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Abstract. After years of development, total internal reflection imaging ellipsometry (TIRIE) biosensor has advanced from
a concept to a practical analysis tool for biomolecule interactions. Compared to the traditional biosensor with imaging
ellipsometry (BIE) which works under the external reflection condition, not only does TIRIE biosensor perform the label-
free, high throughput detection, but also remains competitive detection sensitivity. The review summarizes the principle,
the equipment setup, and the current applications of TIRIE biosensor.

Key words: Imaging Ellipsometry; Surface Plasmon Resonance; Evanescent Wave; Total Internal Reflection; Label-free
biosensor.

INTRODUCTION

A biosensor, which commonly integrates a biological component with a physicochemical transduction, has been
used as an analytical device for certain bio-material sample analysis [1-3]. In general, the biological component plays
a central role in analyte recognition, while the physicochemical transduction transforms the recognition into a physics
detectable signal [2]. To meet the immense demand of detecting various biomolecule analytes in practice, numerous
biosensors have been developed rapidly [4-7] and emerged in industry for the past few decades [8-13].

By detection mode, these biosensors can be classified into two categories: one introducing the labeling compounds
[14-19] and the other employing label-free method [20-24]. The typical labeling methods in biosensors include
fluorescence[17, 18], enzyme[15], radioactivity[ 19] and the more recently developed quantum dot[25]. Depending on
the amplification of the labeling, the labeling biosensors have achieved the impressive detection limit, sensitivity and
specificity in biomolecule interaction analysis. However, the introduction of the labeling compounds inevitably gives
rise to some drawbacks. First, the labeling may change the biomolecule conformations and thus impair their
bioactivity[26]. Furthermore, it is difficult to perform quantitative detection owing to the inhomogeneity introduced
by the labeling[19]. In addition, the labeling process usually time consuming and labor intensive. To solve these
problems, label-free biosensors are the alternative to detect the biomolecule interactions which are fundamentally
inaccessible to the labeling method. The label-free biosensors mainly rely on optics[24], acoustics[27], quartz crystal
resonators[28], nanowires[29], ion channel switch[30] and notably surface plasmon resonance (SPR)[31, 32].
However, it is still a challenge to achieve high-throughput and great sensitivity at the same time [33, 34].

To perform high throughput detection with great sensitivity, we have developed an imaging ellipsometry system,
which works under the external reflection condition and uses the conventional polarizer-compensator-sample-analyzer
(PCSA) configuration and a charge coupled device (CCD) camera to get the images of the sample[35]. As the
application of the system, we use it as a biosensor based on imaging ellipsometry (BIE) to perform the label-free
detection of the biomolecule interactions on the substrate [36-38]. We modify the antigen on the silicon based substrate
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and when we submerge the chip into the solution contains the corresponding antibody, the thickness of the
biomolecules on chip will increase and by the imaging ellipsometry, we could deduce the thickness and get the
information of such interactions between the antigen and the antibody as tumor markers of CD146[39], avian influenza
virus subtype H5 hepatitis B virus[40] and Tropomyosin Allergens[41] with the sub-nanometer accuracy. Furthermore,
by the imaging technique, the biosensor enjoys high-throughput capability, which makes it perform multi-sample
analysis with ease.

Hoping to get the kinetics of the biomolecule interactions on the substrate, we invented a cell for real-time detection
[42]. As an application, we use it to observe the competitive adsorption of collagen/ bovine serum albumin (BSA) on
the hydrophobic and hydrophilic substrates [43].

However, there are some problems in the system. First, the sample consumption is quite large, which makes the
detection for some rare protein rather expensive, sometimes, not affordable. A second problem is the solution
disturbance limit the sensitivity of the system. For example, the detection limit of BSA, is 0.1 milligram per milliliter,
far higher than the concentration of the interested protein in human serum. Thus, to improve the sensitivity is the key
to the system.

To improve the sensitivity, total internal reflection imaging ellipsometry (TIRIE) biosensor has been developed
for decades[44]. In this review, we summarize the principle, the equipment setup, the detection procedure, and the
current applications of TIRIE biosensor.

THE PRINCIPLE OF IMAGING ELLIPSOMETRY WORKS UNDER THE TOTAL
INTERNAL REFLECTION CONDITION

At the beginning, we will discuss the principle of imaging ellipsometry works under the total internal reflection
condition briefly. We will start from the internal reflection for a PCSA system at the interface between two dielectric
mediums for it cannot only give us the basic physics of the picture but the simple mathematics. The theory is classical
for such system: Fresnel law and Snell’s law, which can be found in many textbooks. Then, the surface enhancement
effect by the gold film will be introduced.

Internal Reflection at the Interface between Two Dielectric Medium

To evaluate the imaging system, the relative imaging contrast is defined as the image contrast caused by the protein
adsorption and compared it with the original substrate at which no protein adsorption occurs:

81 _1(¢o,P, A, dyr) — (o, P, A,0)

T 1(¢o, P, A,0) M

81 _ 1(¢do,P,Adpr)-1(do,P,A,0)

T 1($0,P,A0)
azimuth setting of the analyzer, d,r is the thickness of the adsorbed protein layer.

For the internal reflection at the interface between the two dielectric mediums, two specific angles exist in the
system. The first one is Brewster angle, around 37.7° in our system. However, because the relative imaging contrast
decreases sharply around Brewster angle, the application is not as promising as it indicates in Fig. 1a. The other angle
is the critical angle. Owing to the total internal reflection, there is no imaging contrast at all.

However, there is still a transmission field, so-called evanescent wave, under the total internal reflection condition,
which travels along the interface and its energy decays exponentially into the solution. One of the interesting property
about the evanescent wave is that its amplitude can be larger than that of the incident light, 7 times higher for p-
polarized wave[45]. Because of the evanescent wave, the reflection will carry the information of the interface. That is
the polarization of the reflection will be modulated by the interface.

Thus, by introducing the polarization around the total internal reflection condition, we could get the imaging
contrast. Although the relative change is still subtle, compared with the situation with no polarization, 100 times
enhancement can be achieved, as shown in Fig. 1b. However, it is still insufficient for the practical detection.

Where ¢, is the angle of incidence, P is the azimuth setting of the polarizer, A is the
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FIGURE 1. For the internal reflection at the interface between the two dielectric mediums, the relative imaging contrast from 1
nm protein adsorption around the Brewster angle. The refractive index of the glass, the protein adsorption layer, and the liquid
are 1.72, 1.46, 1.33, respectively. At ¢p = 37.7°,3 = 0.5°, A = 180°. (a) without polarization, (b) with polarization. The
relative imaging contrast reaches maximum at A =1 = 0.5° and P = 45°.

Surface Enhancement Effect by Gold Film

To improve the imaging contrast further, a layer of gold has been introduced into the glass/solution interface. Thus,
the basic model can be described as glass/gold/protein/liquid and Fresnel law and Snells law still hold.

As is shown in Fig. 2a, after we introduce the gold layer on the surface, 10000 times improvement has been
achieved at the optimized angle, around 58°, and the optimized gold thickness, about 50 nm thick gold, which is
known as SPR effect. In Fig. 2b, a polarizer and an analyzer have been introduced to perform polarization effect, by
the optimized polarization settings at the incident angle 58°, another 10 times improvement has been achieved.
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FIGURE 2. (a) The relative imaging contrast of TIRIE system without polarization varies with the angle of incidence and the
thickness of the gold layer when 1 nm protein has adsorbed at the glass/gold/buffer interface. The refractive index of the glass,
the gold, the protein and the buffer are 1.72, 0.18-3.43j, 1.46 and 1.33 respectively; (b) the relative imaging contrast of TIRIE
system with polarization at the glass/50 nm gold/buffer interface at ¢ = 57° when ¥ = 15° and A ~ 170°. The largest
response is achieved at the optimized setting, A = ¢ ~ 15°, P = 50°.

TIRIE BIOSENSOR SETUP AND THE GENERAL DETECTION PROCEDURE

The schematic illustration of TIRIE biosensor in our lab is shown in Fig. 3 and it is mainly composed of an imaging
ellipsometer operated under the total internal reflection mode and a micro-fluidic reactor array with 24 independent
reaction cells. A Xe lamp is used as the light source and a high-speed cool CCD camera as the detector. For most
applications, the 630 nm light beam is guided by an optical fiber and expanded by a collimating system. A SF10
trapezoidal prism is used to couple the light beam with the gold covered sensing surface. After passing a polarizer and
a compensator, the polarized collimated beam propagates perpendicularly to the prism and onto the sensing surface.
When the incident angle is 58°, in the neighborhood of SPR angle for the system, the evanescent wave appears sharply
at the sensing surface to detect the interaction in the depth of 200 nm from the surface. The reflected light carrying the
surface information is then imaged by a CCD camera after passing an analyzer. To achieve the best sensitivity, the
system works under the off-null mode. During the measurement, the optical signal variation from the biomolecule
adsorption is recorded by CCD in grayscale.
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FIGURE 3. Schematic diagram of TIRIE biosensor[46].

The general procedure to detect the biomolecule interaction by TIRIE is demonstrated in Fig. 4. Generally, a ligand
and its receptor (also called analyte), such as an antibody and its corresponding antigen, are assembled at the sensing
surface to form a bio-complex due to their affinity. Firstly, the ligand is immobilized to the substrate to form a bioprobe
sensing surface. After the surface rinsing and the blocking, the analyte is pumped into the micro-fluidic reactor. Then,
the analyte will interact with its corresponding ligand to form a bio-complex due to their specific bio-affinity, which
will vary the surface coverage. The whole process will be recorded by TIRIE. A general procedure for TIRIE biosensor
to detect biomolecule interactions is illustrated in Fig. 4.
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FIGURE 4. The general procedure for TIRIE biosensor to detect biomolecule interactions[46].

CURRENT APPLICATIONS OF TIRIE BIOSENSOR

TIRIE biosensor has been exploited several representative applications in practice, including the quantitative
serological detection of tumor marker CA 19-9[47], the observation of weak interaction between tris and lysozyme[48],
the characterization of vesicle adsorption on gold surface and the quantitative detection of dissolved oxygen in
water[49, 50].

A highly sensitive quantitative detection of tumor marker CA 19-9 has been performed by TIRIE biosensor. As
shown in Fig. 5, protein A is immobilized on the PEGylated phospholipid membrane constructed on TIRIE biosensor
substrate, and then CA 19-9 antibody is assembled to form the biosensing surface. Since the PEGylated lipid
membrane can resistant strongly against non-specific adsorption, serological detection of CA 19-9 can be carried out
without the previous blocking process. Dose-response calibration curve is established for CA 19-9 quantitative
detection. The liner detection range is from 10 U/mL to 1000 U/mL and the limit of detection reaches 18.2 U/mL,
both of which meets the requirement of the clinic detection. 15 serum samples have been detected and their results are
compared with those of electro-chemiluminescence method as a commercial immunoassay. By the regression analysis,

the results from the two methods present good consistence, exhibiting the potential application in early cancer
screening of TIRIE biosensor.
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FIGURE 5. Flow chart of CA19-9 detection on PEGylated phospholipid membrane with TIRIE biosensor. (a) Phospholipid
membrane formation through SUVs; (b) protein A coupling on phospholipid membrane; (c¢) antibody attachment; (d) CA19-9
binding[47].

Weak affinity interactions among biomolecules have attracted more and more attentions for they play a significant
role in organisms. However, since weak affinity interactions are mainly formed by hydrogen bonds and van del Waals
interactions, their binding complexes are usually transient and unstable. Thus, it is difficult to characterize these
interactions due to the limitation of the detection approaches. The interaction between tris and lysozyme (LZM), a
typical example of weak affinity interactions, has been detected with TIRIE biosensor as a trial. Tris is immobilized
on the gold thin film substrate to form the biosensing surface and then LZM as well as its negative controls is delivered
to the tris-immobilized surface. The interaction process between tris and LZM is recorded by TIRIE biosensor to form
a real-time curve (Fig. 6) and its dissociation constant is deduced as 7.6 X 10™5 M, which is in agreement with the
results in the reported work by other investigators. The results indicate that TIRIE biosensor is competent for weak
affinity interaction analysis.
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FIGURE 6. The real-time curve for the interaction between tris and LZM at different concentrations. LZM is diluted to the
concentrations of 3.3, 6.6, 13.2,26.4 and 52.8 umol/L and then delivered to the tris immobilized surface. The inset in the figure
is clearly to show the specific binding process between tris and LZM[51].

The applications of TIRIE biosensor are not limited to biomolecule interaction but can be extended to other fields.
Combined with the electrochemistry unit, electrochemistry- TIRIE (EC-TIRIE) has been developed. Fig. 7a illustrates
the EC-TIRE system. EC-TIRIE shown its strength in water environment detection. Since dissolved oxygen (DO) in
water plays an important role in biochemical oxygen demand. EC-TIRIE is used to observe the DO reduction at the
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sensing surface. It can tell the DO concentration from 2 mg/L to 8§ mg/L (Fig. 7b). By introducing amplification
medium, such as surface tethered weak polyelectrolyte, polyaniline with Iron-porphyrin, the detection limit of DO has
improved 10 times.
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FIGURE 7. (a) Schematic illustration of EC-TIRIE system [49]. (b) The dissolved oxygen calibration curves show that both
electric signal change and TIRIE signal change are proportional to the DO concentration [50].

CONCLUSIONS AND PERSPECTIVE

Combined the imaging ellipsometry with SPR phenomenon, TIRIE has been successfully applied to perform real-
time, high-throughput, and sensitive detection in biomolecule interaction analysis and pollution monitoring. Although
ellipsometry technique can guarantee the subnanometer accuracy, there is still the possibility to improve the signal
noise ratio (SNR). One approach is to introduce the meta-materials at the sensing surface. However, it is seldomly
reported to realize the high-throughput detections on the meta-surface. The other approach is to supress the noise of
the system. Currently, the noise source of TIRIE system comes from the light source instability and temperature
fluctuation. By our estimation, the SNR will be improved at least 10 times after the noise has been deliberately
suppressed.
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