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We describe a simple, stable, and high-resolution surface plasmon res¢8&Reensor using a
quadrant cell photodetector. The sensor focuses a diode laser through a prism onto a gold film that
is divided into two areas, one for reference and the other for sensing analyte. The angular shifts of
the SPR generated in the two areas are detected with a quadrant cell photodetector. Because signals
from the two areas are produced and detected with the same laser, optics, and photodetector, the
difference in the SPR angular shifts eliminates errors due to thermal drift, mechanical noise, and
laser fluctuations. It also removes the SPR angular shift due to the change in the refractive index of
the bulk solution as an analyte solution is introduced into the sample cell each time, and thus gives
an accurate detection of the specific adsorption of analyte20@3 American Institute of Physics.
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I. INTRODUCTION sensitive differential SPR sensor with a quadrant photodetec-
tor. The sensor remedies most of the problems just men-

Surface plasmon resonant@PR has become a power- tioned without compromising either resolution or simplicity.

ful analytical tool for various applications? It is based on
detecting the resonance of surface plasmons, or collective

oscillations of electrons, in a metallic film with light Be- Il PRINCIPLE

cause the resonance condition is extremely sensitive to the setup is based on the widely used Kretschmann con-
refractive index of the medium adjacent to the metallic f"mvfiguration, in which ap-polarized laser beam is focused
presence of analyte molecules on the surface of the metalliﬁ“ough a prism onto the metal film placed on the prism.
film can be accurately detected. High specificity of SPR seNggc4se the incident beam is focused, it spans over a range
sors is usually achieved by modifying the metal surface withy¢ i cigent angles depending on the focus distance and beam
a layer of appropriate ligand molecules to allow specific,jqih At the so-called resonance angle, the incident light is

binding between the analyte andafrfle ligdndWhen oper-  pcorbed by the surface plasmon and the reflection drops to a
ated in the multiwavelength mode,” the wavelength de-  minimum, which results in a dark thin line known as the SPR

pendent SPR shift is related to the absorption band of thﬂip. The dip shift measures the change of the resonance
analyte molecules, thus providing additional information oNgpgje which provides a sensitive detection of an analyte on
the identity of the analyt€?** Once molecules bind to the e metal film. So an accurate, rapid, and reliable determina-
surface, SPR sensors can also be used to study conformgs, of the SPR dip shift is of the primary importance in the
tional changes of surface bound molecuf€sThe current  ;ongtruction of an SPR sensor. A charge coupled device
commercially available SPR sensors have good sensitivitiegCCD) and linear diode arraft DA) are often used to record

but, for many applications, it desired to have a higher sensig, dip profile from which the dip position is determined by
tivity SPR sensor. Examples include analyzing extremely diy, ,merical fittingo-24

lute sample solutions, detecting trace amount of low molecu-  \ye have recently replaced the CCD or LDA detectors
lar weight analyte and studying subtle conformationality a much simpler and more compact bicell photodetector.
changes in proteins. _ The reflected light falling onto the two cells of the photode-
We have recently reported on a simple SPR sen;g[r thakctor is first balanced such that the SPR dip is roughly lo-
achieves high resolution by using a bicell photodetettor. cataq near the center of the photodetector. A small shift in the
Th_e5setup allowed us to achieve an angular resolution ofji5 nosition causes an imbalance between the two cells of
10 degrees._ Because_ of the extreme|y_h'9h resolutionyna picell photodetector which is detected as a change of
small mechanical vibration and thermal drifts over a Iongintensity given by (A-B)/(A+B), where A and B are the
time become practically the limiting factors that prevented USsignals of the two cells. Because the two cells are nearly
from studying slow processes. Furthermore, the method cangentical, all common noises, such as laser intensity fluctua-
not discriminate between a specific binding event of an anagons, detected by both cells are subtracted out, thus provid-
lyte onto the metal surface and a change of the refracnvg:ng a simple and accurate (19 degrees) method to measure
index in the bulk solution. This article describes a highlyha gpr angular shift.
At high resolution, thermal drift due to temperature gra-
3Electronic mail: nongjian.tao@asu.edu dient or mechanical drift due to stress created during optical
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Lens the SPR dip at the center of the reflected beam spot, and the
quadrant photodetector is adjusted to balance A and B for the
sample signal and C and D for the reference signal. The SPR
shift due to the specific binding of analyte is obtained by
computing the following expression: (AB)/(A+B)—(C

_AB CD _
to=gra- w2 D)/(C+D).

Reference area B. Fabrication of reference and sample areas on gold

film
FIG. 1. Schematic representation of the differential SPR setup. A diode . . .
laser is focused with a cylindrical lens through a prism onto the gold film The gold film (~50 nm thick is evaporated on a BK7

supported on the prisifnot shown for clarity. The gold film is divided into  glass substrate by an ion beam coaieiodel 681, Gatan

a sensing area and a reference area. The reflected beams from the two arg3e.). Since we chose heavy metal ion detection to demon-
have dark linesSPR dip$ when the incident angle is appropriately ad- te the SPR ted th f ith
justed. A quadrant cell photodetector simultaneously measures the SPR di§§ra e the sensor, we _Coa e € reierence area with a
from the reference and sample areas, and the difference signaBJ4A  Mmonolayer of 1-dodecanethihldrich) and the sample area
+B)—(C-D)/(C+D), provides an accurate measurement of the specificwith a monolayer of 3-mercaptopropionic acid using a poly-
adsorption of an analyte onto the sample area. dimethylsiloxane (PDMS) stamp. The positively charged

_ o - ~ metal ions should not bind to the-CH; group but bind to

alignment becomes non-negligible. In addition to the noisehe —COO™ group via electrostatic interactions. The refer-

problem, the change of the solution refractive index due tance and sample areas are separated with a gap of.h00
the introduction of an analyte into the cell can cause a dip

shift that overwhelms the shift due to the specific binding of\, rResULTS AND DISCUSSION
the analyte. This is a longstanding problem in SPR sensors, o
but it becomes more serious in high-resolution SPR sensoré. Calibration of the quadrant photocell detector

By dividing the metal film into two separate areas, a nonre-  Effective removal of thermal drift, mechanical noise, and
active area as reference and a reactive area for sampigk refractive index change requires identical four photo-
analysis;°~*" both the noise problem and the change of thecells in the quadrant photodetector. Variations between the
bulk refractive index are greatly reduced by measuring thghotocells in the commercial photodetectors are specified to
difference between the sample and reference signals. This | |ess than 1%. Additional variations may originate from
achieved by focusing the laser beam with a lens on both thghe ampilification circuit that computes quantities, <B),
sample and reference areas. The resulting SPR dips @ +B), (C—D), and (C+D). It is essential to determine
sample and reference areas are detected with a quadrant phge actual difference in the sensitivities of {A8)/(A+B)
todetector. In comparison with the previous referenceqnd (C-D)/(C+D) due to manufacturing errors and signal
compensated setups, the sample and reference signals in th@plifications. We have calibrated (%8)/(A+B) and (C
present design are originated from the same light source fo- p)/(C+ D) by introducing into the sample cell various
cused with the same optics and detected with nearly identicghixtures of water and ethanol. The angular shift due to the
photocells integrated on the photodetector, which providegonsequent change of index of refraction is measured simul-
effective reduction in thermal drift, mechanical noises, antaneously by (A-B)/(A+B) and (C-D)/(C+D). We

bulk refractive index effect. found a linear relationship between (/B)/(A+B) and (C
—D)/(C+D), as shown in Fig. 2. The slop is-1.004,

ll. EXPERIMENT meaning that the difference between«{B)/(A+B) and

A. Instrumentation (C—D)/(C+D) is as small as 0.04%. Thus, we expect a two

orders of magnitude reduction of thermal drift, mechanical

Figure 1 schematically shows the SPR setup. A BK7noise, and change of the bulk refractive index.

cylindrical lens(Melles Griod was used as a prism on which
a BK7 glass slide coated with gold film was placed with a
refractive index matching fluid. The gold electrode is divided
into an active sample area and a reference area. A Teflon cell Immediately after mounting the sample cell, mechanical
was mounted on the gold film to hold the sample solutionstress, and equilibration of temperature gradient cause a drift
The laser beamN= 635 nm, Hitachi is collimated and then in the SPR signal that can last from minutes to hours. This
focused with a cylindrical lens into a line equally distributed drift is a serious problem for high-resolution<@0™ 3 de-

on both sample and reference areas. Light reflected from thgree$ SPR. We have used a compact design with minimized
sample and reference areas of the gold film is detected with aumber of movable components and low thermal expansion
qguadrant cell photodetectéAdvance Photonix The photo- material (Invar) in our previous bicell SPR sensor, but still
currents from the four celléA, B, C, and D were converted drift is a limiting factor that hampers the application of high-
to voltages with a homemade electronic circuit. The circuitresolution SPR to monitor slow binding processes. In the
calculated the differential (AB) and (C-D) and the sum present sensor, mechanical noise and thermal drift are elimi-
(A+B) and (C+ D) signals, which are recorded with a four nated with the reference signal. The effectiveness of this dif-
channel 150 MHz digital oscilloscopé¥okogawa, DL708.  ferential method is demonstrated in Fig. 3. The drifts re-
Prior to each measurement, the prism was rotated to bringorded in both the sample and reference signals are roughly

B. Thermal drift and mechanical noise
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. . FIG. 4. Effective removal of bulk refractive index influence can be achieved
FIG. 2. The response of the sample SPR signal is plotted vs that of th?rom the differential signal(green line: (A—B)/(A+B)—(C—D)/(C
reference signal upon introduction of various concentrations of ethanol in+ D). Prior to the experiment, the sample cell was filled with %00and
Wat_er. S|nc§ the sample and refe_rence areas are the_ same, any d|fferencetﬁrén injected with the solutio;l of Pb(NJ}. The final concentrations of
their SPR signals would reflect different optics, amplification gain, or gold Pb(NOy), are indicated as the arrows. The black line is the sample signal

film thickness. The data show a linear relationship between the sample an L )
reference signals with a slop of 1.004, indicating nearly identical SPR re- ~B)/(A+B) and the gray line is the reference signal {D)/(C+D).

sponses of the sample and reference signals.

introduction of Pb(NQ), into the sample cell causes a step-
linear with a small bending near the middle of the plot. By wise increase in both (AB)/(A+B) and (C-D)/(C+ D)
fitting the data with a linear expression, the amount of driftsignals, due to the change of the refractive index of the bulk
determined from the slope is aboutx@0 * degrees/min.  solution (Fig. 4). After subtracting the reference signal, no
After subtracting the drift of the sample signal t8B)/(A  net change in the SPR shift is observed. However, we no-
+ B) to that of the reference signal €D)/(C+D), the lin-  ticed sharp changes in the SPR shift that coincide with the
ear drift is dramatically reduced to>310 ’ degrees/min. moments where the solution is introduced into the sample
The subtraction of the bending part is less desirable, which igell. These sharp changes correspond to the inhomogeneous

probably due to relative change in the reference and samphixing of the added Pb(Ng), with the rest of the solution,
areas. which disappear after a uniformed mixing is reached.

C. Change of the refractive index of the bulk solution D. Random noises

In order to demonstrate the ability of the differential SPR The present SPR sensor can greatly reduce random

sensor to eliminate the change of the refractive index of th01Ses that cannot be _el|m|_nated with the t_)lcell _phot_odetec—
bulk solution, we have measured the SPR shift by injectin or. Sources of such noises include mechanical vibrations and

various amounts of Pb(Ng» into the sample cell. Both the Spatial intensity fluctu_ations of th_e Iaser_ diode. Figufa) 5
sample and reference areas of the gold film were coated witﬁhOWS the random noise as function of time before subtract-

CHs-terminated thiol molecules so that no specific adsorp-

tion of Pb*2? or NO; onto the metal surface is expected. The 201 g
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FIG. 5. (a) SPR vs time in water. Systematic thermal and mechanical drift
FIG. 3. () SPR shift vs time in water recorded immediately after mounting in this measurement is small and the error is dominated by random fluctua-
the optics and sample cell. It shows a large drift due to thermal/mechanicaions in the signal that might be due to mechanical vibratighs After
drift. (b) After subtracting out the reference signal, the large drift is essensubtracting the fluctuations with the reference signal, the rms noise level is
tially removed. reduced by one order of magnitude.
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solution. The consequent SPR shifts of the sample and ref-
erence areas are shown in Fig. 6. The reference signal re-
flects changes of the refractive index of the bulk solution,
while the sample signal contains both changes of the refrac-
tive index of the bulk and binding of Bb ions to COO
terminal groups. By subtracting the change of the refractive
index of the bulk, the SPR shift due to the binding of heavy
metal ions was extracted and plotted in Figh)6 The data

A9 (1 03 Deg.)

. shows that 9 nM of P ions can result in a 7

§ w] b + + X 10 % degree SPR shift. Because the rms noise achieved

T, 301 with the differential sensor is- 1.5x 10~ ° degrees, the lower

Z Lo detection limit of the sensor is estimated+®.2 nM or 0.04

3 Lol + ppb of PB™" ions assuming a linear relationship between the
0.0 st craneren concentration of ions and the SPR shift at low concentra-
h © 80 120 160 tions.
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FIG. 6. Detection of specific adsorption of #bions. (a) The sample and
reference SPR signals upon introduction of various amounts of PYENO
into the solution cell. The sample signal is the SPR angular shift from the
sample region coated with a monolayer of CO@rminated thiol that is ACKNOWLEDGMENTS
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