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Abstract 

A colorimetric surface plasmon resonance (SPR) imaging biosensor array based on polarization 
orientation rotation is presented. It measures the spectral characteristic variations caused by the 
steep phase difference between the p- and s- polarization occurring at surface plasmon excitation 
and provides enhanced sensor resolution over existing SPR imaging sensors, while the two-
dimensional (2D) sensing capability of the imaging sensor enables multiplex, high throughput 
array based simultaneous detection for a range of different bio-molecular interactions. 
Experiments on the binding interactions detection between anti-bovine serum albumin (anti-BSA) 
and BSA antigen have been performed with the system. The binding interactions occurred at all 
sensor sites in a 5 x 4 protein array were real-time monitored by the imaging sensor 
simultaneously.  A sensor resolution of 8.26ng/ml (125pM) has been demonstrated,  which is 
one-order of magnitude (12 times) better than the detection limit reported by existing phase-
sensitive SPR imaging sensors in the literature, while no time-consuming phase modulation and 
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phase extraction processes are required. Furthermore, the optical colorimetric image read-out of 
the sensor is easy to be identified by the end users comparing to conventional intensity or phase 
information. The colorimetric SPR imaging biosensor array can find promising potential 
applications in microarray based clinical disease diagnosis, high throughput protein biomarkers 
screening and drug screening.  

 

Highlights 

► A multiplex colorimetric SPR biosensor array based on polarization orientation is presented. ► It 

measures the spectral variations caused by the steep phase change occurring at SPR. ► A sensor 

resolution of 8.26ng/ml (125pM) has been demonstrated. ► This value is 1 order of magnitude better than 

that reported by existing phase SPR imaging sensors. ► It is a 2-D, non-labeling, real-time and high 

sensitivity analytical detection platform. 

 

Keywords 

Surface plasmon resonance (SPR) imaging; Multiplex detection; Protein array; Non-labeling; 

Phase detection; Polarization orientation. 
 

1. Introduction 

Protein biomarkers have gained rapid increasing research interests in recent years (John et al., 

2012; Lee et al., 2008; Surinova et al., 2011). Detection of the expression level of protein 

biomarkers in patient samples enables early disease diagnosis (Tomizaki et al., 2010; Shi et al., 

2011) treatment response assessment (Bass et al., 2010; Peña et al., 2010). Haab et al. (Haab et 

al., 2001) demonstrated the application of antibody microarray for high throughput proteomics 

studies and antibody is by far the most widely used probe for biomarker profiling (Lee et al., 

2008).  In antibody microarray detection, in which fluorescent labeling, secondary antibodies or 

enzyme are required in the detection process. In antibody array detection, different fluorescently 

labeled molecules or secondary antibodies are required for of the each array elements. Large 

scale multiplexed measurements are therefore limited by the availability of corresponding 

fluorescent labels or secondary antibodies.  
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Surface plasmon resonance imaging (SPRI) (Rothenhausler et al., 1998; Yeatman et al., 1987) is 

a non-labeling detection alternative (Homola et al., 2008; Homola et al., 2005) and the two 

dimensional sensing capability of SPR imaging enables multiplex detection for the  antibody 

array (Lee et al., 2006; Motoki et al., 2005; Wong et al., 2008; Wong et al., 2007).  SPR imaging 

measures the refractive index changes associated with the antibody-antigen binding occurring at 

the gold sensing surface (Homola et al., 2006; Wong et al., 2007). Common SPR imaging 

systems are based on intensity modulation (Jordan et al., 1997; Lee et al., 2006; Motoki et al., 

2005; Nelson et al., 1999). It measures the reflectivity variation (intensity change) of the 

reflected light from the attenuated Kretschmann total internal reflection surface. Kretschmann 

configuration is by far the most widely used method for surface plasmon excitation (Homola et 

al., 2008). When the momentum of the surface plasmon wave and the momentum of the 

evanescent wave of the incident light is match, the surface plasmon will be excited. The 

resonance condition varies with different characteristics of metal film, prism and dielectric 

medium and the reflectivity variation (intensity change)  due to refractive index change at the 

dielectric medium is finally imaged with a charge-coupled device (CCD). The SPR imaging 

provides the unique advantage of high-throughput array detection.  However, the major 

limitation of conventional intensity SPR imaging sensors is the limited sensor resolution (10-5 

RIU) (Homola et al., 2005). Grigorenko and Nikitin et al. (Nelson et al., 1996) reported the 

phase jump phenomenon in surface plasmon resonance and the steep slope of the phase response 

provides ultra-sensitivity improvement. In the past decade, Interferometry based phase SPR 

imaging sensors have been intensively studied by different research groups (Ho et al., 2007; Lee 

et al., 2007; Wong et al., 2008; Wong et al., 2007; Yu et al., 2008; Yu et al., 2005). However, 

experimental findings show that interferometry based phase imaging methods are sensitive to 

environmental vibration and the signal to noise ratio is limited. In addition, complicated phase 

modulation and time-consuming fringe analysis are required in phase information extraction. 

Either part of the spatial or temporal domain information is necessary to be sacrificed in the 

phase modulation and extraction process. In recent years, spectral based SPR imaging sensor 

with the scanning of surface plasmon excitation minimum is reported (Yuk et al., 2008; Yuk et 

al., 2007; Yuk et al., 2003), however the sensor resolution is limited (10-5 RIU) and time-

consuming scanning is required during measurement. In our previous research (Ho et al., 2006; 
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Wong et al. 2011; Wong et al., 2008; Wong et al., 2007; Wong et al., 2005), we imaged the color 

texture variations caused by the SPR absorption minimum shift and the system was applied to 

image the refractive index changes of lubricant at highly pressurized contact. Nevertheless, the 

sensor resolution is also limited.  

 

In this paper, we report a colorimetric SPR imaging biosensor array based on the polarization 

orientation. It measures the spectral characteristic variation caused by the steep phase change 

occurring at surface plasmon excitation. A SPR prism coupler is placed in between two 

polarizers with perpendicular transmission axes and the transmission of incident beam is 

forbidden. At the excitation wavelength of surface plasmon, a phase difference is introduced 

between the p- and s- polarization component of the light. It rotates the orientation angle of the 

polarization ellipse and the light interacting with the surface plasmon is allowed to pass through 

the crossed polarizers setting. As the momentum of the surface plasmon wave only matches with 

particular wavelength range, particular spectral profile is produced, which is associated with the 

steep phase response at surface plasmon excitation. This method enhances the sensitivity of 

conventional spectral based SPR sensor through probing the steep phase response at surface 

plasmon resonance.   

 
2. Materials and methods 
 
2.1 Theory 

Consider an elliptically polarized light E and the two orthogonal optical disturbances (p- and s- 

polarization) can be represented as (Eugene et al., 2001),  

)cos(0 tkzEE ss ω−=         (1)                                     
)cos(0 εω +−= tkzEE pp        (2) 

 
where ε is relative phase different between the p- and s- polarization wave.  

The elliptically polarized light E can further be described by the equation of an ellipse (Eugene et 

al., 2001),  
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The principal axes of the ellipse make an orientation angle α with the ( sE , pE ) - coordinate 

system such that, 
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Nelson et al. (Nelson et al., 1996) reported that there is a steep slope of phase response for the p- 

polarization light at surface plasmon excitation. However, the oscillation direction of the s- 

polarization light is perpendicular to the excitation plane of the surface plasmon wave and it is 

not affected at surface plasmon excitation (Homola et al., 2008; Homola et al., 2006; Wong et 

al., 2008; Wong et al., 2007). A phase difference φΔ  is therefore produced between the p- and s- 

polarization light (Wong et al., 2008; Wong et al., 2007). 

)( sp φφφ −=Δ      (5) 
 
At surface plasmon resonance, the wave vector of E can be modified as  
 

)cos(0 tkzEE ss ω−=′     (6) 

)cos(0 φεω Δ++−=′ tkzEE pp     (7) 
 
The equation of the elliptically polarized light E and the orientation angle to the ( sE , pE ) - 
coordinate system are modified as  
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The principal axes of the ellipse now makes an orientation angle α′  with the ( sE , pE ) - 
coordinate system (as described in Figure 1a) such that, 
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2.2 Experimental set-up 

The experimental configuration of the polarization orientation based spectral SPR imaging 

sensor is described in Figure 1b. A halogen lamp is used as the board band light source. The 

beam is collimated by a lens set and the beam diameter is 50mm2. The collimated beam incidents 
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on the total internal reflection surface of a glass prism. A gold sensing layer is coated on the 

prism surface through e-beam evaporation. In addition, a flow cell fabricated with 

polydimethylsiloxane (PDMS) materials is attached to the sensing surface for liquid samples 

handling during detection.  

 

As described in Figure 1b, the SPR prism coupler is placed in between two polarizers with 

perpendicular transmission axes and the incident light is not allowed to transmit through. At (or 

close to) the excitation wavelength of the surface plasmon wave, a phase difference φΔ is 

introduced between the p- and s- polarization light. According to equation (9), the phase 

difference φΔ  rotates the orientation angle of the elliptically polarized light E and it allows the 

light interacting with the surface plasmon to be transmitted through the crossed polarizers. At 

wavelength out of the excitation spectral range, the interaction between the incident light and the 

surface plasmon wave is weak and no significant transmitting light is recorded at the wavelength 

range longer or shorter than the surface plasmon excitation wavelength. The excitation 

wavelength changes according to the refractive index variation at the dielectric medium (Homola 

et al., 1999; Lam et al., 2005; Wong et al., 2005) and the shift of excitation wavelength 

eventually produces corresponding spectral profile variation. The color is changed with respect 

to the phase shift induced at surface plasmon resonance.  

 

The spectral SPR image with phase information is finally captured by a CCD camera. A home-

built MATLAB  program has been developed for image analysis.  

 

2.3 Surface chemistry  

The gold sensing surface was immersed in ethanol containing 11-mercapto-undecanoic acid 

(MUA) (concentration-0.5mM, Sigma-Aldrich) for about 17 hours and a self-assembled 

monolayer (SAM) was formed on the gold surface. The modified surface was then rinsed by 

ethanol and distilled water. After that, the surface was activated with a mixture of N-

hydroxysuccinimide (NHS) (concentration-1mM, Thermo Scientific) and 1-ethyl-3-(3-

dimethylaminoprpyl) carbodiimide (EDC) (concentration-0.4mM, Thermo Scientific) in distilled 

water. The surface was rinsed with distilled water before the immobilization of protein samples. 

As described in Figure 1c, a protein array with bovine serum albumin (BSA, 2mg/ml in 



 
 

7 
 

phosphate buffered saline (PBS) buffer, Sigma-Aldrich) (positive sample), glucose oxidase 

(GOx, 2mg/ml in PBS, Sigma-Aldrich) (negative sample) and blank control sites (immersed with 

PBS buffer) was fabricated on the gold sensor surface for further experiment.  

 

3. Results and discussion  

 

The performance of the spectral SPR imaging sensor was characterized with different 

concentrations of salt solutions  ranged from 0%, 1%, 2%, 3%, 4%, 5% to 7%, which 

corresponding to refractive index values from 1.3333 – 1.3454 RIU.  The spectral SPR images 

are shown in Figure S1a-S1g. As shown in the results, the color of the SPR images change from 

red color (water) to green color (7% salt solution) and the green ingredient increases with 

increasing salt solution concentrations. The hue profiles of the SPR images were further 

extracted and the corresponding refractive index response curve of the imaging sensor is shown 

in Figure S-1f. 

 

To demonstrate the two-dimensional, real-time and quantified detection capability of the spectral 

SPR imaging sensor for bio-molecular sensing applications, array based specific BSA antigen-

antibody binding detections have been conducted. Figure 1c describes the configuration of the 

protein array fabricated for the experiment. Bovine serum albumin (BSA) sensor sites (red spots) 

are the specific samples and the glucose oxidase (GOx) sensor spots (black spots) serve as the 

non-specific sites in the experiment. The protein array also consists of four blank sensor sites 

(white spots), which indicate the non-specific binding occurring during the experiment. In the 

beginning of the experiment (0-30mins), the protein array was kept at PBS buffer solution. At 30 

minutes, BSA antibody (2.5μl/ml in PBS) was injected to the protein array surface and the 

binding interactions were allowed to take place for 1 hour. At 91 minutes of the experiment, the 

array surface was washed with PBS buffer for the removal of non-specific bound molecules on 

the array surface. The whole binding processes occurred in all sensor sites were real-time 

monitored with the spectral SPR imaging sensor.  

 

Figure 2 shows the spectral SPR images taken at different stages of the experiment. In Figure 2a, 

the protein array was kept in PBS buffer. Figure 2b and Figure 2c shows the spectral SPR images 
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taken at 15 minutes and 60 minutes after the BSA antibody injection (2.5μl/ml in PBS). As 

shown in the results, the color of the specific BSA antigen sites (A1, A4, B2, B3, C2, C3, D1, D4) 

changed from red (Figure 2a) to green color (Figure 2b) and the green color portion was 

increased against time. The color variations were caused by the refractive index variations 

associated with the binding interactions between BSA antigen-antibody molecules. However, no 

significant color changes are observed at the non-specific sites (GOx, A2, A3, B1, B4, C1, C4, 

D2, D3) and blank control sites (E1-E4). Figure 2d further shows the spectral SPR image after 

the buffer washing process. No observable color changes were observed in the specific sites. It 

reveals the specificity of the observed bindings. A complete set of spectral SPR images is shown 

in Figure S-3 in the supporting information. 

 

As reported in (Ho et al., 2006; Wong et al., 2011; Wong et al., 2008; Wong et al., 2007; Wong 

et al., 2005), the HSV color space (Smith et al., 1978) has been demonstrated for the color 

changes quantification in spectral SPR image. HSV color space was introduced by Smith in 1978 

(Smith et al., 1978). Hue (H), Saturation (S) and Value (V) are the three dimensions in the HSV 

color code and the Hue (H) component directly refers to the dominant wavelength of a color 

(Bose et al., 2004; Heijden et al., 1994). The Hue profile of the spectral SPR images shown in 

Figure S3a-S3i are extracted with a home built MatLab program and the corresponding 2D Hue 

maps are shown in Figure 3. In the first 30 minutes of the experiment, the protein array was kept 

in PBS buffer. Comparing Figure 3a (at the beginning of experiment) and 3b (30mins), average 

0.8% variation is found in the specific BSA antigen sites, while 1.0 % and 1.3 % of signal 

variations are recorded in the non-specific GOx sites and control sites respectively. Figure 3d 

illustrates the 2D Hue map obtained at 5 minutes after the injection of BSA antibody (2.5μl/ml). 

The average responses in the specific BSA antigen sites have been increased from 0.19 (hue unit) 

to 13.95 (hue unit), which is equivalent to 66.2% increase, while less than 3.1 % increase is 

recorded in the non-specific GOx sites. The 2D Hue profiles obtained at 15 minutes, 30 minutes 

and 45 minutes after the antibody injection are revealed in Figure 3e, 3f and 3g respectively. As 

shown in the results, the responses in the specific sites have been increased from 13.95 (hue unit) 

to 38.52 (hue unit) in 45 minutes. However, relatively less variation is found between Figure 3g 

(76mins) and 3h (90mins), which is caused by the equilibrium of binding. To remove the non-

specific binding on the sensor surface, the array surface was washed with PBS buffer and less 
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than 1% signal decreases are recorded in the specific sites (Figure 3i). It reveals the specificity of 

the binding interactions. Comparing the 2D Hue profiles shown in Figure 3i and Figure 3a, 

average 162.1 % increase is shown in the specific BSA antigen sites, while only 4.45% increases 

are recorded in the non-specific GOx sites. The imaging experimental results have successfully 

demonstrated the multiplex, real-time and quantified detection capability of the spectral SPR 

imaging sensor for array based specific bio-molecular bindings. The observed non-specific 

binding in the experiment (which is 36 times lower than the response in the specific sites) is 

caused by the limitation of the current using flow cell in the experiment.  A certain portion of 

non-specific molecules cannot be washed away effectively in the PBS washing procedure after 

the binding process and these molecules is the cause of the non-specific binding response 

observed during the experiment. This problem can be solved by using a flow system equipped 

with automatic mechanical pump, which can provide better washing effect to the sensor surface 

during the experiment.    

 

The Hue responses in all array elements are further extracted and plotted against time and the 

corresponding binding curves are shown in Figure 4. Figure 4a, 4d, 4f, 4g, 4j, 4k, 4m and 4p 

reveal the binding curves of the specific BSA antigen sites, and the binding curves of the non-

specific GOx sites are illustrated in Figure 4b, 4c, 4e, 4h, 4i, 4l, 4n and 4o. Figure 4q-4t shows 

the binding curves of the blank control sites.  

 

The sensor resolution of the spectral SPR imaging sensor can be calculated with the following 

equation (Homola et al., 2006),  

StabilitytMeasuremen
responseSensor

moleculebioofionConcentratLimitDetection ×
−

=             (10) 

As shown in Figure 4a, 4d, 4f, 4g, 4j, 4k, 4m and 4p, an injection of 2.5μg/ml BSA antibody has 

produced a response of 39.13 (hue unit) (average value from all specific sensor sites). Table 1 

illustrates the measurement stand deviation (S.D.) values recorded in different sensor sites within 

30 minutes when the protein array was kept in PBS buffer. The overall measurement S.D. 

(averaged from all sensor sites responses) is 0.13 (Hue unit), which indicates the measurement 
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stability of the spectral SPR imaging sensor. From equation 10, the sensor resolution of the 

system is found to be 8.26 ng/ml (125pM).  

 

Detection experiment on BSA antibody in 97.7 ng/ml concentration has further been carried with 

the spectral SPR imaging sensor and the BSA antigen-antibody binding curve is shown in Figure 

S-4 (supplementary materials). The result demonstrates the practical detection capability of the 

imaging sensor for low concentration bio-molecular samples (in ng/ml), while only calculated 

detection limit values are given in the literature (Lee et al., 2007; Wong et al., 2008; Wong et al., 

2007; Yu et al., 2005; Yu et al., 2008).  

 
Yu et al. (Yu et al., 2005) demonstrated the common-path SPR imaging interferometry technique 

for micro-array detection. The system has been applied for the detection of IgG antibody-antigen 

binding. However, the sensor responses were relatively noisy. Later on Lee et al. (Lee et al., 

2007) reported a phase-sensitive SPR imaging system, in which the single beam phase-stepping 

interferometer (PSI) technique has been employed for the system stability enhancement. The 

system was integrated with a micro-fluidic platform and the detection of rabbit immunoglobulin 

G antibody-antigen binding interactions has been demonstrated. The detection limit was found to 

be 1 x 10-4 mg/ml. A differential phase measurement scheme between the p- and s- polarization 

beam has been demonstrated by Wong et al. (Wong et al., 2008; Wong et al., 2007) for SPR 

imaging. The system has been applied for the detection of BSA antigen- antibody binding. The 

detection limit was found to be 0.77 μg/ml. In the same year, Yu et al. (Yu et al., 2008) presented 

a SPR imaging system based on the time domain phase modulation interference. For noise 

suppression, signal averaging among 100 x 100 pixels was required, which reduced the spatial 

resolution of the phase image. Detection on IgG antigen-antibody binding has been carried. The 

sensor resolution can be estimated to be ~30 μg/ml (based on phase noise of 0.5°) from the 

experimental results. As described above, the sensor resolution of our spectral SPR imaging 

sensor is 8.26 ng/ml. This value is 12.1 times better than the resolution reported in (Lee et al, 

2007). Furthermore, it is 93.2 times and 3630.1 times better than that reported in (Wong et al., 

2008; Yu et al., 2008) respectively. These results reveal that our polarization orientation based 

spectral SPR imaging sensor provides significant resolution improvement comparing to existing 

phase-sensitive SPR imaging sensors based on the common-path SPR imaging interferometry 
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(Lee et al., 2007), single beam phase-stepping interferometer (PSI) (Yu et al., 2005), differential 

phase measurement scheme between p- and s- polarization (Wong et al., 2008; Wong et al., 

2007) and time domain phase modulation interference (Yu et al., 2008). In addition, area 

averaging is normally required for noise suppression in phase-sensitive SPR imaging sensors. As 

reported in (Wong et al., 2008; Wong et al., 2007) and (Yu et al., 2008), area averaging (among 

5 x 5 pixels (Wong et al., 2008; Wong et al., 2007)  and 100 x 100 pixels (Yu et al., 2008)) is 

required for phase imaging measurement. It is because that interferometry based phase systems 

are extremely sensitive to environmental vibrations. Our spectral SPR imaging sensor probes the 

rotation of the polarization ellipse caused by the phase difference between the p- and s- 

polarization at SPR with a pair of crossed polarizer. It is not an interferometry based phase 

detection technique and insensitive to environmental vibrations. Area averaging is not required 

for the SPR image obtained by our method. It therefore can provide SPR images with higher 

spatial (2D) resolution comparing to existing phase-sensitive SPR imaging sensors (Yu et al., 

2005; Lee et al., 2007; Yu et al., 2008; Wong et al., 2008; Wong et al., 2007). Moreover, no 

complicated phase modulation process is required, which enhances the response time of the 

sensor for rapid molecular detection.  

 

4. Conclusion 

 

We have demonstrated a colorimetric surface plasmon resonance (SPR) imaging biosensor array 

based on polarization orientation. It measures the spectral characteristic variations caused by the 

steep phase change between the p- and s- polarization component occurring at surface plasmon 

excitation.  

 

Real-time, multiplexed and quantified detection of specific binding interactions between bovine 

serum albumin (BSA) antigen-antibody occurring on a protein array have been demonstrated 

with the spectral SPR imaging sensor. The sensor resolution of the imaging sensor is found to be 

8.26 ng/ml (125pM), which is one-order of magnitude (12 times) better than the detection limit 

reported by existing phase-sensitive SPR imaging sensors in the literature (Yu et al., 2005; Lee et 

al., 2007; Yu et al., 2008; Wong et al., 2008; Wong et al., 2007) for bioaffinity adsorption 

measurements. The spectral SPR imaging sensor probes the rotation of the polarization ellipse 
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caused by the phase difference between the p- and s- polarization at SPR with a pair of crossed 

polarizers and no complicated phase modulation and phase extraction processes are required. It 

reduces the data processing time and enhances the sensor temporal resolution for real-time bio-

molecular bindings monitoring. Due to the improvement in measurement stability of the system, 

area averaging which is normally needed for noise suppression in phase-sensitive SPR imaging 

sensors is not required. It further enhances the sensor spatial resolution for high throughput array 

detection applications. 

 

The polarization orientation based spectral SPR imaging sensor provides the capability for non-

labeling, real-time, quantified and high sensitivity array based analytical detection. It can find 

promising applications in cancer biomarkers discovery and clinical disease diagnosis. 
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Table 1 Measurement stand deviation (S.D.) values of different sensor sites within 30 minutes, when the protein 
array was kept in PBS buffer. The overall measurement S.D. (averaged from all sensor sites responses) is 0.13 (Hue 
unit), which indicates the measurement stability of the spectral SPR imaging sensor. 
Sensor site location A1 A2 A3 A4 B1 B2 B3 B4 
Measurement S.D. (Hue 
unit) 

0.16 0.08 0.11 0.10 0.12 0.09 0.10 0.14 

Sensor site location C1 C2 C3 C4 D1 D2 D3 D4 
Measurement S.D. (Hue 
unit) 

0.19 0.15 0.17 0.18 0.16 0.19 0.16 0.18 

Sensor site location E1 E2 E3 E4  
Measurement S.D. (Hue 
unit) 

0.07 0.09 0.10 0.06 

0.5         
Averaged overall 
measurement S.D. 

0.13 
(Hue 
unit) 
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List of captions  

Figure 1 a) Ellipse of the elliptically polarized light E  b) Schematic diagram of the polarization 

orientation based spectral SPR imaging sensor. c) The protein array consists of 3 different array 

elements: bovine serum albumin (BSA) (red spots, positive sample), glucose oxidase (GOx) 

(black spots, negative sample) and blank sites (white spots, background control) d) 

Representative spectral SPR image taken when the array was kept in PBS buffer before the 

experiment (averaged with 10 images) (the scale bar represents 1mm in length). 

 
Figure 2 Spectral SPR images for specific BSA antigen-antibody binding detection (the scale 

bar represents 1mm in length) a) at the beginning of the experiment, the protein array was kept in 

PBS buffer. b) (46mins) 15 minutes after the injection of anti-BSA. c) (90mins) 1 hour after the 

injection of BSA antibody. d) (106mins) 15 minutes after the PBS buffer washing process. 

 
Figure 3 2D hue profiles extracted from the spectral SPR images (for normalization propose, 

images are subtracted with the representative spectral SPR image shown in Figure S-2, which 

was taken when the protein array was in PBS buffer and the scale bar represents 1mm in length) 

a) at the beginning of the experiment, the array was kept in PBS buffer. b) (30mins) the array 

was kept in PBS buffer. c) (32mins) 1 minute after the injection of anti-BSA (2.5μl/ml in PBS). d) 

(36mins) 5 minutes after the injection of anti-BSA. The average response in the specific BSA 

antigen sites is increased from 0.19 (hue unit) to 13.95 (hue unit), which is equivalent to 66.21% 

increase. However, less than 3.05 % increases are recorded in the non-specific GOx sites. e) 

(46mins) 15 minutes after the injection of anti-BSA. f) (61mins) 30 minutes after the injection of 

anti-BSA. g) (76 mins) 44 minutes after the injection of anti-BSA. h) (90mins) 59 minutes after 

the injection of anti-BSA. i) (105mins) 15 minutes after array surface washing with PBS buffer. 

Less than 1% signal decrease is recorded in the specific sites (Figure 3i). It reveals the specificity 

of the binding interactions. Comparing the 2D Hue profiles shown in Figure 3i and Figure 3a, 

162.1 % increase is found in the specific BSA antigen sites, while only 4.45% increase is 

indicated in the non-specific GOx sites.  

 

Figure 4 Binding curves for all sensor sites in the array. Figure 4a, 4d, 4f, 4g, 4j, 4k, 4m and 4p 

reveal the binding curves of the specific BSA antigen sites, and the binding curves of the non-

specific GOx sites are illustrated in Figure 4b, 4c, 4e, 4h, 4i, 4l, 4n and 4o. Specific bindings are 

clearly shown in the specific BSA antigen sites (A1, A4, B2, B3, C2, C3, D1, D4), while less 

than 5% variations are recorded in the non-specific GOx sites (A2, A3, B1, B4, C1, C4, D2, D3).. 

At the equilibrium stage, the average response recorded in the specific BSA antigen sites is 24.8 

times higher than that of the non-specific GOx sites. In addition, it is 6.2 times higher than that 

of the blank control sites (Figure 4q-4t, E1-E4). 

 

Table 1 Measurement stand deviation (S.D.) values of different sensor sites within 30 minutes, 

when the protein array was kept in PBS buffer. The overall measurement S.D. (averaged from all 

sensor sites responses) is 0.13 (Hue unit), which indicates the measurement stability of the 

spectral SPR imaging sensor. 
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