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Abstract: In order to monitor multiple protein reaction processes 
simultaneously, a biosensor based on imaging ellipsometry operated in the total 
internal reflection mode is proposed. It could be realised as an automatic 
analysis for protein interaction processes with real-time label-free method.  
Its principle and methodology as well as a demonstration for its applications are 
presented. 
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1 Introduction 

The biosensor concept based on imaging ellipsometry was first reported in 1995 [1,2].  
By solving a series of problems, such as ligand immobilisation, protein and tested sample 
delivery, biomolecule affinity presentation on substrate, specific interaction between 
biomolecule, unspecific binding influence, sensitivity, sample consumption, in-situ 
sampling and calibration for quantitative detection, etc., it has become an automatic 
technique for protein analysis with properties of label-free, multi-protein detection,  
real-time analysis for protein interaction processes and quantitative analysis, etc. [3]. 

In previous performance, imaging ellipsometry with an ability to visualise 
biomolecule monolayers is operated in the external reflection mode. Actually, there are 
two modes of imaging ellipsometry, which can be performed – the external reflection 
mode and the internal reflection mode. For the former, the probe light is reflected at an 
interface where the refractive index of the incident medium is less than that of the 
reflecting medium. Under the mode, the real time measurement requires a cell to hold the 
liquid. A common design is an open glass cell with a typical cell volume of 1–2 ml [4]. 
For biological applications, it is preferable to use a significantly smaller sample volume. 
Moreover, when the protein solution is injected into the cell, the solution concentration is 
disturbed, which influences the imaging quality. The fact that only one kind of protein 
solution is detected in the cell, limits the application for more sample measurements at 
the same time. Therefore, the internal reflection mode is proposed, which is performed in 
the situation that the refractive index of the incident medium is larger than that of the 
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reflecting medium. So far ellipsometry operated in the internal reflection mode has been 
investigated by several groups. A very high sensitivity is seen to the deposition of thin 
layers on metal films from a liquid under the surface plasmon resonance (SPR) condition 
[5]. Especially for very small biomolecules, it may be a better detection method than 
conventional ellipsometry or SPR [6,7]. In this paper, the imaging ellipsometry operated 
in the total internal reflection mode, called total internal reflection imaging ellipsometry 
(TIRIE) here, is proposed to realise a biosensor for multi-protein interaction processes 
detection at the same time. A full picture of the biosensor and methodology as well as 
some experiment results is presented. 

2 Methodology 

Figure 1 shows the schematic of the TIRIE system, which is based on an imaging 
ellipsometer described previously [1,2], but equipped with a glass prism optically 
contacting with a glass slide by an index-matching liquid to realise the internal reflection. 
The other side of the slide is coated with a thin gold film as a substrate for ligand 
immobilisation and contacted test solutions, and a micro-fluidic system is designed for 
microarray biosensor functions in liquids. The probe beam passes through a polariser, a 
compensator (a quarter wave plate), perpendicularly into the glass prism and finally onto 
the gold film. When the incident angle is larger than the critical angle of total reflection, 
no transmission propagates through the gold film into the solution, and total internal 
reflection phenomena appear, at the same time only an evanescent field appears on the 
surface of the gold film. The depositions of some biomolecule layers on the surface 
modify the evanescent field, so that the polarised state of reflection is changed with the 
biomolecule layers. In this case, the analysis of the polarised state of reflection will 
provide information of the biomolecule layers to realise a biosensor function. Moreover, 
the fact that the decay distance of evanescent field propagating into the layers on  
gold substrate surface is about 100 nm or so [7], makes the solution concentration 
disturbance have almost no influence on the image. The reflection beam passes an 
analyser, an imaging lens to a CCD camera, and a series of images with information of 
biomolecule layers interaction process is recorded by the TIRIE system. The principle 
and technical details are presented in what follows. 

Figure 1 Schematic view of the TIRIE system 
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A. Principle of biosensor 

Biosensor based on TIRIE is described as given above. Here we introduce the principle 
of the biosensor. A ligand and its receptor such as an antibody and its corresponding 
antigen can assemble into complexes due to their affinity. The optical biosensor is based 
on the fact that each reactant as a ligand is immobilised to a surface to form a monolayer 
as a bioprobe with its bioactivity. The other reactant as the analyte (or receptor) exists in 
a solution. The bioprobe is exposed to the solution containing the analyte. When the 
analyte in the solution interacts with its corresponding ligand on the bioprobe and 
assembles into complex upon their affinity. The molecule concentration on the surface 
where the interaction takes place becomes higher than before exposure to the analyte 
solution. A significant increase of the layer thickness (surface concentration) with time 
indicates a kinetic process of the interaction. The process of the interaction can be 
visualised with TIRIE which has a high spatial resolution in the order of 0.1 nanometre in 
the vertical and a micron in the lateral, and in this way, the existence of the analyte in the 
solution can be verified, and then kinetic data can be deduced. Many bioprobes arrayed in 
the matrix on the slide surface are used for the detection of multi-protein interaction 
processes. 

B. Micro-fluidic and bio-molecule interaction cell 

The importance of protein arrays in biological research is presented in many  
reports [8–10], but most of them are analogous to DNA chips in terms of fabrication and 
detection. Proteins are labelled and the results are detected with fluorescence readers. 
Thomas Kodadek points out several problems of the protein labelling [8], such as the 
difficulty in quantitative analysis, the efficiency of labelling, protein denaturation, and a 
labour-intensive consumption, etc. To get quantitative and reliable results, the spots on a 
protein chip should have a homogeneous surface and the same size. It is difficult to get 
good enough spots by the spotting or printing techniques currently used in protein array 
fabrication [9]. 

Recently, micro-fluidic devices formed in poly(dimethylsiloxane) (PDMS) have 
received an increased amount of interest for a simple, rapid, and low-cost fabrication 
methodology [11,12]. The employment of a micro-fluidic system makes smaller sample 
volumes available. For the fabrication of a protein array and the reaction of a protein 
array with analyte solution, a micro-fluidic system in PDMS to fit the TIRIE has been 
developed in our laboratory [13], which includes an 8 × 6 cell array, and each cell volume 
is minimised to only 50 nl. When the 8 × 6 cell array of the micro-fluidic system is 
attached to the gold surface, 48 individual chambers are formed independently and the 
gold surface is patterned into 48 elliptic spots (each about 1 mm2) in the array. By such a 
micro-fluidic system, many kinds of molecules can be delivered individually to each spot 
of the array and immobilised on the surface simultaneously. The homogeneous 
biomolecule layers in the spots of the array can be obtained by this solution delivery 
method, which is helpful of quantitative measurements. Moreover, the micro-fluidic 
system can minimise the sample consumption of biomolecule (15 µl) effectively and 
reduce the test time (normally within 30 minutes). Especially, it can be repeated used for 
real time measurement so that the cost of the array test is reduced. 
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C. Automatic system of TIRIE 

The protein array biosensor based on TIRIE is a fast and convenient detection technique 
for the measurements of protein interaction processes. Multiple analytes can be detected 
simultaneously and samples can be measured directly without any labelling. Imaging 
ellipsometry combines the power of ellipsometry with microscopy. The one used in  
this study is an automatic system, and ellipsometric conditions can be controlled  
by auto-adjusting the polariser and the analyser; the angle of incidence is variable from  
45° to 90° with a resolution of 0.05°; the magnification of image to object is modulated 
according to the dimension of the field of view, so that the lateral resolution of  
a micron can be reached; auto-focusing is realised with the standard of the Laplacian 
algorithm [14]. All the adjustments are carried out automatically with micro-stepping 
motors controlled by a computer with home-made software. The light source is a xenon 
lamp, and a specific collimating system is used to provide an expanded parallel probe 
beam with a diameter of about 25 mm. An optical filter at 633 nm wavelength is placed 
in the incident optical passage in order to obtain a high contrast in ellipsometric images.  
The beam passes through a polariser and a compensator, then perpendicularly into a SF10 
glass prism and finally onto the gold film patterned with the protein array. The reflection 
beam passes through an analyser and an imaging lens with a spatial filter located at its 
focus plane, and then the ellipsometric image is focused onto the sensing area of the CCD 
camera. Here, the protein solutions are delivered by the micro-fluidic system, and protein 
interaction processes are automatically captured in a series of image in grey scale format 
(8 bits, 0–255 grey scale) and processed with the same software. 

D. Quantitative detection 

For images, the grey value corresponds to the reflection intensity of the protein layer, 
which is related to the protein surface concentration, so it is preferable to obtain the 
higher variation in grey value corresponding to a certain increase of the protein surface 
concentration on the gold substrate surface, that is a high sensitivity for the detection of 
protein binding process is needed, which can be realised by the optimisation of the 
TIRIE, such as the choice of incident angles, wavelengths, gold film thickness [7] and the 
azimuth angle settings of the polariser, compensator and analyser [15]. Under the optimal 
conditions, the relationship between the detected intensity ‘I’ and the protein surface 
concentration is known for a certain protein. 

A series of images is captured in the kinetic process of protein interaction, which 
means the change in the protein surface concentration on the gold substrate surface over 
time can be obtained to form the binding curve. It provides a possibility further to deduce 
kinetic data with theoretical models. In order to determine the surface concentration 
corresponding to the grey value, some quantitative measurements should be performed by 
some auxiliary experiments. Ellipsometry is a common choice to do this, by which the 
parameters of the biomolecule layer, such as refractive index and layer thickness, can be 
deduced. Usually the refractive index of saturated protein layers in the visible light region 
is in the range of 1.4–1.5 [16], and the relative variation of layer thickness (th) is of 
interest, but not the absolute value of the thickness, so for simplicity the refractive indices 
of the protein layers are supposed the same, so that the thickness of the protein layer is 
obtained by conventional ellipsometry. The relationship between protein surface 
concentration and layer thickness is  
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the surface concentration (µg/cm2) ≈ Kth (nm), 

where K ≈ 0.12 [17]. 

3 Applications 

As a demonstration, the multiple protein interaction processes of hepatitis B virus surface 
antibody (HBsAb) adsorption on bare gold-coated substrate surface, PBS buffer (100 mM 
phosphate, 100 mM NaCl pH 7.4) rinsing, bovine serum albumin (BSA) blocking, and 
interactions between HBsAb and hepatitis B virus surface antigen (HBsAg) with  
five concentrations were detected simultaneously with the TIRIE. The gold-coated 
substrate was prepared by the evaporation of 2 nm of chromium on SF10 glass slides, and 
added by the evaporation of 35 nm of gold. The prism was made of SF10 glass with the 
incidence angle of 59º. After the prism and the micro-fluidic system were mounted on the 
sample holder of the imaging system, HBsAb solutions with the concentration of 
0.1 mg/ml were first pumped into five individual micro-cells in an array patterned on 
gold surface by the micro-fluidic system at a flow rate of 10 µl/min. Following 
10 minutes incubation, PBS buffer was used to rinse the cells for 10 minutes. BSA 
solution prepared in PBS buffer as 10 mg/ml was then injected into all micro-cells to 
block the gold surface for 10 minutes, and was replaced by PBS buffer thoroughly to 
rinse the cells for 10 minutes. HBsAg solutions diluted by PBS solution to the 
concentration of 80, 60, 36, 24 and 12 µg/ml were pumped into the micro-cells at the 
same flow rate to bind with the antigens, respectively, and a series of images of the array 
was captured at the same time with a rate of 1 s/frame. The whole binding processes were 
shown in Figure 2, which proved that multi-protein interaction processes could be 
detected simultaneously. 

Figure 2 Five kinetic processes shown in grey scale vs. time, which obtained simultaneously  
by TIRIE. Curve a-e represented 5 micro bioprobe results in the array, and the region 1 
was corresponding to the HBsAb (0.1 mg/ml) adsorption on gold-coated substrate 
surface, the 2- PBS rising, the 3- BSA blocking, the 4- PBS rising and the 5- HBsAg 
interacting with HBsAb, respectively. Curve a–e were related to different HBsAg 
concentrations of 80, 60, 36, 24 and 12 µg/ml during the interaction processes between 
HBsAb and HBsAg, respectively. The flow rates in the whole process were 10 µl/min 
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4 Conclusion 

Imaging ellipsometry operated in the total internal reflection mode has provided a 
potential for biosensor applications, especially for kinetic process detection of 
biomolecule interaction. It is possible to obtain kinetic measurement of multiple 
biomolecule reactions simultaneously since imaging ellipsometry has function of fast 
imaging for a large field of view, non-disturbance, and qualitative and quantitative 
detections with label free, etc. A micro-fluidic system fitting to a high throughput manner 
integrates more functions of solution delivery, ligand immobilisation, rinsing, surface 
blocking, biomolecule interaction with less sample consumption, fast detection, and high 
sensitivity, etc. The biosensor with the TIRIE may avoid the effect of solution 
concentration disturbance on the image since the detection with evanescent field under 
the total internal reflection conditions. 
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