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Abstract: The concept of a portable, inexpensive and semi-automated biosensing platform,  

or lab-on-a-chip, is a vision shared by many researchers and venture industries. Under this 

scope, we have investigated the application of optical emission from quantum well (QW) 

microstructures for monitoring surface phenomena on gold layers remaining in proximity 

(<300 nm) with QW microstructures. The uncollimated QW radiation excites surface plasmons 

(SP) and through the surface plasmon resonance (SPR) effect allows for detection of small 

perturbation in the density surface adsorbates. The SPR technology is already commonly 

used for biochemical characterization in pharmaceutical industries, but the reduction of the 

distance between the SP exciting source and the biosensing platform to a few hundreds of 

nanometers is an innovative approach enabling us to achieve an ultimate miniaturization of 

the device. We evaluate the signal quality of this nanophotonic QW-SPR device using 

hyperspectral-imaging technology, and we compare its performance with that of a standard 

prism-based commercial system. Two standard biochemical agents are employed for this 

characterization study: bovine serum albumin and inactivated influenza A virus. With an 

innovative conical method of SPR data collection, we demonstrate that individually collected 

SPR scan, each in less than 2.2 s, yield a resolution of the detection at 1.5 × 10−6 RIU.  

Keywords: surface plasmon resonance; quantum semiconductor emitters; nanophotonic 

devices; hyperspectral imaging 
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1. Introduction 

Recent advancements in molecular detection methods, microelectronics, and digital computing have 

enabled the development of many new tools and applications in biomedical technology. The expansion 

of innovative biochemical analyses beyond their laboratory environment is still a challenge today, 

although nanotechnology could present solutions for the development of micro total analysis systems 

(µTAS) potentially capable of portable biodiagnostics [1]. One of the approaches in that context is 

based on the surface plasmon resonance (SPR) effect that shows attractive sensitivities to miniscule 

perturbation in the density surface adsorbates. SPR is a well-established optical phenomenon where an 

electromagnetic (EM) beam of a specific energy and incident wavevector (angle) can induce a resonant 

group oscillation within the surface electrons of a metal-dielectric interface [2]. The resulting EM field 

is evanescent in nature, with typical confinement of 200 nm for visible light and can consequently be 

employed for many dynamic biochemistry studies [3]. However, the SPR technology has remained in 

the realm of trained professionals, in academic laboratories and within specialized industries, requiring 

relatively large space, capital investment and the support of qualified personnel [4]. A Texas 

Instruments developed SPREETATM addresses the need of a miniaturized and low-cost device that 

could help popularize the SPR technology [4]. However, the limited success of this approach could be 

related to its average performance in terms of sensitivity [5].  

We present here the results of an effort towards SPR device miniaturization through a wholly 

integrated semiconductor-based SPR nanometric platform that, at the same time, maintains high 

sensitivity required for detection of small biological molecules. Our SPR microsystem offers 

portability, attractive sensitivities, and a drastic reduction in operational costs, consequently opening a 

potential for delocalized applications. Coupled with integrated electronic circuits, a preset SPR 

semiconductor chip would ideally be operated by the layperson. 

2. Experimental Section  

2.1. Methodology  

An integration of the SPR technology with a light emitting semiconductor is achieved by 

constructing a metal-dielectric interface atop the solid-state light emitting substrate [2,6–8], as shown 

in Figure 1 [9]. Through electroluminescence or photoluminescence (PL), the embedded quantum well 

(QW) is excited to emit radiation. For the most general case presented here, the emission is 

uncollimated (i.e., propagating in all directions) and the broadband spectral bandwidth exceeds 140 nm 

(1.38–1.65 eV). A dielectric spacer and metal layer are deposited by evaporation on the structure, thus 

enabling the support of surface plasmon (SP) modes. The metal layer is corrugated in order to extract 

the SPs into the far field for imaging by a microscope. This top layer can also be biofunctionalized in 

various manners for specific experiments. The principle behind uncollimated and broadband SP 

coupling is detailed in Figure 2 [9]. A continuous range of incoming radiation from the QW encounters 

the metal layer at the dielectric interface. 
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Figure 1. Working principle of the quantum well-surface plasmon resonance (QW-SPR) 

device. The SEM image presents a grazing angle view of a device sequentially exposed to 

solutions of neutravidin, biotinylated polyclonal IAV-H3N2 antibodies and capsids of 

IAV-H3N2. The Au grating is visible on the surface, under which a SiO2 layer is deposited 

atop the GaAs-AlGaAs QW. Inset: Broadband and uncollimated NIR light is emitted from 

the QW to couple a continuum of SP modes on the surface, since conditions for SPR are 

concurrently met for a range of E(kll). The propagating modes can then diffract, mainly 

through the ±1st orders, to be measured by the microscope [9]. 

 

Figure 2. (a) Broadband uncollimated induction of SPR. At a given energy, E, and specific 

wavevector kll = kSPR, electromagnetic charge fluctuations in the form of surface plasmons 

can be coupled at a metal-dielectric interface. Changing the input energy will modify the 

required kll to couple a resonance. As such, there is a continuous dispersion relation E(kSPR) 

for the resonant coupling of the surface plasmons (inset); (b) Since kll can take any 

direction ( , ) on the surface, the SPR dispersion in the E(kx, ky) space generates a cone-like 

shape surface. Note that under normal circumstances kSPR > klight. This SPR dispersion is thus 

scattered within the light cone by the surface corrugation, through the ±1st diffraction order 

of a grating for example, to be measured by a microscope in the far field [9,13].  
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In Figure 2(a), when the energy (E) and projected wavevectors (|kll|) of the incoming light meet 

specific conditions in E and |kll|, a resonance occurs with the surface electrons inducing SPR [2]. It is 

important to note that such surface charge fluctuations can be coupled at any energy, through their 

corresponding |kll| (see inset in Figure 2(a)). Moreover, kll is composed of the two planar directions in 

 and . Therefore, at a given energy, SPR can be induced for all the kll meeting the condition  

kll = kSPR(E) = kx· + ky· . This is shown in Figure 2(b), where the device from Figure 1 supports a 

continuum of SP modes, whose dispersion relation in E(kx,ky) is given by a cone-like surface. Because 

of the diffraction by the surface corrugation, the dispersion relation is duplicated within the measurable 

light cone of a microscope. To understand such a system in detail, and to be able to design various 

architectures for specific applications, we have developed a tensorial version of the rigorous coupled 

wave analysis (TRCWA) proposed by Glytsis and Gaylord [10] and later optimized by many  

authors [11,12]. This tool enabled the complete customization of the integrated structures required for 

specific applications; in this case the far field extraction of uncollimated and broadband SPR.  

A commercial hyperspectral microscope (Photon Etc. Inc., Montreal, QC, Canada) has been set up to 

study the behavior of our QW-SPR system and to image kx-ky directly in the Fourier plane [9,13].  

2.2. Experimental Procedures  

The SPs are diffracted by the surface corrugation and projected in the far field of the microscope. 

The image shown in Figure 3 presents the measured photonic intensity distribution as a function of 

projected wavevector kx in the E-ky plane [13]. The peak intensities correspond directly to a  

cross-section of the SPR dispersion relation. From this, the SPR shifts can be monitored by tracking the 

distances between the two curves, in kx, as a function of the surface biochemical events. The quantification 

of the biodetection capabilities of this architecture under real conditions was firstly accomplished 

using 2% bovine serum albumin (BSA) in phosphate buffered saline (PBS) solutions. Secondly,  

we examined a specific immobilization of the gamma radiation inactivated H3N2 influenza strain. 

These viral capsids were trapped with an architecture consisting of a layer of biotinylated polyclonal 

IAV-H3N2 antibodies attached to neutravidin physisorbed on the Au surface. For the specific 

immobilization of IAV H3N2, a 200 µg/mL neutravidin solution in PBS was injected on the substrate 

surface, left to physisorb for 160 min and rinsed with the PBS buffer. A 100 µg/mL solution of 

biotinylated polyclonal IAV H3N2 antibodies was then injected and left to react with the neutravidin 

for 160 min. At this stage, the surface was ready to receive a 40 µg/mL solution containing gamma 

radiation inactivated IAV. A negative test was carried by introducing the IAV H1N1 strain and 

measuring its surficial shift, S. Then the IAV H3N2 strain, of identical concentration, was injected 

and S measured for positive identification. For both strains, the solutions were left for 60 min to react 

with the antibody functionalized Au surface. 

For comparison purposes, we carried out benchmarking measurements using a commercial 

Kretschmann–Raether nanoSPR6 system [14], equipped with a basic prism setup, a 1.91 eV (650 nm) 

laser and an automated goniometer of a 10−4 degree angular resolution. 
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Figure 3. The dispersion relation of the SPR is directly projected on the microscope.  

The result shows a clear diffraction of SPs, from the ±1st diffraction orders. Measuring the 

distance between the resonances provides direct information on the surface conditions.  

In this case, the quality of the signal as a function of E-ky depends on the luminescence 

intensity of the QW [9,13].  

 

A well-known physisorption of BSA on Au was used to evaluate both the signal-to-noise ratio 

(SNR) and resolution of the investigated methods. We defined B as the bulk amplitude of the SPR 

signal (SPR) occurring at the saturation for the investigated solution, and S as the surficial shift, 

measured after the surface is rinsed with the buffer solution, so only molecules physisorbed on the Au 

surface contribute to the shift. 

3. Results and Discussion 

For the commercial system, BSA physisorption yielded B = 1,081 × 10−4 ± 3 × 10−4 µm−1 and after 

the PBS rinse, s = 519 × 10−4 ± 3 ×10−4 µm−1 is found. With the same system, the immobilization of 

inactivated H1N1 IAV, yielded s(H1N1) = −10 × 10−4 ± 10 × 10−4 µm−1. In contrast, the targeted H3N2 

strain gave an SPR shift of s(H3N2) = 92 × 10−4 ± 7 × 10−4 µm−1. These numbers infer, as expected,  

a distinct preference for the H3N2 strain over the H1N1. For all the experiments carried out with the 

nanoSPR system, the signal to noise ratio was found to be SNR = 501 ± 13. The s(H1N1)  0 can be 

explained by the use of IAV H3N2 polyclonal antibodies of broader affinity than their monoclonal 

counterpart and possibly by an imperfect surface coverage with the physisorbed neutravidin complex, 

leaving some Au regions exposed to H1N1 capsids. Specificity was further confirmed through 

fluorescence and scanning electron microscope (SEM) imaging. On average, 5 capsids/µm2 were 

observed with SEM for the samples exposed to H3N2. The results demonstrate reliable immobilization 
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dynamics and they offer a comparison benchmark concerning the immobilization of BSA molecules 

and IAV H3N2 virus, on which the evaluation of the QW-SPR platform can be established.  

Figure 3 shows a single frame (2.2 s collection time) result obtained with our approach during 

physisorption of BSA on the surface of a QW-SPR device [9]. The diffracted SP modes, represented 

by fragments of two ellipses, are clearly visible. Note that the quality of the signal as a function of  

E-ky depends on the luminescence intensity of the QW, which here is manifested by the increased 

noise amplitude of the top and bottom parts of the recorded frame. The information on the SPR 

conditions on the surface of the QW-SPR device can be obtained by measuring the distance between 

the ellipses as a function of time. In the case of a broadband and uncollimated SPR system, the shift occurs 

in E, kx and ky. Therefore, a cumulative shift between the two SPR peak surfaces corresponds to 

SPR|Total= {SPR |E-ky|
2}½. For BSA physisorption, we measured s = 7,140 × 10−4 ± 60 × 10−4 µm−1 

after the PBS rinse. For the specific immobilization of IAV H3N2, the dynamic variations of SPR|Total 

are presented in Figure 4. Note that the periodic modulations in E-ky (Figure 4(a)) are attributed to the 

interactions of the SPs with the grating as predicted in the literature [13,15,16]. In this case, the shift 

induced by the selective immobilization of H3N2 is s = 33 × 10−3 ± 1 × 10−3 µm−1 after the PBS rinse. 

For this system, the resulting signal to noise ratio was found to be SNR = 1,831 ± 12. When comparing 

the SNR of the SPR signal generated by the QW-SPR architecture with that of the commercial system, 

we find the former generates slightly more stable datasets. This is mainly attributed to the continuous 

surface coupling of the SPR over a wide range of E and kll, resulting in the cumulative shifts over the 

collected dispersions that are greater than the potential shift over a single variable in E or kll values.  

In this hyperspectral acquisition mode, the shot noise of the system is thus reduced by upsampling the 

number of monitored SPR events (in E and kll in time). 

To address the SPR signal resolution issue, we investigated the response of the commercial 

nanSPR6 and QW-SPR systems to a 20 mg/mL solution of BSA in PBS (0.3 µM). Literature [17] 

shows that the Au surface saturates with BSA following 36 h exposure at a 1.5 µM BSA solution, 

which yields a mass coverage of 1.976 ng of BSA per 1 mm2 (BSA = 1.36 × 106 g/m3 for 1.45 nm tall 

molecules). A weaker BSA concentration of 450 pM leads to coverage of 0.75 ng/mm2 [18].  

Using these results, we estimated that our samples (at 0.3 µM) contained a surficial coverage of  

0.9949 ng/mm2, i.e., approximately 50% of the surface was covered with BSA. Using the Gladstone-Dale 

formula [19], we estimated the specific refractive index increment of the 0.3 M (20 mg/mL) BSA 

solution in PBS to be equal to 0.1845 cm3/g × 20 × 10−3 g/mL = 0.0037 RIU. Furthermore, the Barer 

and Akimoto data [20,21] allow to determine the refractive index of 0.3 µM BSA in solution as  

nBSA2% = 1.3369 @ 650 and 1.3330 @ 870 nm (nPBS = 1.3332 @ 650 nm and 1.3293 @ 870 nm). 

From [22,23] and the product information at Sigma-Aldrich, we can assume that the average height 

of a continuous BSA film is 1.45 nm. Also, wavelength dependence of the refractive index of a 

monolayer of BSA in the VIS-NIR region can be de described as nBSA() = 1.563 + 3,505·−1, with   

in nm [19,20]. Therefore, after rinsing the BSA covered surface at 0.9949 ng/mm2, the SP evanescent 

tail is exposed to a layer of BSA approximately 1.45 nm thick (nBSA = 1.4531 at 650 nm and  

nBSA = 1.4493 at 870 nm), while the remaining environment is provided by PBS. To evaluate the 

surficial effective shift in refractive index, we take: 
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 (1)

(2)

where ISP (z,i) = E2 is the E-field intensity in z, n(z, i) is a spatially dependent refractive index, z is 

the height of BSA, and i denotes 650 or 870 nm. For the nanoSPR6, this yields a neff = 16.75 × 10−4 at 

650 nm. Therefore, B = (1,081 ± 3) × 10−4 µm−1 for a 0.0037 RIU shift corresponds to 29.22 µm−1/RIU 

sensitivity in “bulk” and 1.03 × 10−5 RIU resolution (NanoSPR Inc. claims 2 × 10−5 RIU sensitivity). 

The surface sensitivity s = (519 ± 3) × 10−4 µm−1 for 16.75 × 10−4 RIU shift yields 149.85 µm−1/RIU 

surficial sensitivity and 9.68 × 10−6 RIU in resolution. 

Figure 4. Detection of H3N2 IAV with a QW-SPR device. (a) SPR as a function of E-ky 

and time, as the neutravidin (0 < t  230 min), biotinylated polyclonal IAV H3N2 

antibodies (240 < t  420 min) and inactivated IAV H3N2 (t > 420 min) solutions are 

injected over the device and rinsed. (b) Cumulative SPR shift, SPR|Total, in time for the 

IAV H3N2 adsorption. A surficial shift of s = 33 × 10−3 ± 1 × 10−3 µm−1 is measured after 

rinsing the surfaces with PBS [9]. 
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In the same manner, for the QW-SPR conic dispersion, we have B = (7,569 ± 7) × 10−4 µm−1 for 

0.0037, i.e., a 204.56 µm−1/RIU sensitivity in “bulk” or 3.42 × 10−6 RIU resolution. The surface 

sensitivity is given by a s = (7,140 ± 6) × 10−4 µm−1 for 10.39 × 10−4 RIU shift, i.e., a 7,099 µm−1/RIU 

surficial sensitivity of 1.45 × 10−6 RIU resolution. A summary of the values involved in this analysis is 

presented in Table 1.  

Table 1. Summary of refractive indices and sensitivities. 

Variable Value 

Surface coverage of physisorbed  
BSA (0.3 µM) after PBS rinse [17,18] 

0.9949 ng/mm2 

Refractive index shift from 0.3 µM BSA in PBS [19–21] 0.0037 RIU @ 650 nm and 870 nm 
Refractive index of PBS [19–21] 1.3332 @ 650 nm | 1.3293 @ 870 nm 
Refractive index of BSA monolayer (0.9949ng/mm2) 1.4531 @ 650 nm | 1.4493 @ 870 nm 
Average height of BSA [22–23] and Sigma-Aldrich 1.45 nm 
Effective refractive index shift after rinsing (neff) 16.75 × 10−4 @ 650 nm | 10.3910−4 @ 870 nm 
Signal to Noise ratio NanoSPR6 (650 nm) 501 ± 13 
Signal to Noise ratio QW-SPR Conical (870 nm) 1,831 ± 12 
Surface sensitivities and  
resolutions for NanoSPR6 (650 nm) [13] 

S = 149.9 µm−1/RIU 
Res = 9.6810−6 RIU 

Surface sensitivities and resolutions  
for QW-SPR Conical (870 nm) [13] 

S = 7,099 µm−1/RIU 
Res = 1.4510−6 RIU 

The surprising high sensitivity of the QW-SPR method, comparable to the best values reported in 

the SPR literature [24,25] could be explained by an optimal trade-off between an attractive dynamic 

range and a stable signal, with many points in time (SNR). A greater luminous flux from the QW 

source would yield better SNR. In addition, as we take advantage of broadband SPR coupling for the 

improvement of the SNR factor (by upsampling), a larger luminescence bandwidth should yield even 

better sensitivities with this approach. Of particular interest for biosensing applications is the excellent 

time resolution (2.2 s) of the QW-SPR method.  

4. Conclusions 

Interfacing a sensitive SPR transducer with a µ-TAS system would enable a dissemination of this 

characterization method into numerous fields of applications that currently cannot afford the space, 

capital or trained personnel to carry out complete experiments. A potentially efficient way to integrate 

SPR into a micro-system is through the use of existing semiconductor technology, where an integrated 

light source and transducer can be part of a single nanosystem embedded with relevant microelectronic 

circuits. We have been exploring this approach and presented here results that reviewed the recent 

progress we achieved in that context. The integration of a QW emitter with the Au surface (QW-SPR) 

that could be functionalized using conventional biochemistry enabled us to achieve an ultimate 

miniaturization of the device. The analysis of the results obtained with this innovative approach is 

accomplished through the conjugate field of a microscope that, as a result of the simultaneous 

inclusion of resonances coming from a wide spectrum of energies and wavevectors, offers attractive 

conditions for sensitive measurements. We demonstrate that the application of a conical mode of 
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collecting SPR data from a QW-SPR device produces the results (SPR scan) in less than 2.2 s, while 

the resolution of the method approaches 1.45 × 10−6 RIU, i.e., it is comparable with the best results 

reported to date in the SPR literature. In contrast with conventional methods of monitoring SPR signals 

requiring dedicated systems, SPR tracking through microscopy is a more practical and affordable 

approach of wider applicability. We have demonstrated the performance of our semiconductor-SPR 

biosensing device for monitoring simple biochemical reactions and detection of the influenza A virus. 

This is a significant milestone in the development of a family of innovative devices designed for 

remote biosensing. The QW-SPR technology makes it possible to interface the SPR platform with 

traditional microelectronics and, thus, it has the potential to open a wide range of new applications that 

go beyond the traditional field of biosensing.  

Acknowledgments 

The authors acknowledge the financial contribution from the Natural Science and Engineering 

Research Council of Canada (NSERC Strategic grant STPGP 350501-07), the Canada Research Chair 

in Quantum Semiconductors Program and the Vanier Scholarship CGS Program. 

Conflict of Interest 

The authors declare no conflict of interest. 

References  

1. Lee, S.J.; Lee, S.Y. Micro total analysis system (micro-TAS) in biotechnology. Appl. Microbiol. 

Biotechnol. 2004, 64, 289–299. 

2. Raether, H. Surface Plasmons on Smooth and Rough Surfaces and on Gratings; Springer-Verlag: 

Berlin, Germany, 1988. 

3. Schasfoort, R.B.M.; Tudos, A.J. Handbook of Surface Plasmon Resonance; RSC Publication: 

Cambridge, UK, 2008. 

4. Spangler, B.D.; Wilkinson, E.A.; Murphy, J.T.; Tyler, B.J. Comparison of the Spreeta (R) surface 

plasmon resonance sensor and a quartz crystal microbalance for detection of Escherichia coli 

heat-labile enterotoxin. Anal. Chim Acta 2001, 444, 149–161. 

5. Marchesini, G.R.; Koopal, K.; Meulenberg, E.; Haasnoot, W.; Irth, H. Spreeta-based biosensor 

assays for endocrine disruptors. Biosens. Bioelectron. 2007, 22, 1908–1915. 

6. Lepage, D.; Dubowski, J.J. Surface plasmon assisted photoluminescence in GaAs-AlGaAs 

quantum well microstructures. Appl. Phys. Lett. 2007, 91, 163106, doi: 10.1063/1.2798253. 

7. Lepage, D.; Dubowski, J.J. Surface plasmon effects induced by uncollimated emission of 

semiconductor microstructures. Opt. Express 2009, 17, 10411–10418. 

8. Lepage, D.; Jimenez, A.; Carrier, D.; Beauvais, J.; Dubowski, J.J. Hyperspectral imaging of 

diffracted surface plasmons. Opt. Express 2010, 18, 27327–27335. 

9. Lepage, D.; Jimenez, A.; Beauvais, J.; Dubowski, J.J. Real-time detection of influenza A virus 

using semiconductor nanoplasmonics. Light Sci. Appl. 2013, 2, e62, doi: 10.1038/lsa.2013.18.  



Biosensors 2013, 3 210 

 

 

10. Glytsis, E.N.; Gaylord, T.K. Rigorous 3-D coupled wave diffraction analysis of multiple 

superposed gratings in anisotropic media. Appl. Opt. 1989, 28, 2401–2421. 

11. Li, L.F. Fourier modal method for crossed anisotropic gratings with arbitrary permittivity and 

permeability tensors. J. Opt. Pure Appl. Opt. 2003, 5, 345–355. 

12. Schuster, T.; Ruoff, J.; Kerwien, N.; Rafler, S.; Osten, W. Normal vector method for convergence 

improvement using the RCWA for crossed gratings. J. Opt. Soc. Am. A 2007, 24, 2880–2890. 

13. Lepage, D.; Jimenez, A.; Beauvais, J.; Dubowski, J.J. Conic hyperspectral dispersion mapping 

applied to semiconductor plasmonics. Light Sci. Appl. 2012, 1, e28, doi: 10.1038/lsa.2012.28.  

14. NanoSPR website. Available online: http://www.nanoSPR.com (accessed on 27 May 2013). 

15. Lepage, D.; Carrier, D.; Jimenez, A.; Beauvais, J.; Dubowski, J.J. Plasmonic propagations 

distances for interferometric surface plasmon resonance biosensing. Nanoscale Res. Lett. 2011, 6, 

388, doi: 10.1186/1556-276X-6-388. 

16. Jimenez, A.; Lepage, D.; Beauvais, J.; Dubowski, J.J. Study of surface morphology and refractive 

index of dielectric and metallic films used for the fabrication of monolithically integrated surface 

plasmon resonance biosensing devices. Microelectron. Eng. 2012, 93, 91–94. 

17. Tencer, M.; Charbonneau, R.; Lahoud, N.; Berini, P. AFM study of BSA adlayers on Au stripes. 

Appl. Surf. Sci. 2007, 253, 9209–9214. 

18. Azzam, R.M.A.; Rigby, P.G.; Krueger, J.A. Kinetics of protein adsorption and immunological 

reactions at a liquid/solid interface by ellipsometry. Phys. Med. Biol. 1977, 22, 422–430. 

19. Ioseliani, O.R. Focus on Eye Research; Nova Science Publishers: New York, NY, USA, 2005. 

20. Barer, R.; Tkaczyk, S. Refractive index of concentrated protein solutions. Nature 1954, 173,  

821–822. 

21. Akimoto, T.; Sasaki, S.; Ikebukuro, K.; Karube, I. Refractive-index and thickness sensitivity in 

surface plasmon resonance spectroscopy. Appl. Opt. 1999, 38, 4058–4064. 

22. Arwin, H. Optical propoerties of thin layers of bovin serum albumine, -globulin, and 

hemoglobulin. Appl. Spectrosc. 1986, 40, 313–318. 

23. Lousinian, S. Optical properties of proteins and protein adsorption study. Microelectron. Eng. 

2007, 84, 479–485. 

24. Hoa, X.D.; Kirk, A.G.; Tabrizian, M. Towards integrated and sensitive surface plasmon resonance 

biosensors: A review of recent progress. Biosens. Bioelectron. 2007, 23, 151–160. 

25. Huang, Y.H.; Ho, H.P.; Kong, S.K.; Kabashin, A.V. Phase-sensitive surface plasmon resonance 

biosensors: Methodology, instrumentation and applications. Ann. Phys.-Berlin. 2012, 524, 637–662. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


