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We have optimized the settings of evanescent wave imaging for the visualization of a protein adsorption layer. The enhance-
ment of the evanescent wave at the interface brought by the incident angle, the polarized state of light beam as well as a gold
layer is considered. In order to improve the image contrast of a protein monolayer in experiments, we have optimized three
factors— the incident angle, the polarization of light beam, and the thickness of an introduced thin gold layer with a theoretical

simulation.
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1 Introduction

Evanescent wave arises at the interface of two media when
light propagates from a dense medium to a rare one in the
total internal reflection condition, which is distributed in a
superficial area since its amplitude decays exponentially
with the distance less than the wavelength from the inter-
face [1] and the intensity of the evanescent wave at the in-
terface can be larger than that of the input beam [2]. In light
of its localization and amplitude enhancement, the evanes-
cent wave has been used in the imaging of chemical,
bio-chemical and biological phenomena on the interface.
For example, the evanescent wave is responsible for the
excitation of the fluorophore in total internal reflection
fluorescence microscopy (TIRFM) [3], which is used to
visualize single-molecules on the surface of living cells [4],
and detect cell membranes in micro-domains [5]. In addi-
tion, based on the principle of surface plasmon resonance,
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the SPR imaging biosensor is applied in many fields such as
antibody-antigen binding [6], DNA hybridization [7], and
protein-DNA interactions [8]. But a problem still in the way
is how to improve the image contrast of a monolayer. In this
paper, we visualize a protein adsorption layer with evanes-
cent wave imaging and study the possibility, experimental
conditions and contributions of evanescent wave imaging in
a theoretical simulation and experiments. The imaging sys-
tem for the visualization of the protein layer is shown in
Figure 1 and the zoom in Figure 1 is the physical model of
sample for the simulation.

2 Theoretical simulation

For the theoretical simulation, we consider that a light beam
illuminates a stratified structure—a stack of 0...n (1<n<3
integer) parallel layers sandwiched between the ambient (0)
and the substrate (n) shown in the zoom of Figure 1. The

n” is the medium number of the stratified structure in the
physical model of the sample. Suppose all the media were
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Figure 1 The schematic diagram of the evanescent wave imaging system.
The zoom is the physical model of the sample.

homogeneous and isotropic. The simulation is described
with: (1) Maxwell’s field equations are used in isotropic
media; (2) Suppose the ambient medium, the individual
layer or layers, and the substrate were infinite planar; (3)
The light intensity at both sides of an interface is continu-
ous.

For simplification, the amplitude of the incident wave is
set in a unit. The incident light wave is described with both
polarization components of parallel (p) and perpendicular (s)
to the plane of incidence. We set N;and d; (0<i<n) as the
complex indices of refraction and the thickness of the ith
layer. We apply the Snell’s law as:

Nosingy=N;sin@ =---=N;sin@g=---=N,sin@,. @))

The Fresnel reflection () and transmission (f) coeffi-
cients in the p and s direction at an individual interface are
shown as:

) _N,cosg, ,—N,_ cosg,
(n=Lm)p — N, cose,_, +N, cosg, ’ (2)
oy o is
: N, cos@,  +N, cosg,
t _ 2N,  cos@, |
(=P N cos@, , + N,  cos@,’ (3)

; _ 2N, _ cos@,
(n=1,n)s *
N, cos@,  +N, cosp,

n

The complex-amplitude reflection (R) and transmission
(T) can be deduced by the addition of an infinite geometric
series consisting of the reflection (r) or transmission (#) co-
efficients and the phase change £ at an individual interface.

2md, N,

,BzTcos(pi, 4)

I, and I; are the p and s component intensity, which is given
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Equations could be obtained in Azzam and Bashara’s
publication [9].

A light beam goes from glass to liquid. Suppose the re-
fractive index of the glass and the liquid were 1.72 and 1.33
at the wavelength of 633 nm. The evanescent wave appears
at the side of liquid on the interface of two media when the
angle of incidence is larger than the critical angle [10]. The
relationship of the evanescent wave intensity and the inci-
dent angle is simulated in Figure 2 which shows a sharp
increase at the incident angle reaching the critical angle [11],
and the enhanced intensity of the evanescent wave is clearly
near 8 times of the incident intensity.

3 Image contrast of the protein layer on glass

Our goal is to visualize a protein layer on a solid substrate,

so we define an image contrast Al which is a contrast be-

tween the protein layer and the substrate. The reflection

intensity of the substrate and the d,, thick protein layer are I,

=1I(g, 0) and I, = I(¢, d,), respectively, so that the image

1(@y.d,)~1(9,,0)
L

Here, I; is the intensity of the input light. In this paper, the
light source is the same so that [; is the same in different
situations and the image contrast is decided by the reflection
intensity of the substrate and the protein layer. The refrac-
tive index of the protein layer was assumed to be N,=1.46
upon the previous work [12]. The image contrast of a 2 nm
thick protein layer is simulated in Figure 3. The absolute
value of the maximum contrast for the protein adsorption

contrast could be described as Al =

Intensity
N

0 ; ;
0 10 20 30 40 50 60 70 80 90
Angle of incidence (°)

Figure 2 The intensity of evanescent wave at the glass/liquid interface vs.
the angle of incidence. The refractive indices of the glass and the liquid are
supposed to be 1.72 and 1.33 at 633 nm, respectively.
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Figure 3 The image contrast of a 2 nm thick protein layer on glass vs. the
angle of incidence. The refractive indices of the glass, the protein layer,
and the liquid are supposed to be 1.72, 1.46, and 1.33 at 633 nm, respec-
tively.

layer on the glass/liquid interface is 4x107 at the critical
angle 50.7°, so that the protein layer is hardly visualized.
The image contrast has to be further increased.

4 Effect of polarization on image contrast

The imaging system of evanescent wave to visualize a pro-
tein layer is one kind of oblique imaging. The polarization
state of light would change when the light interacts with the
sample, so we study the evolution of the polarization state
of light for the image contrast. Each polarized light wave
could be described with its amplitude and phase. The pro-
tein layer usually could be seen as a phase object which
almost does not bring any change in the amplitude of probe
light, but result in some change in the phase [13]. We ex-
pect that the polarization setting of light beam would im-
prove the image contrast of the protein layer.

We introduce a conventional polarization set with polar-
ized elements of polarizer P, compensator C, sample S and
analyzer A for the imaging (PCSA). The intensity of the
polarized imaging system is expressed as follows:

1= K(|R_‘,|2/2){[1 +cos2Ccos2(P— C)]cos2 Atan’
+[1-cos2Ccos2(P-C)]sin* A
+[sin2C cos2(P - C)cos A—sin2(P — C)sin A]
xsin2Atany}. (7
In eq. (7), K is a compound coefficient decided by the

light source and the detector which is set as 1 for accor-
dance.

R
o= R—p = tany exp(iA), (®)

s

R, and R, are the Fresnel reflection coefficients which could

Sci China Phys Mech Astron

October (2010) Vol. 53 No. 10 1807

be deduced from eqs. (1)—(4). y and A are the so-called el-
lipsometric angles which depend on the morphology and the
composition of the sample system. Only P and A are dis-
cussed since any value of P-C can be obtained by varying P
at a fixed C [14], and here C is fixed at 45° for a general
consideration. The image contrast is Al= I(¢, P, A, dp,)
— I(¢, P, A, 0) which is a function of the incident angle and
the azimuths setting of A, P. We are discussing a 2 nm thick
protein layer on a glass substrate in a simulation. In Figure 4
the maximum image contrast is obtained at the incident an-
gle of 50.7° while A=135°, P=0° and A=45°, P=90°. The
maximum image contrast of the protein layer is about
4x107°. It’s obvious that the optimized polarization settings
make the maximum image contrast increase about 10 times.
The image contrast is still not large enough for the visuali-
zation of the protein layer, so the signal enhancement
should be considered further.

5 Surface enhancement effect on image contrast

Numerous researchers discover that some metal layers (gold,
silver etc.) have surface enhancement effect in physical
measurements. The incident wave can propagate into the
metal layer and excite electromagnetic waves in metal [15].
We introduce a gold layer on the glass substrate to discover
the signal enhancement possibility for the evanescent wave
imaging. The intensity of the evanescent wave on the metal
layer surface depends on the angle of incidence ¢ and the
thickness of the metal d,. For example, we simulate the
evanescent wave in the glass/gold-layer/liquid system. The
gold layer with the refractive index of Ny = 0.19+3.10j is
sandwiched between the glass ambient and the liquid me-
dium. From the theoretical deduction, the intensity of the
evanescent wave at the interface of gold/liquid I, = I(g, d,)
is shown in Figure 5.
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Figure 4 The image contrast vs. the azimuth setting of the polarizer and
the analyzer from 0° to 180° in the PCSA imaging system. The sample is
glass/protein adsorption layer/liquid. The maximum imaging contrast is
5.2x107 with the optimized polarization settings of A=135°, P=0° and
A=45°, P=90°.
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Figure 5 The intensity of the evanescent wave at the gold/liquid interface
of glass/gold layer/liquid. The refractive indices of the glass, the gold and
the liquid are 1.72, 0.19+3.10j, and 1.33 at 633 nm, respectively.

The peak intensity of evanescent wave shown in Figure 5
is 128.8 when the angle of incidence is 59°, and the thick-
ness of gold layer is 50 nm. Notice that the intensity at the
interface of gold-layer/liquid at the angle of incidence 59° is
about 17 times higher than the one at the interface of
glass/liquid and the surface enhancement effect of the gold
layer for the intensity of evanescent wave is very large. The
intensity of the evanescent wave goes down sharply when
the thickness become more intense almost O at the thickness
90 nm.

Here, we would like to consider the image contrast Al
of the protein layer at the interface of gold-layer/liquid in-
terface. The contrast depends upon the angle of incidence ¢,
and the thickness of gold layer d,. According to the above
equations, the reflected intensity of a d,, thick protein layer
L=I(g, d,, d,,) could be simulated, so that the image con-
trast Al= I(@, d,, d,))~1(¢, d,, 0) could be shown in Figure
6. The absolute value of the maximum image contrast for a

Image contrast

Figure 6 The image contrast of a 2 nm thick protein layer on the gold
layer vs. the angle of incidence and the thickness of the gold layer. The
refractive indices of the glass, the gold-layer, the protein layer and the
liquid are 1.72, 0.19+3.10j, 1.46 and 1.33 at 633 nm, respectively.

Sci China Phys Mech Astron

October (2010) Vol. 53 No. 10

2 nm thick protein layer is 814 which corresponds to 50 nm
thickness of gold layer and the angle of incidence 59°, the
point where the intensity of the evanescent wave reaches the
maximum. The simulated result indicates the enhancement
effect of the gold layer in image contrast is the same as that
in the intensity of evanescent wave. The image contrast of
the protein layer is enlarged by 10’ times, which makes the
visualization of the protein layer possible.

6 Optimized polarization settings for image
contrast

For the optimization of image contrast, the polarization state
of light should be taken into account as shown above. Fig-
ure 7 shows the simulated optimized settings of the azimuth
A=178°, P=35° and A=2°, P=145° equally, the angle of in-
cidence ¢=59° and the thickness of the gold d,=50 nm. The
maximum contrast of protein layer/substrate is 816.7. The
polarization of light just slightly improves the image con-
trast at the maximum.

7 Discussion

For the visualization of protein layer with an evanescent
wave imaging system, the impact of the incident angle, the
gold layer, and the polarization on the image contrast is
theoretically simulated above. From Figures 3 and 5, we
notice that the angle of incidence could be optimized for the
maximum imaging contrast, at which a 100 times increase
can be obtained with a polarization optimized setting. When
the surface enhancement effect of a gold layer in Figure 6 is
considered, an amazing increase of 10’ appears, but an in-
teresting phenomenon is that the maximum values of image
contrasts corresponding to the gold layer induced imaging

Image contrast
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Figure 7 The image contrast vs. the azimuth setting of the polarizer and
the analyzer within 0°-180°. The sample is the glass/gold-layer/protein
layer/liquid. The maximum contrast is 816.7 in the optimized settings of
A=178°, P=35° and A=2°, P=145°.
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system with and without the polarization optimization are
almost the same. These results are much different from the
imaging system without the gold layer. It seems that the
gold layer results in a surface enhanced effect on the image
contrast, and at the same time, in a depolarization effect.
Here we should answer if a polarization optimization is still
necessary or not.

From the observation above, we see that the image con-
trast is very sensitive to the thickness of the gold layer and
critical, which should be well controlled. In fact, it is very
sensitive not only to the thickness, but also to the refractive
index of the gold layer, which we have not simulated here.
Undoubtedly the image contrast is very sensitive to proper-
ties of the gold layer, or some metal layers used for the en-
hancement. In practice, the thickness and refractive index of
gold layer can not be controlled as well as what we do in the
simulation, so the measurement is not always performed
under the optimized conditions. In this case, the real setting
in experiments is in the neighboring region of the optimiza-
tion. The image contrast without and with the polarization
vs. the thickness of the gold in close proximity the opti-
mized setting is shown in Figure 8(a). When the thickness
of the gold is set at the optimized condition, the polarization
optimization on the imaging contrast is indistinctive. That’s
because in the optimized setting of the incident angle and
the thickness of the gold, the ellipsometric angle i will
reach a minimum value and A drops discontinuously a value.
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It’s a singular point for ellipsometric measurement just at
which the ellipsometric measurement is invalid [9], so that
the ellipsometric measurement always avoids the setting
under the condition but it’s sensitive nearby. Some effective
comparison which is around the optimized thickness should
be considered in Figures 8(b) and (c), where the polarization
plays an important role in improving the image contrast.
Based on the theoretical analysis for settings of the im-
aging system, we have set up a similar experimental system
to visualize an Immunoglobulin (IgG) adsorption layer. The
following are the experimental conditions. The light source
wavelength is 633 nm and the angle of incidence is set at
59°. The incident ambient is SF10 glass with a reflective
index 1.72. An IgG layer with a thickness of 3.1 nm ad-
sorbed directly on a SF10 glass plate which is imaging with
a CCD camera can not be visualized in the solution of
phosphate-buffered saline (PBS; pH7.4), nor can the po-
larization optimization settings of imaging system due to the
low image contrast. Then, another sample is a 3.5 nm thick
IgG layer adsorbed on a vacuum deposited gold layer with
the thickness of (37.5+0.8) nm and the refractive index
N=0.19+3.10j and 2 nm thick Chromium interlayer on the
SF10 glass. Note the thickness of gold layer is not the same
as the optimized thickness since it’s hardly obtained in
practice. The evanescent wave imaging system with polari-
zation is the conventional PCSA system [16] as shown in
Figure 1. The imaging results are shown in Figure 9(a)
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Figure 8 The image contrast of a 2 nm thick protein layer on the gold-layer vs. the thickness of the gold-layer in the imaging system with and without
polarization setting. The “A” and the “0” represent the image contrast with and without polarization setting, respectively.
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Figure 9 (a) The image of the substrate (left) and the IgG adsorption
layer (right) by the imaging system without the polarization. (b) The image

of the substrate (left) and the IgG adsorption layer (right) by the imaging
system with an optimized polarization setting.

without polarization elements and in Figure 9(b) with po-
larization setting optimization. The former is obviously
lower than the latter.

The contrast of the image shown in Figure 9 is measured.
The normalized imaging contrast without and with the po-
larization imaging system is shown in Figure 10. The effect
of the polarization is clear and the image contrast is im-
proved about 14 times under the polarization optimization
setting, which is close to the theoretical simulation result.

The gold layer plays an important role in improving the
image contrast of protein adsorption layer visualization.
Besides the effect of the gold thickness on the image con-
trast, the effect of the gold layer structure may impact it also.
For example, a gold nano-particle layer raises a localized
surface plasmons (LSPs) phenomenon, which brings an
enhancement of electromagnetic wave at the interface [17]
and may further improve the image contrast.

8 Conclusion

In order to visualize a protein adsorption layer with an eva-
nescent wave imaging, a theoretical simulation has been
made that the angle of incidence could be optimized for the
maximum image contrast, at which a 100 times increase can
be obtained with an optimized polarization setting for the
sample system of glass/protein adsorption layer/liquid. The
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Figure 10 Column 1: Normalized image contrast without the polarization.
Column 2: Normalized image contrast with the polarization.
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image contrast between a protein adsorption layer and sub-
strate can be further improved about 10’ times by the sur-
face enhancement effect of an optimized thickness of gold
layer. In practice, a real sample system is not feasible with
the thickness and refractive index optimization of gold layer
and it is quite crucial and hardly to be reached, so experi-
ments are performed under the optimized conditions. In this
case, the polarization setting has improved the image con-
trast tremendously by experiments. The evanescent wave
imaging provides an effectual approach to visualizing pro-
tein adsorption layers and maybe other similar sample sys-
tems. Even though the experimental conditions are out of
the maximum optimization settings, the imaging system is
still able to visualize a protein monolayer clearly and show
a potential for biomolecule interaction measurements.
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