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Abstract

A way to improve the angular sensitivity of surface plasmon resonance (SPR) biosensor
by tuning the resonance position to a higher incident angle region using a lower refractive
index glass prism is described in this paper. A novel effective 3-layer (E3L) model is
described to transform a multiple layer biosensor configuration in context of SPR
condition. The E3L model supports the use of a low refractive index prism for
biosensing. The performance of the sensor in immunosensing is checked for two glass
prisms of different refractive index materials. The experimental results showed an
enhancement in the amount of resonance angle shift of the immunosensor for the lower

refractive index glass prism.
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1. Introduction
For the past two decades, the phenomenon of surface plasmon resonance (SPR) has been
chiefly exploited in biosensing for studying various types of biochemical interactions [1],
[2], [3]. An SPR based biosensor is still gaining popularity due to its easy, efficient and
label-free detection. It is important to improve the sensor's sensitivity by optimizing its
design parameters. The main transducing parameters are incident wavelength, metal film
properties (material and film thickness) and prism material. Previous work by Homola et
al. [4] showed that a smaller wavelength and gold as the metal film would result in a
higher angular sensitivity. In a recent investigation on a prism-type SPR sensor by Gupta
et al. [5], it was concluded that the choice of glass prism material was also an important
consideration for optimizing the angular sensitivity of the sensor. Both numerical and
experimental results in [5] showed that on reducing the refractive index of prism the SPR
position could be tuned to a higher angle region and the angular sensitivity could be
increased. In most of the reported work on SPR biosensor, either a high refractive index
glass prism is used [6] due to the high refractive index of biochemicals or the SPR
position lies in a low angle region, near 40° — 50° [7], [8]. This compromises the angular
sensitivity of the sensor.

In this paper, it is proposed to use a low refractive index prism in an SPR

biosensor to tune the resonance region to a possible higher angle region and increase the



angular sensitivity. For this a novel effective 3-layer (E3L) model is proposed that
supports the use of a low refractive index prism in SPR biosensor even for a high
refractive index biomolecular layer. Further, the experiments on SPR immunosensor to
detect antibody-antigen binding are carried out with two prisms, one with a high
refractive index of 1.597 and other with a low refractive index of 1.456. The results are

compared chiefly for the improvement in the angular sensitivity of the sensor.

2. Effective 3-layer (E3L) model

An SPR biosensor configuration is described as a multi-layer model consisting of a glass
prism, a thin metal film, and various thin biomolecular layers in buffer environment (Fig.
1(a)). The presence of different layers makes the configuration complex. The refractive
index of biomolecular layer is in the range 1.45 — 1.55 [9] and that of buffer solution is in
the range 1.33 — 1.34. Due to the high refractive index of bio-layers, a high refractive
index prism is used. This is to satisfy the SPR condition, as explained later.

The principle of an SPR sensor is that the resonance condition is sensitive to the
refractive index of the dielectric media in the vicinity of the metal film [10]. The surface
plasma wave (SPW) generated at the metal-dielectric interface at resonance is evanescent
inside the dielectric medium. Since this SPW is active within its penetration depth and
the penetration depth (~ 200 — 300 nm) being much larger than the thickness of the
biomolecular layers (~ 30 — 40 nm), the resonance condition must be dependent not only
on the refractive index of the biomolecular layer but also on the surrounding buffer
solution's refractive index. Thus there must be an effective refractive index value lying

between the indices of bio-layer and buffer solution that contributes to the resonance



condition. The E3L model is proposed to estimate that effective refractive index between
the bio-layer and the buffer solution in context of SPR. For this, the multiple media SPR
biosensor configuration is converted to a three media SPR configuration. All the
dielectric layers are hypothetically replaced by an effective single dielectric layer (Fig.
1(b)). The concept of conversion is to find a single dielectric layer with such a refractive
index value whose contribution to the SPR condition is identical to the combined effect
of all the bio-layers and the buffer solution. Below an example is described to transform a
4-layer configuration to an E3L configuration keeping the same SPR characteristics.
Consider a 4-layer biosensor configuration, as shown in Fig. 2(a), consisting of a
glass prism of refractive index (n,) 1.70, a 50 nm (dy,) thick gold film with dielectric
constant (&) -14.77 +11.18 (at A ~ 670 nm) [11] and a thin bio-layer of refractive index
(nvio) 1.45 with variable thickness (dbi,) surrounded by a buffer solution of refractive
index (npyr) 1.335. Assuming the value of dy, to be 10 nm (let's say) the angular
reflection spectrum of a transverse-magnetic (TM) polarized wave incident at prism-gold
interface was numerically generated for the 4-layer configuration of Fig. 2(a). The
resonance angle of the spectrum was noted as 6,,'. The spectrum was generated using
Fresnel reflection coefficients [12]. Then a 3-layer configuration as shown in Fig. 2(b)
was considered with a single dielectric medium of unknown effective refractive index
(ner). The angular reflection spectrum for 3-layer configuration of Fig. 2(b) was
numerically generated with starting value of ner as 1.335 (mpyr). The value nes was
increased in steps of 0.0001 till the resonance angle of the spectrum fitted exactly with
the previous value of 6" obtained for 4-layer configuration. The corresponding value of

nesr was noted as the refractive index of the single dielectric layer. Figure 3 shows the



numerical SPR spectra for 4-layer and E3L configuration with SPR at the same angle
(Gsp)).

Conceptually, this means that the SPW gets excited at the incident angle value of
O,,' for a single dielectric layer with the refractive index equal to 7., and also for a 10 nm
thick bio-layer in the buffer solution. Performing the calculation for dyi, = 10 nm and
other data of Fig. 2 at A = 670 nm, the value of n.s was found to be 1.3448 and for both
the configurations the resonance was observed at 6,,' = 57.72°. In this way a 4-layer SPR
configuration was transformed to an E3L configuration in context of SPR.

Further, the value of dy;, was increased in small steps and the corresponding value
of n.sr was obtained in each case. Figure 4 plots the values of n. as a function of dyj,.
For dyi, = 0 i.e. no bio-layer, n.s took the value of 1.335 equal to npye. The value of neg
increased with dyi,. The value of n.s was closer to either nyi, or ny,r depending on their
dominance. The thicker the bio-layer, the dominating it was. For dy;, value beyond 300
nm the value of n.s asymptotically approached to 1.45, the value of ny;,. Beyond this
thickness, which was more than the penetration depth of SPW, the SPW properties and
the resonance position were not influenced by the changes in the dielectric media above
the metal layer. Thus n.¢ was constant.

To check the validity of the conversion of 4-layer SPR configurations to E3L
configuration the time-averaged square field distribution of EM wave was checked at the
resonance angle. The time-averaged square field is proportional to the energy of EM
wave [13]. Figures 5(a) and 5(b) plot the simulated time-averaged square field
distribution across the media for 4-layer and E3L configurations, respectively, at the

same incident angle and wavelength. With dyj, = 50nm, the value of n.s came out be



1.3807 and 6, was 60.56° at A = 670 nm. The time-averaged square fields at the metal
boundary were identical for both the configurations, only the distribution in the dielectric
media differed. This confirmed that the characteristics of SPW at the metal-dielectric

interface of 4-layer configuration were same as that of the converted E3L configuration.

Note that for the TM-polarized field, <E”22> was discontinuous at the interfaces because

of the field discontinuity condition but <EHx2> and <H ly2> were continuous. This

concept can be similarly extended to convert the system with more number of dielectric

layers to an E3L configuration.

3. Use of low refractive index prism in SPR biosensor

The SPR equation is written as [10]

2
n sing, = Re( %} (1)

where n, denotes the refractive index of prism, nq denotes the refractive index of
dielectric medium, &, is the dielectric constant of metal and 6., is the SPR angle. 'Re’
denotes the real part of the term in bracket. In order to satisfy Eq.(1) the following

condition of
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such that 6, <90°.

This condition causes the selection of prism with 7, more than nq. The higher the value of
n,, the lower will be the 6,,. Now, because the value of ny, (= nq) is ~ 1.45 or more, above
condition says that n, value should be more than 1.6. Thus in practice, a glass prism with
n, values in the range 1.7 — 1.8 is selected. Working with a high n, value, the 6, value
lies in the low angle region of 40° — 50°.

In previous section, it was shown that a multi-layer biosensor configuration can be
converted to an E3L configuration having a single dielectric layer (over the metal film)
with an effective refractive index (n.¢) whose value depends on biomolecular layers and
surrounding buffer solution. So, Eq.(1) is rewritten for E3L model as

2
, & n
n,sing, = Re Lf’rz , (2)
é‘m-i-l’leff

where n.s replaces ng. From Fig. 4, for thicknesses of bio-layers below 40 nm, the value
of nesr lies in the range ~ 1.335 — 1.36. Thus, Eq.(2) can be satisfied for a prism with n,
value near 1.46. These calculations show that even if the value of n, is high, near 1.45, a
prism with n, value 1.46 can be used for biosensing. The value of 7, to be used must be

decided on the basis of 7., not only on .

4. Angular sensitivity
The analytical equation of angular sensitivity (Sp) can be obtained by differentiating

Eq.(2) for 6, with respect to n.sr and is given by
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For 20 nm thick bio-layer, nes i1s 1.3543. Suppose an n, value of 1.70 is selected then
numerically it will result in 6, value of 58.11° and Sy value of 78.14 °/RIU. But if a low
value of 1.46 for n, is selected, 6, will become 80.91°, which is in the measurable high
angle region and Sy will be 351.41 °/RIU. These calculations prove that Sy will increase 4
times for the lower n, value.

The key is to reduce the n, value of the glass prism till the resonance position lies in the
measurable higher incident angle region and increase the sensitivity of the sensor system.
As a result, the limit of detection (smallest detectable change in the refractive index of

sample) will improve and much lower concentrations of biochemicals can be detected.

5. Experimental

5.1. Sensor System

Figure 6 illustrates a prism-based SPR sensor system. The central part comprised a glass
prism over which a freshly prepared sensor chip was optically linked using an index
matching liquid. The sensor chip was prepared using a glass plate of the same material as
the prism. On top of the sensor chip, a silicon rubber pool was attached to hold the
sample liquid. A monochromatic light from a laser diode (LD) at wavelength, A ~ 670 nm

was made incident on a beam splitter (BS). One-half of the signal was passed through a



polarizer (P) to make it p-polarized and other half was made incident on photodiodel
(PD1). The signal from PD1 was fed to a current-to-voltage converter (I-V converter) and
used as a reference signal (Ref) to normalize the sensor signal. The light from P was
made incident on the glass prism which refracted through to reach the prism-metal
interface. The reflected light from the prism-metal interface refracted out from the prism
and fell on photodiode2 (PD2). The signal from PD2 was I-V converted and fed to an
analog-to-digital converter (ADC) interfaced to a computer. The normalized reflected

intensity was recorded as a function of incident angle (6) using a computer.

5.2. Sensor chip fabrication

A sensor chip was fabricated by depositing a thin gold film on a glass plates. The glass
plates were cleansed thoroughly before the metal film deposition. At first the plates were
washed with acetone. Then they were ultrasonically cleaned in acetone for 10 minutes
followed by ultrasonic cleaning in 2-propanol for 5 minutes. After this they were dried
using an air-pump and arranged on a substrate holder in a vacuum deposition chamber. A
thin chromium film of thickness close to 2-3 nm was deposited followed by the
deposition of gold film of 50 nm thickness. The deposition was carried out at 3x10 Torr.
Chromium was used for strong bonding of gold to the glass plate. After the film
preparation, the chip was annealed on a hot plate, covered with a glass lid, for 1 hour at

300 °C (hot plate temperature).

5.3. Chemicals and their preparation

Dithiobissuccinimide propoinate (DSP), dimethylsulfoxide (DMSO), ethanolamine
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hydrochloride, Protein A, bovine serum albumin (BSA), rabbit anti-BSA, casein
blocking buffer, phosphate buffer saline (PBS), Tween20 were purchased from Sigma
(Switzerland). 4 mg/ml DSP solution was prepared in DMSO solution. 1M ethanolamine
hydrochloride and 0.01M PBS solutions were prepared in distilled water. 0.01M PBS
with 0.05% Tween20 solution was prepared separately as a washing buffer (PBST). 1.0
mg/ml Protein A, 0.25 mg/ml anti-BSA and 0.25 mg/ml BSA solutions were prepared in
0.01M PBS buffer solution. Casein solution was not diluted and used at the concentration
as purchased. Protein A, BSA, anti-BSA, PBS buffer, PBST and casein were kept at 4°C

when not used.

5.4. Immunosensor experiment

In the described immunosensor, antibody molecules were immobilized on the sensor
surface and the response of the sensor for antigen binding was observed. The antibody
used was rabbit anti-BSA and the antigen was BSA. A uniform and stable immobilization
of antibody is important for a sensitive detection of antigen. Recently, Schmid et al. [6]
described a reliable site-directed immobilization technique for the immobilization of
antibody molecules on a thiolated gold film via protein A. A similar protocol was
followed in this paper and the anti-BSA — BSA binding was carried out.

A silicon pool was attached on a freshly prepared sensor chip. 4 mg/ml DSP solution was
added to the pool and kept for 24 hours at room temperature. The chip was then washed
with DMSO solution to remove the unbound thiol molecules. Then 1 mg/ml Protein A
solution was added to the pool and kept in the refrigerator at 4 °C for 4 hours. The chip

was taken out and rinsed with PBST. After this 1M ethanolamine hydrochloride was
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added and kept for 1 hour for blocking the residual (unbound) sites. The blocking
procedure minimizes the non-specific binding. Then the chip was thoroughly rinsed with
distilled water, the PBS buffer was added to the pool and the chip was attached to the
prism in the sensor system.

At first the reference SPR spectrum, before immobilization of anti-BSA, was
recorded with the PBS buffer. The PBS buffer was removed from the pool, and 0.25
mg/ml anti-BSA solution was added and allowed to bind for 1 hour. After 1 hour the chip
was washed with PBST for 8 minutes followed by the addition of PBS buffer. Then SPR
spectrum was recorded once the response was stable. Next, the PBS buffer was removed
and the casein blocking buffer was added for blocking the unbound sites. The blocking
procedure was allowed for 30 minutes. The chip was then washed with PBST for 8
minutes followed by the addition of PBS buffer. Again the SPR spectrum was recorded
after the response got stabilized. The PBS buffer was removed and 0.25 mg/ml BSA
solution was added to the pool. The binding was allowed for 30 minutes after which the
SPR spectrum was recorded. The complete analysis was carried out at the incident
wavelength of 670 nm with two prisms of refractive index values 1.597 and 1.456. All

the SPR experiments were carried out at room temperature of 23 + 2 °C.

6. Results and discussion

Figure 7 and 8 show the experiment results obtained for the prisms of refractive index
values 1.597 and 1.456, respectively. In Fig. 7, curve 1 was recorded as the reference
spectrum for the PBS buffer solution after the deposition of thiol and Protein A layers.

Curve 2 was recorded in the PBS buffer solution after the immobilization of anti-BSA
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and the washing of unbound anti-BSA molecules with PBST. The shift between the SPR
curves 1 and 2 was 0.101° which confirmed a successful immobilization of anti-BSA on
the sensor surface. Curve 3 was recorded after the binding of BSA. The small shift
between curves 2 and 3 was 0.074° due to the antibody-antigen binding. The same
explanation holds for the three curves 1', 2' and 3' in Fig. 8. The shift between curves 1'
and 2' was 0.220° and shift between curves 2' and 3' was 0.111°. Table 1 lists the data.
The SPR spectrum recorded after casein blocking was not shown, as it overlapped the
curve 2. As expected, the blocking of unbound sites did not result in any resonance shift.
The resonance positions of spectra were obtained by fitting a polynomial of order 6.
Comparing Fig. 7 and Fig. 8, the resonance position of spectra moved towards a higher
angle region for the lower refractive index prism. Also, the shift between curves 1' and 2'
was 2.18 times of that between curves 1 and 2, and the shift between curves 2' and 3' was
1.50 times of that between curves 2 and 3. Thus the SPR angular shift was larger for the
smaller refractive index prism. This favoured the possibility of detection of much lower
concentrations of biomaterials.

A drawback of using a low refractive index prism was the increase in the full
width at half maximum (FWHM) of the SPR spectrum. With a high FWHM the accuracy
of finding the resonance angle reduces. But the experimental spectra in Fig. 8 for the low
refractive index prism showed that the increase in FWHM was not very large and the
depth of the spectra was enough to find the resonance position with appreciable accuracy.
Another point of concern was of working in a high incident angle region that causes the

problem of grazing incidence. Tuning the resonance region near or above 80° diminishes
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the precision of broad light beam hitting the prism-metal interface. Thus it must be

avoided.

7. Conclusion

This report proposed the use of lower refractive index prism in SPR biosensing to
improve the angular sensitivity of the sensor. According to the previous literature work,
research groups mostly utilized a high refractive index prism and/or worked in a smaller
angle region. It was shown through E3L model that the refractive index of dielectric layer
contributing to the SPR is the effective refractive index between the bio-layers and the
buffer surrounding. This permitted the use of a lower refractive index glass prism in
biosensing. Thus, it is advisable to use a low refractive index prism and tune the
resonance position to a relatively higher and measurable angle region near 70° and
increase the angular sensitivity. As a result the limit of detection will improve and the

sensor will be capable of detecting further smaller concentrations of biochemicals.
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Figure captions

Fig. 1. (a) Multiple layer SPR biosensor configuration; (b) Effective 3-layer SPR.

Fig. 2. (a) 4-layer configuration; (b) E3L configuration. The value of &, =-14.77 + 11.18;

Neff = ?.

Fig. 3. Numerically generated SPR spectra for 4-layer and 3-layer models of Fig. 2.

Fig. 4. Plot of effective refractive index (#.s) as a function of thickness of bio-layer (dy;o).

The value of n, = 1.70, g, =-14.77 +11.18, dy = 50 nm and A = 670 nm.

Fig. 5. Time-averaged square field distribution across the media. (a) 4-layer

configuration; (b) Effective 3-layer configuration.

Fig. 6. Schematics of prism-type SPR sensor setup working in angular interrogation
mode. LD: laser diode; BS: beam splitter; P: polarizer; PD1: photodiodel; PD2:
photodiode2; ADC: analog-to-digital converter.

Fig. 7. SPR spectra for immunosensor experiment with prism of refractive index 1.597.
Curve 1 is the reference spectrum in PBS buffer. Curve 2 is recorded in PBS buffer after

anti-BSA immobilization. Curve 3 is recorded in PBS buffer after BSA binding.

Fig. 8. SPR spectra for immunosensor experiment with prism of refractive index 1.456.
Curve 1'is the reference spectrum in PBS buffer. Curve 2' is recorded in PBS buffer after

anti-BSA immobilization. Curve 3' is recorded in PBS buffer after BSA binding.
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Fig. 7. SPR spectra for immunosensor experiment with prism of refractive index 1.597.
Curve 1 is the reference spectrum in PBS buffer. Curve 2 is recorded in PBS buffer after
anti-BSA immobilization. Curve 3 is recorded in PBS buffer after BSA binding.
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Fig. 8. SPR spectra for immunosensor experiment with prism of refractive index 1.456.
Curve 1'is the reference spectrum in PBS buffer. Curve 2' is recorded in PBS buffer after
anti-BSA immobilization. Curve 3'is recorded in PBS buffer after BSA binding.

Gaurav Gupta et al.

Figure Size : 1/1




Tablel

Table 1 Experimental data from SPR immunosensor
experiments with two prism materials.

np Resonance shift after Resonance shift after
anti-BSA immobilization BSA binding
(degree) (degree)
1.597 0.101 0.074
1.456 0.220 0.111

Gaurav Gupta et al.

Figure Size : 1/1



