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CORRELATIVE PROCESSING OF INFORMATION IN BIOSENSORS
BY SURFACE PLASMON RESONANCE

1. Voitovych, 1. Yavorsky

Abstract. The paper considers the possibility of using the anti-noise correlation technique of sig-
nal processing in biosensors based on surface plasmon resonance (SPR sensors). Application of the
said technique is rationalized to define the coordinate shift of resonance parameter which indicates
analyte available in the sample under investigation. The example of analytic calculation of correla-
tion signal is presented for Gauss distribution of information luminous flux intensity. It is shown
that the correlation technique being dependant on the specific purpose and the cost of a sensor can
provide angular resolution A, ~0,01°—0,0003".
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KOPEJIALIITHA OBPOBKA TH®OPMAIIII B BIOCEHCOPAX
HA OCHOBI TOBEPXHEBOTO TUIA3BMOHHOTO PE3OHAHCY

L JI. Boiimoeuu, I. O. Seopcovxuii

Anotaunis. Po3risHyTa MOXJIUBICTh BUKOPUCTAHHS aHTUIITYMOBOT'O KOPEJISIIIITHOTO METOMy 00-
pPOOKM CHTHaJIiB B 6ioC€HCOpax Ha OCHOBi MTOBEPXHEBOTO Ma3MOHHOro pezoHaHcy (ITITP-ceH-
copax). OOGrpyHTOBaHe 3aCTOCYBaHHS BKa3aHOI'0 METOMIY JJIS BU3HAYEHHSI KOOPAMHATHOIO 3CYBY
PE30HAHCHOI XapaKTepUCTUKU, SIKUI € TIOKA3HUKOM HasBHOCTI aHaJTy B JOCHIiIXyBaHiil mpooi.
HaBeneHo mpukian aHaATiTUMHOTO PO3PaxyHKY KOpEJSLiAHOrO CUTHay IJISl rayCiBCbKOro po3-
MNoAiMy iHTEHCUBHOCTI iH(popMaliifHOTro CBIiTJI0BOTO MOTOKY. ITokazaHo, 110 KOpeasiuiiHuil Me-
TOJ, B 3aJI€3KHOCTI BiJl KOHKPETHOrO MPpU3HAYEHHS i BAPTOCTi CEHCOpPa, MOXe 3a0e3MeYUTH KyTOBY
pO3MiIBbHY 31aTHICTE AO_ ~ 0,01° —0,0003°.

KirouoBi ciioBa: nmosepxHeBUii IJ1a3MOHHUI pe3oHaHc, TTTTP-ceHcop, KopeasiiiHuii MeTo,
pO3aiJibHA 30aTHICTh
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KOPEJIAINOHHAA OBPABOTKA UHO®OPMAIINN B BUOCEHCOPAX
HA OCHOBE IIOBEPXHOCTHOI'O INIASMOHHOI'O PEBOHAHCA

H. JI. Boiimoeuu, U. A. Sleopckuii

Annoramusa. PaccMoTpeHa BO3MOXKHOCTb MCITOJIb30BaHUS aHTUIIIYMOBOTO KOPEJUISIIIMOHHOTO
MeTo/la 00pabOTKM CUTHAJIOB B OMOCEHCOpaX Ha OCHOBE MOBEPXHOCTHOIO IJIA3MOHHOTO Pe30-
HaHca (ITITP-ceHcopax). OO60CHOBAHO MPUMEHEHWE YKAa3aHHOTO MeTojAa JJISl OMNpeaeieHus KO-
OPIMHATHOIO CABMIA PE30HAHCHOM XapaKTEPUCTUKU, SIBJISIOIIETOCS ITOKa3aTeJIeM IPUCYTCTBUS
aHaJMTa B UccaeayeMoit nmpobe. [IpuBeneH npuMep aHAIMTUYECKOTO pacyéTa KOPeJJISILIMOHHOTO
CHUTHaJIa JIJIsI TayCCOBCKOIO pacrpenesieHs] MTHTEHCMBHOCTA MH(MOPMAIlMOHHOTO CBETOBOIO I10-
toka. [Toka3zaHo, 4YTO KOPEJUIILIMOHHBINA METOM, B 3aBUCUMOCTH OT KOHKPETHOI'O Ha3HAYECHUS U
CTOMMOTH CEHCOPA, MOXET 0OECTIEYNTD yIIIOBOE pasperuenue A . ~0,01° —0,0003°.

KnoueBblie clioBa: MOBEpXHOCTHBIN IJIa3MOHHBIN pe3oHaHC, ITIT1P-ceHcop, KOpeUISLMOHHEIH

METO[I, pa3pellaolas Criocodb0CTh

Introduction

For the SPR sensor to be operated efficiently, it
is essential to determine correctly the coordinates
of the angular distribution intensity of the lumi-
nous flux reflected from the sensitive receiver chip.
The resonance curve of the sensor corresponding to
the above distribution is usually noise-affected and
has no designated minimum. Therefore, it is rather
difficult to define with sufficient precision its shift
from a reference curve which characterizes the ex-
amined sample in quantitative terms, e.g. indicating
the analyte available.

Parasitic optical reflections in an optoelec-
tronic channel and that of receiving chip are the
sources of the SPR sensor noise. In addition, the
SPR sensors are affected by the factors related to
the ultimate dimensions of the radiation source and
photosensitive elements, production flaws and ad-
justment precision of the optical elements, mono-
chromic radiation etc. This results in the limitation
of physical angular separate capacity of the sensor
(if there is no or insufficient designated program
algorithmic processing of the information signals)
by the values of several tenth of a degree [1]. For
instance, in the sensor described in [2], the preci-
sion of ~0,01° of the turning angle of a prism makes
an angular separate capacity A0_. ~0,3". Sensor
Spreeta by Texas Instruments, on the other hand,
employing the luminodiode with the emitting area
of ~200mcm , wave length A ~830nm and mono-
chromaticity A\ ~15xnm and discreet photo detect-
ing line of 128 pixels with basic distance between
the radiation source and photodetector ~5—"7cm
the physical angular separate capacity makes mere
AO_. ~2,3" [1,3]. All this can be explained by an
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ambiguity (fault) of the angular position of a reso-
nance parameter as resulting from the instability
factors described above in action.

Traditional approaches (design improvements,
installation of diaphragms, coating of the optics,
application of various absorbing coatings as well as
band pass electric filters on the signal’s way etc.)
unfortunately allow only partial decrease of noises
and interferences. The only radical solution in our
view is to employ electronic devices of filtration
and processing of information signals [1,4]. For this
purpose it is feasible to apply correlation technique
in the SPR sensor [5]. It uses integral properties of a
data array defining the whole resonance parameter
of the sensor.

Phenomena model

Let us consider the SPR sensor, in which the an-
gular scanning of light on a receiving chip is made
by means of a luminous flux with an angular dis-
tinction. Let the intensity distribution of a reflected
luminous flux (resonance parameter) on the surface
of a photo detector (photosensitive CCD range)
corresponding to the clean (analyte-free) sample
under examination looks as follows:

F(x)=1(x-3)+S(x), (1)

where /(x—98) — an information component of
the distribution, x — coordinate along the CCD
range, & — ambiguity (fault) of the information
component position due to instability factors
(0 can be preceded with different signs), S(x) —
noise component. Expression (1) will designate a
etalon signal.
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Light intensity distribution which corresponds
to the sample with analyte also contains informa-
tion and noise components and looks as follows:

F(x)=I1(x-8)+S(x). ()

Expression (2) will define the operating signal.

It is worth mentioning that functions (1) and
(2) are not identical as the resonance parameters
for the clean samples and the sample with an ana-
Iyte can be shifted against each other by the x axis
by the value & which is an amount of analyte avail-
able in the sample. Such functions are defined in

L L
the range 5 <x< +5 , where L — value of pho-

tosensitive area of the CCD range on which reso-
nance parameters are registered. Such amount is
defined by the expected range of the shifts of the
resonance angles of the SPR 6, and e.g. with
0, =64,5+3° it makes ~ lcm . General look of the
functions F(x), F(x), I(x-38), I(x—38), which
provides their qualitative characteristic is shown
on fig. 1.
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Fig. 1. The overall qualitative appearance of the function
of the reflected light intensity distribution for the net
sample F'(x) and the sample with analyte F(x) along
with their data components /(x—0) i /(x—9).

The correlation technique is to ensure finding
of the value of the coordinate shift £=¢,, which
occurs between the reference and operation signals
with the analyte available in a sample under inves-

tigation. To this end firstly for the reference signal
F(x) we develop its autocorrelation function (&)
as follows:

v©)= [ FF(x-E)dx= 3)
L
=f1u—&xp@—@w+
L
+ J.Z I(x-3-8&)S(x)dx+
L
+ J.Z I(x—-38)S(x—§&)dx+ f S(x)S(x—&)dx.

Lag e
For the 1% integral in (3) having replaced the
variable the following can be constructed:

L
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2
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when (Ay),=0. This requires in its turn

1 (—%) =7 (%) , i.e. on the limits of integration the
information component is to have similar values. It
results in that the value of the said integral (from
mathematical standpoint the area limited with sub-
integral function and x-axis) will not depend on the
shift of the information component along the axis
and the impact of the coordinate ambiguity & will
be gone.

Three last integrals in expression (3) with the
precision up to the value of the 2" infinitesimal
order (Ay), equal to “0”, as wideband statistical
noises S(x) i S(x—£&) do not correlate with the
functions /(x—-0) i /(x—06—E) and between each
other. This conclusion is true for the integration of
functions oscillating rapidly (noises correlate with
the similar oscillations) [6].

Filtration properties of the correlation technique
but ensure removal of the instabilities and noises.
After the filtration expression (3) with the precision
up to Ay, =(Ay); + (Ay), =0 will look as follows:

L
+=
2

y©= [ I0I(x-8)dx + Ay,.  (6)

L
— =+
75

Theoretically, while the correlation technique is
applied the effect of the coordination shift and nois-
es can be reduced to zero so as the annex connected
therewith Ay, =0. However separate capacity will
be then defined not by the destabilization factors
depicted above but by the threshold of the response
of a registering device and digit capacity of its AD
converter.

Next step is to calculate the specific value
y(&,) of the mutual correlation function for F(x)
and F(x):

L

v(&) = [ FO)F (x)dx . (7)

2
Accounting for the mentioned above filtration,
one has:

L
+=
2

W&~ [ 1) (x)dx. (8)

L

2
It is clear, that in practice it is necessary to ap-
ply numeric techniques of finding autocorrelation
and mutual correlation functions as the distribu-
tions F(x) and F(x) are assigned experimentally.
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For numeric calculations the popular rule applies,
that is, for instance, the integral value in (7) can be
obtained by adding the discrete values of coupled
products of signals F(x)- F(x) , multiplied by inter-
vals Ax , such as

u L . ~ L
v(&,) = ZF(—EHAX)-F(—EHM)-AX- )
j=0
To provide the higher precision level of the cal-
culations, the interval lengths Ax are not to be ex-

tended (Ax~10-10"cm), and number N :i is

to be substantial ( N ~1000 ). The total calculation
duration for the correlation function inside the mi-
crocomputer (inclusive of the time needed for con-
verting signals into the digital format) is < 1s, which
is an acceptable value.

Fig. 2 presents the configuration of the device
intended for processing of SPR signals with the cor-
relation method. This configuration differs from the
layouts traditionally employed for similar purposes
only by its software algorithm [7].

]

OF
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£

Flg. 2. The configuration scheme of the device for the
correlation data processing: RCh — receiver chip, OP-
optical receiver, MC — microcomputer, MT — monitor,
CnM — control module, CM — communication mod-
ule, IF - interface, PS — power supply module.

At first, the optical receiver OP registers and
stores, inside the microcomputer MC, the light in-
tensity distribution value F(x) obtained from the
“etalon” sample located at the receiver chip RCh.
Next, the corresponding ‘etalon’ aufo-correlation
function wy(&)is being calculated (including the
numerical integration) and is stored inside MC.
After that, the light intensity distribution from the
analyte F(x) is registered and stored (this distribu-
tion comprises the data on shift &,). Further on,
F(x) and F(x) are used to calculate in the MC
the concrete value of the inter-correlation func-
tion y(&,), which is also being registered. Given
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the latter value, with the “etalon” correlation (&)
stored inside the MC, the corresponding value &, is
obtained. The outcomes are shown at the monitor
MT and could be transmitted further, via the inter-
face IF, on to the external personal computer PC
for further data processing and accumulation. The
change in the conditions of the analysis (the change
of an individual under examination, relocation and
replacements of receiver chips, etc.) is performed
via communication module CnM. The control of
the device is performed by control module CM, and
power supply is provided by module PS.

Below is the analytical calculation of an aufo-
correlation function (&) for an instance approxi-
mated to the real conditions (Fig.1), when

I(x-0)=1,(1— e u’ )+ const ,
S(x)=Y a;sin(wx+9¢,), (10)
i=1

where a,, o, , ¢, is the amplitude, circular fre-
quency and the phase of the corresponding noise
components (such as sinusoidal). Number »n of
the such components can be rather extended, as
the noise is multi-band. Primarily, for the reasons
of convenience, the expression for /(x—293) is to be
simplified by taking out the constant component
1, + const, hence, the intensity distribution of the
reflected light becomes similar to the gauss format:

an

Then, for the first integral in (3) the following
is true:

[(x—8)=—I,e "

L
o
= [ I-9)I(x-5-8)dx =
248
WL
G2 2 O e ey
o (12)

L
—5+é
The second integral in (3) becomes

+

[ 1G:-8)-asin(@x+¢)dx. (13)

L
2

J, =

Next, in compliance with integration rules for ac-
celerated oscillating functions [6]

n

N
Jzzz:ﬁ e [2 éj cos(mi§+¢ij—

i=1 i

_e_a(éj cos|:(ol. (—%—i—é]-ﬂbl} . (14)

It is obvious that with the high values of the circular
frequencies o, , integral J, =0, i.e. the noise is be-
ing filtered. The 3" integral in (3) is approximated
to 0 in the similar manner.

The next step is to show that the 4" interval in
(3) is also close to 0. The expression for this is:

L
+E ;
J, = I Zai sin(o,x + ¢, ) x
i=1
L
xY " a,sin[o,(x— &)+ ¢, Jdx. (15)
i=1
The sub-integral total values in (15) can be replaced
with their mean values:

J, =n’@’sin(ox + ¢) -sinfo(x — &)+ ¢]- (L -E) . (16)

As sin(ox+¢) =0, then J, =0.

As was intended by substantiation (4) — (5),
integration (12) leads to eliminating of the impact
from coordination shift &, as irrelevant to the lat-
ter shift, the sub-integral exponent at the integra-
tion margins is characterized by practically iden-
tical values. As the result, autocorrelation function
y(&)~J,, and corresponding standardized func-
tion y(&) becomes:

V() = %@) ~ Jge‘zézop(z), (17)

where @(¢)is credibility integral, ¢ = Jo (L-=¢€) [6].

To determine &, the value of inter-correlative
function y(§,) (such as from (8)) is to be intro-
duced in equation (17), which is next resolved rela-
tive to &. This can be done with numerical meth-
ods only, as & is not a direct component of (17).
An essentially similar operation is performed inside
our microcomputer MC by means of comparing
the values of auto-correlation and inter-correlation
functions.

Fig.3 shows standardized gauss light intensity
distribution 7 (x) and corresponding auto-corre-
lation function (&), both calculated analytically.
As the value of the correlation function is related
to shift & between the signals generating it, this en-
ables to determine the above shift in each particular
instance. For instance, with the change of corre-
lation function Ay, =0,001-y, ~15-10"cm,
that can equal the total value of the inconsistency
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and noise Ay, , the minimum shift (linear distribu-
tive capacity) is & . ~35-10"cm . In an inexpen-
sive portable SPR sensor, with the standard distance
between the radiation source point and the optical
receiver line of ~10—15 ¢m , this would correspond
to angular distributive capacity A9_. ~0,01°.

)
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1T1~102, cm
{ —=||— & min
Ay min T
1.0F
(@)
¥ max+10°
L L
"7 3,
{ . ; : : £.cm
0 0,2 0.4

Fig. 3. Standardized gauss distribution of the reflected
light intensity distribution 7 (x) =—e " (a) and its au-
tocorrelation function (&) (0).

Linear distributive capacity & . (the corre-
sponding angular distributive capacity is A0, ) is
an important parameter in the correlation method.
As was observed earlier, ideally, in case of complete
elimination of the impact from the inconsistencies
and the noise, it is determined by the minimum
shift in the correlation signal Ay, , that can be
whatsoever registered. For the suggested instance of
a gauss distribution the linear distributive capacity
is described with the expression:

1

2 a5 7] 18
~ I:E (AWmin ) i| . ( )

Ay
<t3min = | Wmm

N
G

It is clear that the distributive capacity can be
increased (§ . can be decreased) by increasing

§=Eumin

min
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the sensitivity of registering devices (by decreasing
Ay . ) and by increasing the ratio of the correla-

v

tion function . For the same gauss distri-
E=Eumin

bution with Ay, =1-10°y, . =15-10"cm one
can obtain & . =1-10"cm and correspondingly
AO,,, =0,0003". For this, the sensor should have

an ADC with the order level of N =20 (it is deter-

mined with the expression @ =2M).

In existing sensors, depending on their configu-
ration, application and cost, the distributive capac-
ity can vary within a wide range — from several 0.1
[2] up to several 10 degrees [8]. Increase in dis-
tributive capacity is typically achieved by multiple
measurements of data signals (in order to average
the results and increase the “signal-noise* ratio), by
selecting adequate registering devices and software
applications, and also by performance configura-
tion of the optic electronic channel. In this connec-
tion, findings [9] of achieving angular distributive
capacity A0 _. ~0,0001° (0,1 millidegree) is of
particular interest, although no particular methods,
their complexity or cost are being specified.

The achieved range of the angular distributive ca-
pacity A, ~0,01° —0,0003° is the evidence of the
vast application potential of the correlation method.
For instance, value A0, ~0,01° is applicable for
inexpensive portable SPR sensors intended to oper-
ate in field conditions. In SPR refractometers this
value corresponds to the difference of the examined
substance refraction parameter An~0,1-107 [10],
which is higher than the relative values of the re-
nowned sensor BIACORE 2000 (its sensitivity is
An~1-10"). The similar order of the calculation
value (not physical property) of the calculated dis-
tributive capacity (~ 0,03") is achieved in the men-
tioned above sensor Spreeta [3], yet this sensor is
rather a lab device and the data are processes with
the external computer and complex software ap-
plication. As for the value A8_. ~ 0,0003°, there is
a particular need in SPR sensors characterized by
such distributive capacity, as, to achieve this, the
existing limitations are to be surpassed in terms of
specifications for registering and processing of the
data (sensitivity, numerical order ADC, etc.) and
the incurred costs. Increased distributive capacity
also demands optimization of formatting methods,
in particular, registration and processing procedures
for the sensor data signals, as well as introduction of
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the complementary methods, such as optical pha-
sometry techniques, etc. [9, 11].

It is worth mentioning, that though eliminat-
ing the impact from coordinate ambiguity & noise
filtering are important properties of the correlation
method, these are not its only advantages. Both
the “etalon” and the “operational” signals of the
SPR sensor can have insignificant minimum val-
ues. Hence, if identifying the shift &, between these
signals with direct methods (such as with the signal
minimums), it is difficult to select a reference point.
Even in case of complete noise elimination it would
be difficult to achieve the needed precision of the
measurements. As was mentioned above, the cor-
relation method employs the vast data base to de-
termine the shift value (thousands of gauge results
from the signal, including registries from its side
beams). For instance, according to (9) each value
of the infer-correlation function y(§,) accumulates
inside it the data from 2N ~ 2000 values of the “et-
alon” and “operational” signals. That is why apply-
ing the correlation method means high levels of the
data averaging and hence high precision of mea-
surements, there is no longer need to determine the
measurement reference points.

There is also a possibility of instances when the
“etalon” and the “operational” signals are shifted
between themselves to the extent that they are not
overlaid at any point. Then the relevant value of
the inter-correlation function equals 0. This in turn
means that the correlation method cannot deter-
mine shift &; . Yet, in this particular case, there is no
need to apply the former method and one can refer
to the above-mentioned simpler approaches. For
this, the software can be furnished, for example, by
sub-programs to determine the shift with the points
of changing the polarity of the derivatives at signal
minimums or by the method of “moments” [3].

Conclusions

1. It was shown that with the help of the corre-
lation method in SPR sensors there can be elimi-
nated the coordinate ambiguity of the resonance pa-
rameter related to the finite dimensions of the light
source, optically sensitive elements, faults in the
configuration, the precision limits of adjustment and
the monochromatic property of the radiation, as well
as the noise, also there could be achieved the angular
distributive capacity A0_. ~0,01° —0,0003".

2. The further increase of the distributive capac-
ity is related to the updating of the existing format-
ting methods, methods of registering and process-
ing of the information signals and their back-up
with alternative approaches.

References

1. botwoH B. I1., BoittoBuu I. JI. Ta iH. CeHCOpHUIL TpH-
crpiit // Tat. Yxpainu No78998. MITK GO1 N21/55.
3agsin. 27. 12. 2004, ony6s. 10. 05. 2007. — broa.
Ne6.

2. Hwupmos KO. M., Berrep €. ®. ta in. Cnocid me-
TeKTyBaHHSI Ta BU3HAYE€HHSI KOHILEHTpalii 6iomMo-
JIEKYJT Ta MOJIEKYJISIDHUX KOMIUIEKCIB Ta MPUCTPilA
It ioro 3maiiicHeHHst // Ilat. Ykpainu Ne46018.
MIIK GO1 N21/55. 3agsn. 22. 10. 1997, omy6:.
15.05.2002. — Brom Nos.

3. Suzuki M., Ozawa E, Sugimoto W., Aso S. Minia-
turization of SPR Immunosensors // Analytical Sci-
ences. — 2001. — V. 17. — P. 1265-1267; www. ti.
com/spreeta; www. aigproducts. com/surface plas-
mon resonance/spr curve analusis. htm.

4. Botmitouu W. ., Kopcynckuit B. M., Koco-
rop A. H., Crapony6 H. ®., ABopckuii U. A. Tlep-
CITEKTUBBI CO3[aHUSI TIOPTATUBHBIX OMOCEHCOPOB Ha
OCHOBE TOBEPXHOCTHOTO TJIA3MOHHOTO pE30HaHCa
// CeHcopHasl 3JeKTpOHMKA W MHKPOCHCTEMHBIC
texHosorun. — 2005. — Ne. 3. — C. 56 — 65.

5. Tongman C. Teopusi uHdpopmauuu. — M.:HU. JI.,
1957. — C. 325 — 331.

6. 3enpmosuy . b., Mbrukuc A. /1. DieMeHTbI TIpH-
ki1anHoW wmarteMatuku. — M.:Hayka, 1972. —
C.79 — 82, 510.

7. Boittouu 1. 1., KopcyHcbkuit B. M. [HTenekTyanb-
Hi ceHcopu. — Kuis: IK HAHY, 2007. — C. 5 — 67.

8. Mupmos 0. M., Camoiinos A. B. u ap. AHaim3 u
yucieHHoe monaenupoBanue [ITIP-cnekTpomeTrpos
C MEXaHUYeCKOM pa3BEPTKO MO yTITy: aJITOPUTM OII-
peneyieHusl YII0BOM mo3uyu MUHUMyMa // Peect-
pauis, 30epiraHHs i oOpoOka maHux. — 2004. —
T. 6. — Ne3. — C. 3-18.

9. Handbook of Surface Plasmon Resonance (Edit.
by R. B. M. Schasfoort and Anna J. Tudos, Nether-
lands). — 2008. — P. 22 — 23, 59.

10. Stemmler 1., Brecht A., Gauglitz G. Compact sur-
face plasmon resonance-transducers with spectral
readout for biosensing applications // Sensors and
Actuators. — B. 54. — 1999. —P. 98 -105.

11. Kabamun A. B., Hukutun I1. 1. UaTepdepomerp
C UCITOJIb30BAaHUEM TTOBEPXHOCTHOTO TJIA3MOHHOTO
pe3oHaHca I CEHCOPHBIX u3MepeHuit // KBaH-
ToBasl 3JeKTpoHUKA. — 1997. — T. 24. — Ne7. —
C.671 —672.

85



