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Summary

SURFACE PLASMON RESONANCE SPECTROSCOPY:
POTENTIALITIES AND LIMITATIONS

V. I. Chegel, Yu. M. Shirshov

The review deals with (i) investigation of the physical processes of light interaction with
multilayer film structures at the “TIR prism surface-medium under investigation” interface and
(i1) development of a novel high-sensitivity optoelectronic sensor spectrometer for registration of
biological reactions and real-time quantitative determination of medium dielectric
characteristics and geometry. The spectrometer is developed on the basis of surface plasmon-
polariton resonance in thin gold and silver films.

Keywords: surface plasmon resonance, optoelectronic sensor, biosensor, physical sensor,
biomolecule, polarization.

AHoTauis

CIIEKTPOCKOIIA 3 BUKOPUCTAHHAM INIOBEPXHEBOI'O IINIABMOHHOI'O
PE3OHAHCY: MOXJ/INBOCTI TA OBMEXEHHSA

B. I. Yezenw, 10. M. Ilupuwios

IIpencrasiena orisigoBa poOOTa MPHUCBSIYCHA TOCIIIKEHHIO (hI3UYHHMX IPOLIECIB B3aEMO/IIL
CBiTJIa 3 0araTomapoBOIO IUIIBKOBOK CTPYKTYPOIO MEXI MOJUTY: MMOBEPXHS MPU3MHU MTOBHOTO
BHYTPIIIHBOT'O BIIOMBAHHS — JOCIIIKYBaHE CEPEIOBHUIIE Ta pO3pOOIli HOBOT'O BUCOKOUYTIHUBO-
r0 ONTOCIEKTPOHHOI'O CEHCOPHOTO CIEKTpOMETpa MJIsi peecTparllii 0i0JOTIUHMX peakIliid Ta
KUTBKICHOTO BU3HAYCHHS JICJICKTPUYHUX XapaKTEPUCTUK Ta TEOMETPIii CepeIoBUIIA B PeaIbHO-
My pexumi yacy. B ocHOBY po3poOku 0yI10 MOKIaeHe SBHINE TOBEPXHEBOT'O TIa3MOH-TIOJISIPH-
TOHHOTO PE30HAHCY B TOHKMX TUTIBKaX 30JI0Ta Ta cpibIa.

KurouoBi ciioBa: moBepXHEBUN TIA3MOHHUN pE30HAHC, ONTOCIEKTPOHHHMI ceHCop, Oi0oceH-
cop, pi3uUHUI ceHcop, OIOMOJIEKYJIa, TOJISIpU3allis.
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AHHOTALUA

CIIEKTPOCKOIINS C NCHOJb30BAHUEM INOBEPXHOCTHOI'O ITNIABMOHHOI'O
PE3OHAHCA: BOSMOKHOCTU U OI'PAHUYEHUA

B. U. Yezens, 0. M. IHlupwos

[TpencraBnennast 0630pHas padboTa MOCBSIICHA UCCIIETOBAHNIO (PU3NUYECKUX MTPOIIECCOB B3a-
UMOJICMCTBUSI CBETA C MHOTOCJIOMHON IJIGHOYHON CTPYKTYPOW Ha IpaHUIE pa3jeiia: MOBEpX-
HOCTb IIPU3MBI IIOJIHOTO BHYTPEHHEI'0 OTPAKEHUsI — HCCIeayemMas cpeia u pazpaboTke HOBOTO
BBICOKOUYBCTBUTEILHOTO OINTO3JIEKTPOHHOTO CEHCOPHOIO CIEKTPOMETPA IS PErUCTPALIUU
OMOJIOTUYECKUX pCaKHI/II\/‘I 1 KOJIMYECCTBCHHOI'O ONPEACICHUA TUIJICKTPUUYCCKUX XaPaAKTCPUCTUK
U TEOMETPHUU CPebl B PeaibHOM peXnMe BpeMeHU. B 0CHOBY pa3pabOTKU MOJIOKEHO SIBJICHUE
MOBEPXHOCTHOT'O MJIA3MOH-IOJIIPUTOHHOTO Pe30HAHCA B TOHKUX IVIEHKAX 30JI0Ta U cepedpa.

KuroueBble c10Ba: TOBEpXHOCTHBIN MJIa3MOHHBINA PE30HAHC, ONITO3JIEKTPOHHBIN CEHCOp, OMOo-
ceHcop, GU3NIYECKUI CEHCOP, OMOMOJIEKYJIa, TTOISIPU3AIIHSL.

1. Introduction

At present a need for novel “high technolo-
gies” becomes of crucial importance. The reason
for this is that further progress of mankind has to
occur against the background of aggravating con-
tradictions between human beings and environ-
ment accompanied by exhaustion of natural re-
sources and appearance of new hazardous deceas-
es. In this situation science is facing an urgent
problem, namely, development of new genera-
tions of sensors capable of fast and accurate mon-
itoring and estimation of biomolecular interac-
tions of various kinds and physico-chemical inter-
actions between molecules on the whole. Howev-
er, scientific advances in a single field cannot give
a solution to the above problem. A sufficient ba-
sis for development of highly sensitive sensor sys-
tems can be provided only by combining the
achievements of physics of solids and optoelec-
tronics with advances in other disciplines, such as
physical chemistry, biochemistry and biophysics
which provide recognition of molecules.

The optoelectronic chemical sensors and bio-
sensors are the actual realization of synthesis of
advanced technologies. At that surface plasmon-
polariton resonance (SPR) in thin metal films, be-
ing the main nondestructive instrument for inves-
tigation of kinetics of interactions between mole-
cules, is finding increasing application when de-
veloping sensors. Some drawback of this tech-
nique is relative complexity of interpretation of
experimental results obtained with it. The corre-
sponding devices existing at the moment are ex-
pensive and particularly special-purpose. Never-
theless the leading research laboratories of the

world apply this technique, and the number of
publications on it is growing progressively.

At present several firms from different coun-
tries produce commercial versions of such biosen-
sors, and the SPR technique is becoming the lead-
ing instrument when investigating kinetics of bio-
molecular interactions. Such firms as Pharmacia
Biosensor (Sweden), Affinity Sensors (UK), Xan-
tech (Germany) and DKK Company (Japan)
produce commercial laboratory equipment for bi-
ological studies with SPR technique known, cor-
respondingly, as “Biacore”, “IASYS”, “IBIS”
and “SPR-2”. The main drawbacks of this equip-
ment are that it is expensive, of considerable size
and requires highly skilled operating crew. The
firm Texas Instruments (USA) produces an inte-
grated version of the SPR-based sensor element
“Spreeta”. It is intended mostly for application in
environmental monitoring and is not a completed
SPR-device. The commercial versions of the SPR-
based device “PLASMON-4m” (that has been de-
veloped and is produced at the V. Lashkaryov I
Institute of Semiconductor Physics of the Nation-
al Academy of Sciences of Ukraine, Kiev,
Ukraine) is presented in the European market
(since 1999) by the firm Analytical Micro-systems
(Germany, www.micro-systems.de) and in the
American market (since 2004) by the firm Biosu-
plar-USA (www.biosuplarusa.com).

Optical excitation of surface plasmons using at-
tenuated total reflectance (ATR) technique was
demonstrated by Otto [1] and Kretchmann [2]. Af-
ter the pioneer work [3] by Abeles (1976), SPR was
used for characterization of the optical properties
of thin films [4]. The real SPR potentialities for in-
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vestigation of films and processes at metal (semi-
conductor)-ambience interfaces were determined
during the last decade. The principles of SPR ap-
plication for gas detection and biosensing have
been demonstrated for the first time in 1982-1983
by Nylander, Liedberg, Lind and Lundstrom.
Since publication of their works [5, 6] the SPR
technique is attracting more and more attention. In
mid-nineties most of the works dealing with SPR
application were made in the field of biosensing
and aimed at quantitative estimation of biomo-
lecular interactions. As we know, in Ukraine the
works on biosensing with application of the SPR
technique have started in 1993-95 [see 7, 8].

In recent years the use of SPR in different lines
of studies has expanded considerably. The reason
for this was appearance of new fundamental theo-
retical and experimental investigations [9-11], as
well as novel types of laboratory SPR sensors
combining several methods (e.g., SPR and elec-
trochemical measurements, SPR and absorption
spectroscopy). A considerable contribution has
been made into such lines of SPR technique appli-
cation as investigation of monolayers and self-as-
sembling structures, polymers and composites,
nanoparticles, redox-materials, biomolecular
structures, etc. [12-20]. The area of SPR technique
usage is rather large. First of all, it involves moni-
toring of kinetics of interaction between biomole-
cules or molecular complexes, as well as the whole
field of studies of thin (up to 200 nm thick) films
of various origins.

2. Experimental results and discussion

2.1. Physics of the phenomenon and theoretical
foundation of the technique

Theoretical foundation of surface plasmon
waves follows from the Maxwell theory and con-
cept of free electrons in metal as a high-density
electron liquid. Then the surface plasmon waves
are density oscillations at the surface of such liq-
uid (plasma). The physics of surface plasmon
waves propagating at the metal (semiconductor)—
dielectric interface have been studied intensely. It
is believed that the basic properties of such waves
are in good agreement with the theoretical con-
cepts [21].

The SPR phenomenon may be described ex-
actly in the physical terms as propagation of free
electron oscillations at a metal surface. From the
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viewpoint of calculations and obtaining parame-
ter values, however, it is more convenient to apply
directly the conclusions of the electromagnetic
theory of thin films. The dispersion equations for
a surface plasmon propagating along an interface
between a metal (whose complex dielectric func-
tion is €(w)) and ambience (with permittivity € )
may be presented as [9]

(1)

where k is the surface plasmon wave vector and
¢ (w)is the speed (frequency) of light.

Surface plasmon cannot be excited using nor-
mal incidence of light from an ambience of small-
er density, because the photon wave vector value

—4/€, 1s not sufficient in this case. A

straightforward way to coordinate the values of
the above vectors (to provide fulfillment of the
law of conservation of the wave vector compo-
nent k_parallel to the interface plane) is applica-
tion of the attenuated total reflection (ATR) tech-
nique, for instance, after Kretchmann [2] (Fig.1).
In this case a metal film is deposited either imme-
diately onto a prism with high refractive index

’,gg > /€, or onto a glass plate being in optical

contact with the prism via a matching liquid. In
the ATR technique light is reflected at angles over
the critical one (0 ). At that total internal reflec-

tion of light (with reflection coefficient |R| =1)is
observed. However, some part of light (an evanes-
cent wave) still penetrates to the outer glass sur-
face and excites a plasmon in metal if the film is
sufficiently thin, so that the energy flow reaches
the metal-ambience interface.

Accordingly, SPR occurs when k k This is
achieved by variation of the angle of 1n01dence 0
in the range 6, < 6 < 90° and manifests itself as a
minimum on the R(0) curve for intensity of the
reflected p-polarized light (from now on it will be
refer to as the SPR spectral curve, or simply SPR
curve). An abrupt drop of the reflection curve,
that is observed at angle scanning, fixes light ab-
sorption and appearance of resonance in the near-
surface layer of electron plasma. The resonance
angle 0, that corresponds to the reflection inten-
sity minimum, is determined from the following
equation:
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(2)

Ambient £4 k

Fig.1. SPR excitation after Kretchmann.

sp

Figure 2 presents the calculated SPR curves for
silver (curve 1) and gold (curve 2). Presence of di-
electric coating (say, adsorbed biomolecules) on
metal surface leads to an increase of the surface
plasmon wave vector:
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k,, =k, + Ak, . (3)
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Fig.2. Calculated reflection intensities vs angle of inci-
dence of laser beam curves R(8) (SPR curves) for silver
and gold layers and for gold with a layer of biomole-
cules.

According to Eq. (2), this will shift the position
of SPR curve minimum (Fig.2, curve 3). By calcu-
lating the angular shift 40 with application of the
Fresnel formulae, one can estimate the optical
thickness of the dielectric layer. Using the Maxwell
equations, it is possible to describe propagation of
plane monochromatic linearly polarized electro-
magnetic field in a multilayer thin-film system.

The experimentally taken SPR curve depends on

the optical constants (refractive indices and absorp-
tion coefficients) of all the phases with which elec-
tromagnetic wave interacts. These are the prism ma-
terial; metal (say, gold) layer; substance adsorbed on
the layer surface; ambience and other phases that
may be present in the system studied (depending on
the measurement conditions). The SPR curve de-
pends also on the geometric thicknesses of all the
layers (in particular, the gold film and absorbed lay-
er). These dependencies may be presented in the fol-
lowing form (using the Fresnel integral reflection
coefficient for p-polarized light [22]):

-i2f —-i2, —i2f
(7‘01+}"126 ‘)+(r01r12+e I)”236 ’

(1 + ”01"126_1‘2131 )+ ("12 + ”01642[31 )"23‘9_i2ﬁ2 - @

R (0)=
Here r,, 7, and r,, are the Fresnel reflection

coefficients at the corresponding interfaces, and
B, and B, are the phase thicknesses of the layers:

d,
B=2 N, 7r7’cos 0,

where N =n— ikj is the complex refractive index
of the layer considered; @ is the angle of incidence
inside the j-th layer; 1 is the light wavelength; dj is
the j-th layer thickness.

Equation (4) enables one to calculate a three-
layer structure. In the case of j > 3 layers it is con-
venient to apply the formalism of the matrix of
effective optical constants [22]:

S=1 LI L..1 L.LL (5)

101" =2 L™y m m(m+1)°

where / , is the matrix of the interface between the
a-th and b-th layers, and L is the layer matrix:

e_iﬁj

Here r , are the Fresnel reflection coefficients
for the corresponding interfaces; B, is the phase
thickness of the j-th layer. The reflection coeffi-
cient for a layered structure is determined by the
elements of the first column of the matrix of effec-
tive optical constants R = § /S,

Equation (4) describes the SPR phenomenon
as function of the angle of incidence 6 in the case
when monochromatic light is used (i.e., the wave-
length A is constant). However, one can obtain
easily the expression for reflectivity as function of
A, assuming the angle of incidence 6 to be con-
stant. In practice, both types of spectra (depend-
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ence on wavelength or angle of incidence) are
used when developing SPR sensors. The calculat-
ed shift of SPR angular position vs refractive in-
dex and adsorbed layer thickness curves (Fig.3)
enable one to determine quickly (though with low
accuracy) thickness of the adsorbed molecular
layer at the known value of refractive index.
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Fig.3. Calculated SPR angle positions 6, as function
of refractive index and thickness of the adsorbed mo-
lecular layer. Optical parameters of the SPR sensor:
n., =21+237,d. =5nm,n, =0.15+36i,d, =

=45nm; A = 670 nm. Ambience: air (n = 1.0).

Traditionally, the adsorption coatings and
monomolecular layers on liquid and solid surfac-
es are characterized by the effective thickness d
and effective refractive index n. When dealing
with close-packed monomolecular layers on a
surface where one can determine clearly presence
of two boundaries, upper and lower, such approx-
imation may be valid at oriented adsorption of,
say, immunoglobulins Ig [23]. But for irregular
adsorption of protein molecules that form a
rough surface, the notion of effective thickness of
a submonomolecular layer ceases to have its
meaning (Fig.4). In this case one should use other
approaches to description of light reflection from
a plane with a system of separate molecules on the
surface. In [24-25], for instance, the expansion of
field in terms of the derivatives of delta function
or the Green’s function formalism are used in-
stead of the traditional boundary conditions on
both sides of a molecular layer. According to [24],
a molecular layer is described by the following
parameters: surface concentration N and molec-
ular polarizability tensor 4 . In this case the ex-
pression for the coefficient of reflection of p-po-
larized wave is [25]

R 4+ (Boyg.. _aifzz)(l-i_ﬁozp)_z(ﬁallgxx +aj_fzz)§0p

R,=R,, +a = - (6)

(I+o08 ) Bra,of )—alPayg,, —a, ], )Ry,
N, Ap n, Defp ffchG;. B =1+ 475Am/n§2; n, is the complex refrac-
S tive index of the ambience; g and f__are some

Fig.4. Ray paths in the system studied. 0 — glass
prism, 1 — silver film (d = 50 nm), 2 — ambience from
which molecular sorption occurs. The measured quan-
tity is reflection R = I/I.

Here R, is the Fresnel integral reflection coeffi-
cient for p-polarization; R is the Fresnel reflec-
tion coefficient for p-polarization without a mo-
lecular layer; a = 2N ; a (a) is the component of
polarizability tensor parallel (normal) to the sur-
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combinations of the wave vector.

The integral reflection coefficient R of the sys-
tem considered may be presented also according
to Eq. (5) in which all matrices are determined by
the optical constants and material thickness ex-
cept the matrix that describes the adsorbed mo-
lecular layer (this matrix is determined by Eq.
(6)). When dealing with the layers formed by pro-
tein molecules of globulin type which are trans-
parent for visible light and whose shape is close to
spherical, one can replace the molecular polariza-
bility tensor in Eq. (6) by the scalar quantity 4 . It
should be noted also that for a volume phase po-
larizability may be calculated independently, ac-
cording to the Lorentz-Lorenz equation:

_3M e-1_ 3M  n*-l
" 4nN,p €+2 4w N,p n*+2° )

where n 1s the refractive index of the adsorbate in
the condensed phase; M (p) is the adsorbate
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molecular weight (density); N_ is the Avogadro
number.

Equation (6) involves a number of parame-
ters. Each of them affects the form and angular
position of the R(0) curve. Simulation (Fig.5)
demonstrates interrelation between 6 and N
for different values of A4 . These dependencies
turn to be linear up to monolayer coating. Obvi-
ously one cannot determine both N and 4 from
the only measured parameter A6 . However, in-
accuracy in N determination appears to be small
(about 10-15%), since the refractive indices (and
consequently the polarizabilities) of protein
molecules formed by a small number of amino
acids lie usually between 1.45 and 1.48 [26].
Therefore the nomograms similar to Fig.5 give,
in principle, solution to the problem of (not very
accurate) determination of N from SPR meas-
urements.

100
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Fig.5. Shift of the SPR angular position A6_ vs sur-
face molecular concentration N _curves. 1 — IgG 2—
BSA,3—Mb. 1,2,3 (1,2, 3)—m1n1mal (maximal)
polarization.

2.2. Experimental procedure

Detection of biomolecules and molecular com-
plexes by a sensor operating on the basis of SPR,
with quantitative determination of mass of the
substance to be analyzed (that is present at the
sensitive surface of the sensing instrument), in-
volves the following operations:

— the sensitive surface of a metal (gold, silver)
layer of the sensor is brought into contact with an
ambience (say, air or water) whose refractive in-
dex is known;

— the angular dependence of the intensity of
reflected light is measured over the range of an-
gles of incidence 0, <0 <@ __ (here® , and 0 _,
are the minimal and maximal angles, respective-

ly; they are chosen in such a way that the above
range includes the plasmon resonance angle).
The acceptable results (i.e., those that provide
sufficient certainty) were obtained when the an-
gular dependence was taken with an interval
of 207;

— the optical parameters (the refractive index k
and conducting film thickness d, as well as the re-
fractive index n, and thickness d, of an additional
layer (if any) at the conducting film surface) of the
layered structure in the absence of the substance
to be analyzed are determined from the results of
measurements using nomograms or the special
procedure of fitting the experimental and theoret-
ical SPR curves (see subsection 2.4). Usually the
parameters k£ and d of the conducting film are
known;

— the conducting film surface is brought into
contact with a sample of the substance to be ana-
lyzed in such a way that the latter could be ad-
sorbed or in some other way be bound to the sur-
face;

— the angular dependence of the intensity of re-
flected light is measured over the range of angles
of incidence 6 . <6 <6__ (the minimal and max-
imal angles are chosen from the same considera-
tions as in the above case);

— the refractive index of the adsorbed sub-
stance n_is set. It may be chosen in different ways,
so that the condition n_>n, (where n is the re-
fractive index of the amb1ence) is fu1f111ed The
optimal n_value is that close to the refractive in-
dex of the substance to be analyzed. For instance,
if the substance to be analyzed is protein mole-
cules, and their study is performed in a water so-
lution, then one may take n_=1.45;

— the thickness d_ of the layer of the substance
to be analyzed is determined from the results of
measurements using the special procedure of fit-
ting the experimental and theoretical SPR curves
(see subsection 2.4) (or nomograms) and the set
refractive index;

— knowing the optical parameters n and d of
the layer studied, one can determine the mass of
the adsorbed substance using the following
equation obtained from the expression for mo-
lecular refraction of the substance analyzed
[26]:

I = d(n —n)/(dnldc), (8)
where I" [g/cm?] is the mass of the adsorbed sub-

stance; d (n) is the thickness (refractive index) of
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the layer studied; n, is the refractive index of the
ambience. Typical value of dn/dc (i.e., the ratio
between the refractive index and solution concen-
tration increments) for different proteins is 0.188
cm?®/g [27]. It should be noted that the only true
physical quantity that is invariant under variation
of n and d values and characterizes the actual
amount of adsorbed substance is I"value, while n_
and d_are not physically meaningful at the above
measurement procedure.

If the optical characteristics of a multilayer
sensor structure vary with time, then the angular
position of SPR varies accordingly. To register
kinetics of variation of the angular position of
SPR, one should perform measurements of both
the total SPR curve and the angular position of
SPR at set intervals. In such way one can register
kinetics of additional mass (say, biomolecules) in-
flow to the area of damping electric field of sur-
face plasmon, as well as kinetics of mass outflow
from that area. Then the kinetic curves 6,,(1) (SPR
sensograms) can be analyzed using special-pur-
pose computer software to obtain kinetic con-
stants of association, dissociation, etc.

SPR-curve

Reflection

Sample 10 mkl

2.3. Sensor sensitivity and construction charac-
teristics

In the SPR technique two main information-
carrying parameters are (i) the intensity of reflect-
ed laser radiation vs angle of incidence curve R(0)
(SPR curve) and (ii)) SPR angular position 0,
Contrary to the existing commercial devices that
determine the SPR angular position only, our de-
vice (Fig.6) makes it possible to determine both
parameters. To provide more accurate and con-
venient determination of parameters, we use pre-
cise calibration of a scale in angle, retroreflection
and variation of the angle of incidence of laser
beam, thus making it possible to perform meas-
urements in a gas, as well as liquid, ambience.
Application of precise graduation of a scale in
angle enables one to obtain information on the
optical parameters and layer thicknesses directly
from the form of the SPR curve. A considerable
(18°) angle range of the device makes it possible to
deal with thick films, as well as improves accuracy
of calculations at mathematical analysis of the ex-
perimental SPR curves.

Antigen
Gald 50 nm
™ Immersion

- Prism

Fotodetector

Rotation

Glass plate

Computer unit

Microprocessor
unit

Stepping motor

Angle calibration
unit

Fig.6. Simplified diagram of the sensor PLASMON-4m.

The simulation performed by us enabled to re-
fine the optimal (from the viewpoint of device
sensitivity) values of layer thicknesses and refrac-
tive coefficients, accounting with allowance made

40

for possible modification of the metal layer with
dielectric. At that the device sensitivity was con-
sidered as a comparative parameter characteriz-
ing 6 shift at adsorption of biomolecules with
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certain characteristics onto the metal surface. The
results of simulation show that the effect of the
parameters d, n and k of the metal (Au, Ag) layer
(where plasmon oscillations occur) and adhesion
sublayer (Cr, Mn) on sensor sensitivity within the
range defined for SPR is much below that of a di-
electric layer. To illustrate, deposition of a dielec-
tric layer (about 40 nm thick, with refractive in-
dex n =1.45 and absorption coefficient k£ = 0) onto
the silver layer can result in considerable growth
of sensitivity due to increase of the tangential
component of the phonon wave vector. Indeed, at
dielectric deposition onto the metal layer 6, shifts
toward bigger angles where the tangential compo-
nent of the phonon wave vector increases. To re-
tain the condition of equality of the wave vectors,
any increment of the plasmon wave vector has to
be accompanied by the same increment of the
photon wave vector, Ak = Aksp. When 0, is close
to m/2, this can be achieved by bigger increment
A6 . (Fig.7). As the dielectric absorption coeffi-
cient grows, the effect of enhancement is disap-
pearing gradually (Fig.8).
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Fig.7. Calculated SPR curves for the structure “metal
film—nonabsorbing dielectric film” (n = 1.5 + 0i) at
stepwise (5 nm) dielectric thickness increasing. Shaded
area — region of A@__ increase.

Correct determination of the 0, position is of
importance for the device sensitivity. Interpola-
tion of the area of SPR curve minimum makes it
possible to reduce the measuring channel errors
and determine 0, with rather high accuracy, on
condition that the adequate mathematical analy-
sis procedure has been chosen. Simulation shows
that optimal interpolation for a symmetric (in the
area of minimum) SPR curve is that using a poly-

nomial of degree three (Fig.9). When performing
interpolation, the calculated SPR curve was used.
It corresponded to the standard experimental
conditions in a water ambience for a gold film
without dielectric coating and with a chromium
adhesion sublayer. The optical parameters of the
layers were as follows: the gold film thickness
d, =45nm,n, =0.15and k, = 3.6; the chromi-

Au
um layer thicknessd. = 5nm,n. =2.1, k. =2.37.
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Fig.8. Calculated shifts of SPR curve minimum (A6__ ,
relative units) vs dielectric layer thickness curves
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Shown in Fig.10 are the comparative experi-
mental kinetic characteristics of the angle position
of SPR minimum when the measured SPR curves
are interpolated with polynomials of the degrees
two and three. It is obvious that in the latter case
the deviation amplitude for the SPR angular posi-
tion is less by several times (25" and 8”, respective-
ly). This makes it possible (in theory) to detect var-
iation of the refractive index of the ambience under
study by 0.00005. In practice the developed device
detects variation of refractive index at a level of
0.0001. This result, however, is true only if at least
one of the following two conditions holds: (i) one
performs mathematical processing of only a re-
stricted curve part in the area of minimum, or (ii)
the SPR curve in the area of minimum is of the
form close to symmetric. In actual practice the
above conditions may not hold, for example, when
measuring thick polymer films or films with high
absorption coefficient (in this case the resonance
curve loses its extremum and ceases to be symmet-
ric because its right shoulder tilts).

41



Sensor Electronics and Microsystem Technologies. 2/2004

s % 6 w0 62 64 6 62 B 0
Angle of incidence, degree

S ——-SPR-curve
0,10 o
q>) —&— - polynomial 2
'ﬁ —e— - polynomial 3*
o) —a&— - polynomial 4*
o -
0]
o 08
& ]
T 005 2 o]
ko :
(== O 04
m g 03+
(n'ed s 1
- o 02
0,00
I | I ) I |
62,4 62,7 63,0 63,3 63,6 63,9

Angle of incidence, degrees

Fig.9. Interpolation of the minimum of calculated SPR curve with polynomials of the 2", 37 and 4™ degrees.

Inset: dark area — interpolated part of SPR curve.

3606,0F Polynom 3*
£ 3
£ 3605,8f ' 8"
Q2
D 3605,6F
s -
*
& 3605,4f Polynom 2
-9 i 25"
ot
"% 3605,2F
8- L
o 36050 —_—
m E
D 3604,8-
1 1 1 : 1 1 ]
0 500 1000 1500 2000
Time, sec

Fig.10. Comparative experimental kinetic characteris-
tics of the angle position of SPR curve minimum ob-
tained using polynomials of the 2" and 3™ degrees for
processing of SPR curve minimum position.

It should be noted that considerable noise am-
plitude at reflection intensity measurement may
affect the result of polynomial interpolation. In
such case one should process larger portion of the
SPR curve, when optimal interpolation is
achieved by application of polynomials of higher
(or lower) degrees.

2.4. Mathematical processing of SPR curves

Both shape and angular position of the experi-
mentally measured R(0) curve depend on the opti-
cal constants (n, and k) of all the phases with which
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electromagnetic wave interacts. These are the ma-
terials of the: prism; conducting layer; substance to
be analyzed that is adsorbed on the surface of that
layer; ambience and other phases that, depending
on the measurement conditions, may belong to the
system studied. In addition, the shape and angular
position of the SPR curve depend on the effective
geometric thicknesses of all the layers in the sys-
tem, in particular, the conducting film and ad-
sorbed layer to be studied. Therefore, when having
an experimental SPR curve, one can, in principle,
calculate the unknown parameters of the system
studied (say, the refractive index and thickness of
the adsorbed layer) by applying the trial-and-error
method, so that the theoretical SPR curve (calcu-
lated using these parameters) best fit the experi-
mental one (i.e., by solving the inverse problem us-
ing the so-called matching technique) [28].

The effect of the refraction index (n), absorp-
tion coefficient (k) and layer thickness (d) values
on the characteristics of the SPR spectrum is con-
tained in full in Egs. (4) and (5). In the simplest
case (a metal layer without an additional dielec-
tric layer) the number of parameters of the meas-
ured SPR curve (position, width and depth of the
resonance curve) is equal to that of the unknown
film parameters (n, k and d); thus they can be cal-
culated (in principle) [26]. Simulation shows that
in most cases a specific form of the angular reflec-
tion spectrum corresponds to a specific set of pa-
rameters of the SPR multilayer structure.
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The calculated angular dependencies of reflec-
tion for the system “chromium adhesion sublayer-
gold-the layer (dielectric) studied” are presented in
Fig.11. The SPR curves show that there exists con-
siderable independent influence of the optical pa-
rameters of a layer system on the angular spectrum
parameters. This is particularly true for a system in
which the parameters of the metal layer (which is
the carrier of plasmon oscillations) remain con-
stant, and the only variable parameters are those of
the layer under study. A comprehensive analysis of
simulation shows that in this case the angular posi-
tion of SPR depends mainly on the layer thickness
d and refractive index n, while the depth f the min-
imum and curve width depend on the absorption
coefficient k to a greater extent. It should be noted,
however, that for any resonance curve there exist
no less than two solutions of Egs. (4) and (5),with
different values of n, d and k.
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Fig.11. Calculated SPR curves for gold layer (1) and

gold with: chromium sublayer (2), nonabsorbing die-
lectric layer (3) and absorbing dielectric (4).

Obviously such procedure does not provide
obtaining the exact parameter values all at once,
because their number is big. Nevertheless the pro-
cedure of comparing the experimental and theo-
retical SPR curves is applied rather often, with
usage of the appropriate approaches and compre-
hensive experiment. Thus, when applying the
above technique, the parameter determined at the
previous stage is introduced into the comparison
procedure at every next stage. Such reduction of
the number of parameters that are processed con-
currently results in improvement of the accuracy.
Application of additional procedures (say, atomic
force microscopy (AFM) or profilometry) that
give exact value of one of the parameters (in this

case, this is layer thickness) also increases reliabil-
ity of the result obtained.

Interfaces and internal junction layers deserve
particular attention, because ignoring their effect
may lead to considerable final error [29]. AFM
provides additional opportunity to determine the
effective refraction values for the surface layers by
determining the profile of the surface studied.
These effective refraction values are required for
construction of a more reliable mathematical
model of a multilayer structure (Fig.12). The ef-
fective refractive index of a layer can be calculat-
ed according to the Lorentz-Lorenz equation [11]:

2 2 2
Ny —1 _ Ty -1 Mo, — 1
= 1-V
ng+2 ni 42 onl.+ 2( ). ©)

Here n_ is the complex effective refractive in-
dex; R is the refractive index of a gold film, die-
lectric or some other object that makes surface
rough; n_ is the ambience refractive index. V' is
the filling factor that is calculated using the infor-
mation on surface relief obtained with AFM.

Having a set of experimental data, one can de-
termine approximately the parameter values for
the layer analyzed. The procedure of direct fitting
of values, even performed using unspecialized
software, requires much time (at that at least one
of the main parameters, say, the refractive index n
or layer thickness d, has to be known) and is rou-
tine per se. This problem becomes much simpler
when applying the methods of minimization of a
function of several variables. The optimal solu-
tion is found using the objective function. In the
course of optimization procedure one should find
such values of parameters determining the prob-
lem considered at which the objective function
has a minimum. The objective function may be
presented as

i[Re(Gi,n,d)—R’ ©,.n.d)]

G=_i (10)

N

where N is the number of measurements. The func-
tion is a generalized difference between the experi-
mental values of the R40) curve and the parame-
ters R(0) of the theory leaning upon the mathe-
matical model of the SPR system. In our case G =
fin, k, d....n, k, d) is a function of several varia-
bles. If, however, the model used is adequate to the
actual object, then it is possible, in principle, to rec-
ognize more than three parameters of a multilayer
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SPR structure. The problem is complicated be-
cause, as mentioned above, the solutions of Egs.
(4) and (5) are not uniquely defined. At that the

number of minimums of the objective function
may increase if an inadequate physical model of
the structure analyzed is chosen.
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Fig.12. AFM pattern (left) and AFM section (right) of surface layer
of gold film used in SPR sensor structure.

A program with a special-purpose algorithm
has been developed for solving such problem in
the domain of existence G where the objective
function minimum is sought. The principal dis-
tinction between the proposed algorithm and
those existing is determination of the sequence of
enumeration of parameters by the Monte Carlo
method (random function) at all the stages where
enumeration of parameters is made, as well as
possibility to test if the minimum is true. The lat-
ter possibility is realized in the following way: Af-
ter the algorithm operation is finished, the pro-
gram stores the determined value of the objective
function and returns to the start of the algorithm
operation. The random function of the algorithm
makes recurrence of the previous combination of
starting parameters impossible and gives rise to a
new course of calculations. As a result, if the ob-
jective function has several minimums, then an-
other minimum will be fund necessarily. Recur-
rence of the above procedure and comparing the
values of the objective function result in determi-
nation of the true minimum. As against other al-
gorithms, the proposed one in most cases excludes
ambiguity in situations when the level lines of the
objective function have kinks.

2.5. Modification of sensor sensitive surface

A damping electric field of a surface plasmon
with a wave vector ksp penetrates at a certain depth
d_into an ambience contacting with metal surface.
The z-component of the field in a medium is
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E =E_ (0)exp[-k.z], (11)
where k_may be expressed as
2
0]
ki =ki——e,. (12)

Here k_is the tangential component of the
photon wave vector; ¢(®) is the speed (circular
frequency) of light; e(w) is the complex dielectric
function of metal; €, is the ambience permittivity.
Atk = ksp the z-dependence of the z-component
of the damping wave is approximately as follows
[30]:

E,(z)=E,(0)exp @ (_—83] z|=
c |e(ow)+e,
(13)

=E, (0)exp[-z/6,]

If one substitutes into Eq. (12) the permittivi-
ties of gold, £'(w) = -13.5, and water, €, = 1.77 (at
a wavelength A = 670 nm of the laser radiation
used), then one obtains for typical depth of the
damping plasmon field penetration into a water
ambience over a metal d_= 200 nm.

To provide efficient use of the space where an
evanescent wave of a surface plasmon (that is sen-
sitive to changes occurring at the sensor surface)
propagates and increase of sensor sensitivity, the
biomolecules to be studied are often bound not to
a flat surface but to flexible polymer chains pre-
immobilized at that surface. Such an approach
makes it possible to immobilize at a sensor sub-
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strate the required amount of molecules that is
equivalent to several close-packed layers, with re-
taining their ability to interact with other biomol-
ecules. The most widespread of such polymer ma-
trix structures is that (from now on matrix)
formed according to the method used by Biacore
AB (Sweden) — the leading manufacturer of SPR
biospectrometers [31-32]. This method seems too
complicated to be applied by the ordinary users of
the SPR technique in their everyday practice. It
involves formation on gold surface of an omega-
mercapto-hexadecanol monolayer, its activation
with epichlorohydrin, covalent binding of dex-
tran to “the activated surface” and transforma-
tion of immobilized dextran into carboxymethyl-
dextran whose carboxyl groups can be used for
immobilization of the protein to be studied.

It is known, however, that the carboxymethyl-
dextran matrix is not optimal for proteins with
low pl, because immobilization in a matrix of
proteins whose charge is of the same sign as that
of matrix requires considerable additional modi-
fication of a matrix [32]. That is why a demand
arose for development of a simpler and more ver-
satile technique for modification of gold surface
to immobilize proteins and other biological ob-
jects on it. The most representative objects stud-
ied with the SPR technique are proteins. A neces-
sary condition for application of the SPR tech-
nique is immobilization of one of the interacting
biomolecules on a metal (usually gold) film ex-
posed to the solution analyzed. In many cases im-
mobilization via immediate adsorption onto gold
leads to uncontrolled changes in protein spatial
structure, thus resulting in loss of its biological ac-
tivity [33-34]. So, as a rule, gold surface has to be
isolated from direct contact with proteins studied.

It is known that the SH groups (contrary to
most of other functional groups) interact with
gold [35-36]. That is why just SH-containing com-
pounds are used for formation of a binding layer
on gold surface. The aliphatic thiols with rather
long (n > = 10) unbranched chains are most often
used for this purpose. Such compounds (or their
derivatives with various functional groups at the
methylene chain end) spontaneously form at gold
surface rather stable ordered monolayers. In them
a sulfur atom is bound to gold, and close-packed
aliphatic chains make the same angle with the sur-
face. The monolayer is stabilized by numerous
van der Waals interactions between chains [37].

We chose aldehyde derivatives of polysaccha-

rides (obtained with periodate oxidation) to form
a polymer matrix. These derivatives can be immo-
bilized easily on a surface that carry hydrazide
groups, and biomolecules containing amino
groups can be attached to the immobilized deriva-
tives of polysaccharides by using the aldehyde
groups of polysaccharides. Negative charge of
carboxymethyl-dextran becomes its advantage
when immobilization is made at pH below the iso-
electric point of the protein studied, because elec-
trostatic attraction of protein molecules to the
matrix favors protein accumulation in a volume
adjacent to the matrix. However, this matrix is of
little use in the case of proteins with low isoelec-
tric point, and reduction of the carboxyl group
content means drop of the number of active
groups via which immobilization proceeds. Im-
mobilization in a matrix formed from periodate-
oxidized polysaccharide proceeds via uncharged
aldehyde groups. If, however, negative matrix
charge is desirable, one can obtain it using perio-
date-oxidized dextran-sulfate instead of perio-
date-oxidized dextran. An additional advantage
of this approach is that the cost of reagents used is
lower and they are readily available.
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Fig.13. Schematic of aldehyde-dextran-sulfate (ADS)
matrix structure.

The proposed aldehyde-dextran-sulfate matrix
[38-39] (Fig.13.) has, contrary to the previous one,
two functional groups, aldehyde and sulfate. The
first of them (which is electrically neutral) forms
covalent binding with protein (the carboxyl group
in the “Biacore” matrix did). The function of the
second group is to provide electrostatic retraction
of biomolecules. The results of SPR testing of the
developed matrix evidence that adsorption activity
for biomolecules in the pl range from 4.1 up to 10
is sufficiently high. The advantage of this matrix is
a possibility to vary number of sulfate groups in it,
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or exclude them completely. A neutral electric
charge of the matrix enables one to deal with those
proteins which are characterized by low pl, practi-
cally at any pH of solution. Testing showed that
process of protein immobilization becomes slower
in this case; however, the amount of immobilized
protein may be even bigger than in the case when
sulfate groups are present.

2.6. Electrochemical investigations with appli-
cation of SPR

A capability of the SPR technique to estimate
in situ the optical constants and thicknesses of
thin film in the real-time mode seems to be very
attractive when studying various electrochemical
processes, in particular electropolymerization. To
realize the above functions, we developed a modi-
fication of the SPR device, as well as a procedure
of concurrent electrochemical and SPR (ESPR)
investigations. A special-purposed electrochemi-
cal cell of the device makes it possible to study dif-
ferent films having redox properties, as well as re-
alize monomer electropolymerization directly at
gold surface and trace in situ thickness of the pol-
ymer film being obtained. At that the gold layer is
used as a main electrode, platinum wire serves as
an auxiliary electrode, and silver wire (treated in
NaCl solution) serves as a reference electrode.

Novelty of the technique discussed arises some
questions concerning interpretation of results of
ESPR investigation. This is pertinent to the neces-
sity (usual for SPR measurements) for segrega-
tion of two main parameters- the layer thickness d
and refractive index 7, as well as to the effect of
external potential applied to the metal on both
the angular position of resonance minimum 0,
and form of SPR spectrum. An opportunity to
segregate the n and d values from the SPR meas-
urements has been studied rather well; it was con-
sidered in subsection 2.4. The effect of external
potential on the angular position of the minimum
and form of the SPR curve is less well understood.
Application of external potential to a metal layer
(that serves as a carrier of plasmon oscillations) is
related usually to variation of the free electron
concentration in the metal near-surface layer and
formation of metal oxide film at anodic decompo-
sition of water [40] and to the effect of electrolyte
ions [41-42]. However, if a potential of upto 1 Vis
applied to the gold placed into electrolyte, then
the effect of ambience on SPR can be detected ex-
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plicitly only when the electrolytic medium has
clearly pronounced redox properties, i.e., it can be
in two states — reduced and oxidized. The acidic
or basic electrolytes that are traditionally used in
practice of electrochemical experiment do not
possess such properties. In this case shift of the
angular position of the resonance minimum and
variation of the form of SPR spectrum (SPR re-
sponse) depend mainly on formation of oxide film
on gold or on dissolving of such film.

The situation becomes different if the gold
electrode is coated with a polymer film (especially
if that film displays its redox properties). Even at
application of low voltages under the above con-
ditions a 0, shift is considerable (up to several de-
grees) and depends first of all, on the film thick-
ness, its structure and level of redox properties. It
is known that optical parameters of such sub-
stances may change due to variation of the elec-
trode layer thickness in the course of electrochem-
ical reaction [43-44]. This fact leads to additional
difficulties in estimation of properties of such
substances. SPR provides further opportunities in
investigation of these structures, because this
technique is sensitive to both the concentration of
redox-molecules in the electrolyte solution and
the adsorbed molecular layer thickness. The cy-
clic voltammetry, for its part, enables one to esti-
mate gradient of redox-particle concentration
near the main electrode surface. A combination
of these two techniques becomes a powerful tool
when studying the properties of macromolecular
structures with pronounced redox-properties.

An example of such combination may be the
investigation of the gold-polyaniline structure
made with the developed ESPR device-sensor
[45]. This polymer is a redox-substance and can be
obtained in situ by electropolymerization under
the conditions of SPR experiment. In such a way
a polyaniline film was obtained. Its thickness was
calculated by comparing the experimental and
theoretical SPR curves. Then the film was studied
concurrently with cyclic voltammetry, chronoam-
perometry and SPR. It is known that polyaniline
may be in two states — oxidized (An**) and re-
duced (An),. Transition of polyaniline from one
state to another at gradual variation of potential
from-0.2 V up to 1.3 V and at abrupt potential
jump from 0 V up to 0.4 V (Fig.14) was studied by
processing of the recorded SPR curves, cyclic vol-
tammograms and chronoamperograms. It was
found that variations of the form of SPR curve
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and angular position of the minimum of 6, of the
sensor under action of external electric potential
can be observed mainly in the following three cas-
es: 1) change of the free electron concentration in
the gold near-surface layer resulting from appli-
cation of external electric potential to the main
electrode; 2) formation and change of characteris-
tics of the double electric layer at the gold-electro-
lyte interface resulting, say, from variation of pH
of the solution serving as electrolyte; 3) change of
the ambience dielectric characteristics in the zone
of evanescent plasmon wave effect.
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Fig.14. SPR curves for uncoated gold (Z, x) and gold
with a polyaniline film (/, y). Variation of the form of
SPR curve (A, B) and kinetic curves of shifts of mini-
mum (IT — shrinking, IIT — swelling) at polyaniline
transformation from oxidized to reduced form.

The investigation enabled to calculate the re-
fractive indices at the reduced (1.4 + 0.02i) and
oxidized (1.39 + 0.461) states, as well as the kinetic
constants for processes of polyaniline film con-
traction (biexponential kinetics with the con-
stants 9x103 s and 5x10* s!) and swelling

(3x10*s). This is of particular importance if one
takes into account that application of similar
structures as man-made muscles and controlled
relief seems to be promising.

3. Conclusions

The developed SPR device-sensor [46] has im-
portant advantages over the existing devices. These
are an opportunity for wide range variation of the
angle of incidence of laser beam; the retroreflection
principle of reflection; an automatic calibration
system that enables one to obtain quantitative
characteristics of permittivities and film thickness-
es for a wide range of materials using mathematical
analysis of the angular spectrum R(0) and kinetic
curves 9A_p(t). The processes of excitation of surface
polariton-plasmon resonance in the SPR sensors
after Kretchmann are described more adequately
in the framework of the model of an isotropic mul-
tilayer system on the basis of the matrix of effective
optical constants and junction layer thicknesses
which takes into account presence of junction lay-
ers and surface geometric imperfection. This model
makes it possible to calculate the main sensor pa-
rameters and optimize construction of the sensitive
part of sensor. The proposed procedure for mathe-
matical analysis of the form of SPR curve enables
one to determine no less than three parameters (the
effective refractive indices and absorption coeffi-
cients, as well as layer thicknesses) of the structure
studied. It is shown that polarizability and concen-
tration of biomolecules in the zone of damping
wave of surface plasmon also can be determined
from the results of SPR parameter measurements.

The developed novel aldehyde-dextran-sulfate
matrix structure on the basis of dextran essential-
ly increases SPR sensor response at protein im-
mobilization in the matrix volume as compared to
immobilization directly on metal surface. The de-
veloped procedure of electrochemical measure-
ments with application of SPR opens up fresh op-
portunities for appearance of the novel line of in-
vestigations — the ESPR technique.
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