surface of functional-
* Corresponding author. Tel66-2-218-7585; . .

fax: +66-2-218-7598/254-1309. ized self-assembled monolayer from an aqueous solution
E-mail address sanong.e@chula.ac.th (S. Ekgasit). was reported11]. Binding events between antibody-bound
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self-assembled monolayer and its antigen were studied by
the SPR-SPFS techniq{E2].

Although SPFS is a very sensitive SPR-based sensing
technique, the quantitative analysis of the fluorescence sig-
nal is complicated by the fluorescence quenching via a non-
radiative resonance energy transfer near the metal surface
[13-18] The distance-dependent resonance energy transfe
quenches all the emitted fluorescence if the fluorophores are
too close to the metal film. In order to perform a quanti-
tative analysis of the SPFS-fluorescence signal, an insightg
on the distance-dependent amplitude of the SPR- generate(f,
evanescent field is required. This paper will show the linear §
relationship between the SPFS-fluorescence intensity anCo
the SPR-generated evanescent field. A quantitative analysr’“
of the SPFS-fluorescence signal of a well-defined absorbmgc .
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dielectric film will be examined.

2. Theory and simulations

For an SPR setup in the Kretschmann—Raether ATR
configuration, reflectance of a multilayer (i.e., metal
film/dielectric films/dielectric substrate) depends strongly

on the experimental conditions (i.e., angle of incidence and §
wavelength of the coupled radiation) and material charac- <

teristics (i.e., complex refractive indices of metal film, di-
electric films and dielectric substrate, and thickness of metal
and dielectric films). Under ATR condition, the reflectance
R(#) of the coupled radiation with parallel polarization can

rptance
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Fig. 1. (A) 3D-surface plot; (B) the corresponding contour plot of
angle-scan SPR curves of a four-phase system as the dielectric film thick-
ness increases; (C) SPR curves at selected thickness of the dielectric film;

be expressed in terms of the evanescent field amplitude by(p) MSEFs at the metal/dielectric interface (on the metal side); and (E)

[19-21}
R() =
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whered is the angle of incidenceéy(d) the absorption imb-
sorptance unit, A the wavelength of the couple radiatigr),
the complex dielectric constant of tfth layer, and(E§(9)>

the mean square evanescent electric field (MSEF) at a dis-

tancez from the metal/prism interfacé\ is the number of
film in the multilayer with the metal film as the first layer.
k.p(0) is the zcomponent of the wavevector in the prism.
k.p(6) can be expressed in terms of tkeeomponent of
the wavevectok,p(d) by k.p(0) = [(27/1)%ep — k2p(6)]Y/2
with kp(6) = (2r/M)[epsinth]Y2 and ep is the dielec-
tric constant of the prism. The detailed derivations of the

absorption of the metal film. The simulation parameters grex 3.4036,
éau = —1294+i1.48, day = 47.1nm, épg = 2.25, eps = 1.778. The
arrows indicate the direction of changes as thickness increases.

binding events build up a thicker dielectric layer on top of
the metal film can be simply modeled by a four-phase Fres-
nel equation. SPR curves of a four-phase system (prism/gold
film/nonabsorbing dielectric film/nonabsorbing dielectric
substrate) are shown kig. 1 Since the gold film is the only
absorbing medium, the SPR reflectance of the system can
be expressed in terms of the absorption of the gold film as
dau
/ Im[2au](E2(6)) d

27r>2
kzp(9) Jo

RO =1 < .

whereda, andéay, respectively, are thickness and complex
dielectric constant of the gold film. The resonance angle
shifts to a greater value as the thickness of the film increases.
The magnitude of the shift increases linearly with the thick-
ness of the nonabsorbing dielectric film. According to SPR

()

SPR-reflectance associated with MSEF are given elsewherecurves at selected film thicknedsig. 1C the reflectance

[20-22]

2.1. SPR of nonabsorbing dielectrics

In the conventional SPR, change associated with nonab-

sorbing dielectric film are of interest. SPR of a system where

minimum at the resonance angle insignificantly changes as
the thickness increases. This phenomenon associates with
the MSEF at the metal/dielectric interface. Although the
MSEF amplitude at the metal/dielectric interface slightly
decreases as the dielectric film thickness increddgs 1D,
absorption of the gold film insignificantly changé&sg. 1E
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due to the angle-dependent nature of the wavevéctg6)
[21]. The slightly decreased,p(f) compensates for the
small decrease of the MSEF at the interface as the angle of _"°}
incidence increases. g 06 T T HHhHhH
Although the reflectance is directly derived from the R
MSEF, the resonance angle is slightly greater than the an-
gle with field maximum of the corresponding MSEF at the
metal/dielectric interfacesig. 1C and D This phenomenon
associates with the decay characteristics of the MSEF within
the metal film. The MSEF decays exponentially while the

field maximum shifts toward a greater angle as the distance € o 01,01 / / ®)
from the interface increasd®1]. The MSEF integration 6l o | 7.
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within the metal film, as a result, has a maximum at the / M 0s
resonance angle.

Fig. 1 suggests that the variation of the nonabsorbing Dietectric Film Thickness (0 ©
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dielectric film thickness does not induce any significant s 022 —7

change of the reflectance minimum but does alter the 5 oo ,

surface-plasmon resonance condition, which result in a lin- = oo[— » v %

ear shift of the resonance angle. This unique phenomenon___ D)
. . . . T 4 40

enables SPR sensor quantitatively analyzes binding events.t 20

of nonabsorbing dielectrics. ~2r % %0
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SPR curve of an absorbing dielectric is characterized by 202

a broader curve shape together with a greater reflectance 30 )
minimum due to the presence of an additional absorbing %20 ;%
dielectric, as shown irFig. 2 The reflectance of a sim- & [ ©
ple four-phase system (prism/metal film/absorbing dielec-
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Fig. 2. (A) 3D-surface plot; (B) the corresponding contour plot of
dautdno . > angle-scan SPR curves of a four-phase system as the dielectric film thick-
+f lm[‘EAD] (Ez (0)) dz (3) ness increases; (C) SPR curves at selected thickness of the dielectric film;
dau (D) MSEFs at the metal/dielectric interface (on the metal side); (E) ab-
R . . sorption of the metal film; (F) MSEFs at the metal/dielectric interface
wheredap andéap, respectively, are thickness and com-  (op the dielectric side); and (G) absorption of the absorbing dielectric

plex dielectric constant of the absorbing dielectric film. fiim. The simulation parameters are the same as thosEign 1 with

As thickness of the absorbing dielectric increase, the res-éor = 2.25+i0.3. The arrows indicate the direction of changes as thick-
onance angle linearly shifts to a greater value, the SPRNess increases.

curves become broader while the reflectance minimum

becomes greater. It should be noted that resonance anments of thickness and/or imaginary part of the dielectric
gle of the absorbing dielectric is slightly greater than that constant).

of the nonabsorbing dielectric of the same layer archi- The optical enhancement at the metal/dielectric interface
tecture. Due to the influence of the absorbing dielectric, makes the MSEF on the dielectric side much greater than
the evanescent field at the metal/dielectric interface is that on the metal side while the wavevector-dependent na-
less enhanced compared to that of the nonabsorbing di-ture of the MSEF makes the angle with field maximum on
electric. The total absorption of the system (i.e., absorp- the dielectric side smaller than that on the metal side, see
tions of the gold film and the absorbing dielectric film) is Fig. 2D and ESimilar to that of the nonabsorbing dielectric
smaller compared to that of the nonabsorbing dielectric. film, the resonance angle is slightly greater than the cor-
The phenomenon can be visualized by a greater reflectanceesponding angle with field maximum of the MSEF at the
minimum and a broader peak shape as the absorptionmetal/dielectric interface. The MSEF decay characteristic
of the absorbing dielectric increases (i.e., via the incre- within the metal film makes the angle with absorption maxi-
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mum of the metal film greater than the angle with field max-
imum at the interface (on the metal sideig. 2D and EOn
the dielectric side, since the angle with field maximum does

not change as the MSEF decays into the dielectric media, the

angle with absorption maximum of the dielectric film is the
same as the angle with field maximum at the metal/dielectric
interface (on the dielectric sideffig. 2F and G According
to Eqg. (3) the resonance angle is between the angle with
maximum dielectric absorption and the angle with maximum
metal absorption, as shown fitig. 2C, E and GBeside the
decrease of the MSEF at the interface, the difference of the
angles with absorption maximums also contributes to the
broad feature of the SPR curve of an absorbing dielectric.
Due to exponentially decay characteristic of the evanes-

cent field and the decrease of the evanescent field enhance
ment at the interface, absorptance of the absorbing dielec-

tric film does not increase in a linear fashion with the film

thickness. Although the resonance angle of the absorbing(B)

film increase linearly with the thickness of the absorbing

dielectric, the resonance angle becomes less obvious as thi

absorption of the dielectric film increases.

2.3. Fluorescence intensity in SPR-SPFS

SPR-SPFS takes advantages of the strong SPR-generate

evanescent field at the metal/dielectric interface to excite

the confined fluorophores near the interface. Since sprs{€
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fluorescence intensity corresponding to SPR-reflectance carrig. 3. (A) A schematic illustration of the SPR-SPFS setup. (B) Struc-

be observed, chemical information from SPFS curve to-
gether with physical information from SPR curve can be ob-
tained simultaneously. Due to a linear relationship between
absorption and fluorescence emissi@3,24], the SPFS-
fluorescence intensithyorescenc€an be expressed in terms
of the MSEF by the following expressida1l]:

1

2
) kzp(6)

X/ Kret(2) Im[g‘FIuorophorME?(g)) dz (4)
dF\uorophore

2

Irorescenctd) = KOptics(T

whereériyorophorei$ the dielectric constant of the dielectric
film with fluorophoresKre1(2) is the fluorescence quench-
ing factor due to the resonance energy transfer.

dFjuorophore

indicates an integration over the thickness of the layer with
fluorophoresKoptics is a constant whose value depends on
experimental parameters (i.e., attenuation factor, filter, fo-
cusing lens, and optical windows).

3. Experimental
3.1. Setup for SPR-SPFS measurement
A schematic illustration of an SPR—SPFS setup is shown

in Fig. 3 For SPR measurement, a radiation from a HeNe
laser { = 6328 nm, 10 mW, Uniphase, USA) is modulated

tures of thiols employed for mixed SAM fabrication: (I) OH-terminated
thiol and (Il) biotin-terminated thiol. (C) Schematic drawings of the
antibody-bound SAM employed for the SPR-SPFS experiments. Note:
AF-2F5 and AF-RaM are fluorophore-labeled antibodies.

by a chopper. The plane of polarization and intensity of the
modulated radiation are controlled by two Glan-Thompson
polarizers (GT-PI). The radiation is coupled to the multi-
layer via a right-angled prism (LASFN9,= 3.4036, Schott
Glas, Germany). The reflected beam is focused onto a photo-
diode detector by a leng' (= 50 mm, Owis, Germany). The
corresponding SPFS signal is collected from the backside
of the prism by focusing the fluorescence light with a lens
(f = 50mm, Owis, Germany), passing through a neutral
filter and an interference filtet.(= 670 nm,Ax = 10 nm,
LOT, 80% transmission), onto a photomultiplier tube (PMT,
Hamamatsu, Japan). The PMT is connected to a photon
counter unit (Agilent, USA) where the fluorescence signal is
expressed as photon counts per second, cps. The neutral fil-
ter, which functions as an attenuator, keeps the signal from
PMP within its linear range (i.e., less tharx1.0P cps). The
current experiments employ attenuation factor of 60.88. The
factor is obtained from an independent calibration measure-
ment.

The SPR signal is collected as a function of the an-
gle 6 defined with respect to the direction normal to the
prism/metal interface. A homemade program controls a pre-
cise angular rotation of the goniometer where the prism and
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flow cell are mounted. The measured incidence amgle  The antibody-bound SAM can be regenerated by an SDS
from the goniometer is slightly different from the actual an- solution (5 mg/mL in HBS-EP). Once the generation is com-
gle of incidencey at the prism/metal interface due to the pleted, further binding events can be performed. Schematic
difference between refractive index of air and refractive in- illustrations of layer architectures of the antibody-bound
dex of prism. The relationship between the two angles is SAM are shown irFig. 3 [12,25]
given by, = sinfl[ellj/2 sin(® — ¢)] + ¢, wherep = 45°
for a right-angled prism. For direct comparisons with the
experimental results, the simulated results are expressed ad. Results
functions of the measured angle of incidence. The simulated
results are corrected for the reflection at the air/prism inter-  Fig. 4 shows angle-scan SPR curves and corresponding
face. SPFS curves of antibody-bound SAM. As the antibodies
bind onto the surface of SAM, the resonance angle and the
fluorescence angl-yorescencdi-€-, the angle with the max-
imum fluorescence intensity) shift to a greater value. The
fluorescence angle is always smaller than the corresponding
resonance angle. In order to determine the dielectric con-
stant and the thickness of each dielectric layer (i.e., SAM,
AF-2F5, 2F5, and AF-RaM) the SPR curves are fitted with
reflectance calculated by Fresnel equation. Comparisons be-
tween observed and calculated SPR curves are shown in
Fig. 5.

As the fluorophore-labeled AF-2F5 is bound onto SAM,
the resonance angle shifts to a greater value, the reflectance

3.2. Preparation of self-assembled monolayer of mixed
thiol (SAM)

LASFN9 slides were cleaned and coated witB0nm
gold film via a commercially available thermal evaporation
instrument (Edwards, England). A solution of mixed thi-
ols, OH-terminated thiol and biotin-terminated thiol, with a
net thiol concentration of 500M at a mole fraction of the
biotin-terminated thiol of 0.004, was prepared in absolute
ethanol. The self-assembled monolayer of mixed thiols was
fabricated by immersing the gold-coated LASFN9 slides in =" | ; ; X _
the solution over night at room temperature. The substrates™!N'MumM _sllghtly increases and SPR curve s slightly
were rinsed thoroughly with absolute ethanol, blown-dry Proaden.Fig. 4A(a) and A(b). The corresponding SPFS

with dry nitrogen, and kept under argon environment until curves indicate no fluorescence emission from SAM but
being used. strong fluorescence of 5400 cps from AF-2F5 bound SAM,

Fig. 4B(a) and B(b). When AF-2F5 is removed, the reso-

nance angle retreat back to the same value as that of the

3.3. Materials and experimental procedures virgin SAM, Fig. 4A(c). The SPR curve of the virgin re-
generated SAM and that of the generated SAM cannot be

The anti-biotin mouse monoclonal antibody 2F5 (isotype differentiated graphically. The corresponding SPFS curve
|gG1’k), the Alexa Fluor 647-labeled rabbit anti-mouse |gG of the regenerated SANE|g 4B(0), however, shows flu-
(dye-to-protein ratic= 4.8), and the Alexa Fluor 647 mono-  grescence signal of 200 cps. When a non-labeled antibody
clonal antibody labeling kit were purchased from Molecular 2Fs5 is bound onto the surface of SAM, the resonance an-
Probes. The 2F5 antibOdy was labeled with Alexa Fluor 647 g|e shifts to a greater value while reflectance minimum
dye by following a standard protocol provided by Molecu-
lar Probes. The dye-to-protein ratio was 4.4 as determined
by a spectroscopic approach. Sodium dodecyl sulfate (SDS)
and phosphate-buffered saline (PBS) tablets were purchase(
from Sigma-Aldrich. An HBS-EP buffer (degassed 10 mM
HEPES-buffered saline, pH 7.4, 150 mM NaCl, 3mM EDTA
with 0.005% (v/v) surfactant P-20, Biacore, Sweden) was
employed for the preparation of the protein solutions. 02F

For simplicity, the fluorophore-labeled rabbit anti-mouse
IgG is represented by AF-RaM while the fluorophore-labeled
anti-biotin mouse monoclonal antibody 2F5 is represented
by AF-2F5.

All experiments were performed at room temperature
(21 + 2°C) with HBS-EP as a buffer solution. An aliquot
of 1mL sample solution was injected into the flow cell.
The sample is left in the flow cell for 15min to allow a ac,d
complete binding on the surface of SAM. The cell was % 50 55 60
then flow-washed and filled with running buffer to avoid Measured incidence angle (degree)
bulk solution effects. The working concentration of 2F5, Fig. 4. (A) Experimentally measured SPR curves of the antibody-bound
AF-2F5, and AF-RaM are 20, 20, and 33 nM, respectively. SAM and (B) their corresponding SPFS curves.

08 a: AU/SAM (virgin)

b: Au/SAM/AF-2F5
c: Au/SAM* (regenerated)
d: Au/SAM*/2F5

e: Au/SAM*/2F5/AF-RaM

o
[
T

0.4

Reflectance

0.0

B)

20f 01 a

50 55
10

b

Fluorescence intensity (x10- cps)
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change in the observed SPR curve, the SPR-enhanced ab-
sorption of the fluorophores can be detected via the emitted

0.8

0.6 g ar@

0l ng:” .12.9::1: {%ﬁwtg‘:f t fluor_escence .of the excjtgd fluorophores. This obsgrvation
aom | a1 11 implies the highly sensitive nature of SPFS technique. It

0.2 is so sensitive that it can detect a small number of bound

0.0 molecules where the thickness increment is too small to

(b) induce a significant change in the corresponding SPR curve.
A small increment of the fluorescence signal when the

0.6[

Fig. 4A(b) Multilayer Architecture

Film Au SAM  AF-2F5
ALl 2 lamowitao 225 210+ ioos 2F5 was bound onto the regenerated SAM indicates that
02r the residual AF-2F5 molecules move away from surface the
0.0 metal film where the fluorescence quenching decre&sgs,

(c) 4B(c) and B(d). The displacement is imposed by the neigh-

%0'6' L Hutayer Hetlectre boring 2F5 molecules. Due to flexibility of the long chain
BOAH & |uominso 2z biotin-terminated thiols, the residual AF-2F5 molecules lie
g ool close to SAM surface before the binding of 2F5. Since the
0.0 number of biotin-terminated thiols is small compared to that
EB80885555988%e (d) of the OH-terminated thiols, the number of bound 2F5 on
0-6[ g snw Mutilayer Architecture the surface of SAM is still too low, thus, the separation of
Y A residual AF-2F5 from the metal film was not substantially
opptiml v increased. The same reflectance minimums of the corre-
0.0 sponding SPR curve§jg. 4A(c) and A(d), implies that the
| oooaFO00000000000000: () MSEFs at the metal/dielectric interfaces are the same, thus,
0.6[rg e Wallayer Arcriecturs the MSEF decay profiles in the metal film of both systems
04F 7 | e e are exactly the same. Due to the difference in the layer ar-
opflim [ ot e u il chitectures, the residual AF-2F5 on the regenerated SAM,
(57.39°,0010) X Fig. 6¢ experiences a stronger MSEF compared to that in
0045 50 55 50 the 2F5-bound regenerated SAKIg 6D. However, the lat-
Measured incidence angle (degree) ter emits even stronger fluorescence signal than the former.

Fig. 5. Comparison between experimentally measured SPR curves (openThUS' the small increment of the fluorescence _Signal_i$ due

circles) and the corresponding best-fit curves calculated by Fresnel equa-Solely to the decrease of florescence quenching efficiency

tion. The best-fit parameters are shown in insets: dielectric constant of by a slightly larger separation of the residual AF-2F5 from

prism cp = 3.4036 a”‘:hd'e_'e?t?_’ C:’”Sta”t of HBS‘%ﬂBSEdP =ﬂ1~7t78- _the metal surface after the subsequent binding of 2F5.

_he NUMDBETS In parentnesis indicaie resonance angle and reveciance M- +he jnflyence of fluorescence quenching is obvious in

imum. The figure labels are associated with layer architecture defined in .

Fig. 4 Note: the calculated SPR curves are corrected for reflections at SPFS Cur\_/es of AF'ZFS and AF-RaNFig. 4B(b) and

the air/prism and prism/air interfaces. 4B(e). Their corresponding SPR curves have about the same
magnitudes of reflectance minimums. This implies that

) ] the corresponding absorptions of the fluorophore-labeled
stays unchangedkig. 4A(d). Interestingly, the correspond-

ing SPFS curve shows an increased fluorescence signal,

230 cpsFig. 4B(d). When the fluorophore-labeled AF-RaM — :“ F"'"t 5 Diokectrics “
is subsequently bound onto the 2F5-bound SAM, the reso- 'H:Pfséﬁff neree
nance angle shifts to a greater value, the reflectance mini-=3 <l-
mum slightly increases and SPR curve is slightly broaden, I s 30 &
Fig. 4A(e). A maximum fluorescence signal of 31500 cps
is observedFig. 4B(e). 20
d: Au/SAM*/2F5 40
Bspp = 56.90°
:iu? ';,,"'
5. Discussion -:l:’.“; Residual 130 \F;
62__ AFfF5
The indifference between SPR curves of the virgin SAM : " 20
0 10 20 30 40 48 50 52

and the regenerated SANEig. 4A(a) and A(c), indicates Distance from prism/Au interface (nm)

the same refractive index and thickness of the dielectric

films. However, the corresponding SPFS curve of the regen- ) .
. . SAM at the resonance angle. The residual AF-2F5 molecules are confined

erated SAM indicates a residual AF-2F5 Or.' the Surface.Of near SAM surface. The parameters for the MSEF calculations are the

the regenerated SAM. Although the absorption of the resid- pest-fit parameters of SPR curves showrFig. 5. The figure labels are

ual AF-2F5 is too small to induce a significant reflectance associated with layer architecture definedrig. 4.

Fig. 6. MSEF decay profile in (c) regenerated SAM and (d) 2F5-bound
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@ ers with fluorophores are at the same distance from the metal
0.2r film), a quantitative analysis of the fluorescence signal can
be carried out. According to observed SPR curves and the
fitting parameters, films of AF-2F5 and 2F5 (with residual
AF-2F5 molecules)rig. 4A(b) and 4A(d), respectively, have
approximately the same thickness (i.e., 1.0nm versus 1.1 nm
ate = 2.1025) while being separated from the metal film at
the same distance. This implies that the fluorophores in both
films are subjected to approximately the same quenching ef-
ficiency. Due to the small fraction of biotin-terminated thiol
together with small degree of self-quenching by neighbor-
ing dye molecules in Alexa Fluoro 647 dye at high concen-
tration[26,27], no self-quenching in the fluorophore-labeled
AF-2F5 layer is assumed. According to the above assump-
tion, the regeneration of antibody-bound SAM by SDS elim-
inated 97% of the originally bound antibodies, as calculated
from the observed SPFS-fluorescence signals at the fluo-
rescence angles with background noise correction (70 cps,

Fig. 79.
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For SPR of a nonabsorbing dielectric film, the resonance
_ _ _ angle linearly shifts to a greater value as the thickness of
Fig. 7. Comparisons between the experimentally measured fluorescence, ] Lo ; . ;
intensities (open squares) and the corresponding MSEF integrations withinthe dielectric film increases. Th_e increased thickness d(_)es
the layers with fluorophore labeling (solid lines). The parameters for the NOt change the reflectance minimum. In case of absorbing
MSEF calculations are the best-fit parameters of SPR curves shown in dielectric film, the resonance angle also increases in a linear
Fig. 5 The numbers indicate fluorescence angles and the correspondingfashion with the thickness of the dielectric fiim. A greater re-
fluoresc_ence.signals. The figure labels are associated with layer architec-flactance minimum with less obvious resonance angle is ob-
ture defined inFig. 4. . .

served as the absorption increases. Small number of bound
molecules cannot induce significant thickness and/or refrac-

antibodies are about the same. However, the fluorescencdive index variation that can be detected by SPR technique.
intensity of AF-RaM is much greater than that of the However, a small absorption of fluorophore-containing
AF-2F5. Due to a greater separation of AF-RaM from the molecules undetectable by SPR technique can be recog-
metal film compared to that of the AF-2F5, a weaker reso- nized by the highly sensitive SPFS technique. Although the
nance energy transfer quenches less fluorescence intensitgistance-dependent fluorescence quenching complicates the
of the excited fluorophore in the AF-RaM. As a result, a SPFS-generated fluorescence signal, the quantitative anal-
5.8 times stronger fluorescence intensity is observed fromysis of the SPFS-fluorescence signal can be performed on
AF-RaM compared to that of AF-2F5. well-defined absorbing dielectric film.

Since the fluorescence intensity has a linear relationship
with the absorption of the excited molecules, fluorescence
signal from SPFS can be linearly expressed in terms of the Acknowledgements
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