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Abstract: Performed in this paper is numerical modeling of the angular dependence for light reflectivity R(F) in
surface plasmon-polariton resonance (SPR) realized in Kretschmann geometry when studying the interface
gold/suspension of spherical particles (cells) in the assumption that the dielectric permittivity of particles
suspension g is described by the theory of effective medium. It has been shown that availability of suspended
particles in solution inevitably results in appearance of an intermediate layer with the & gradient between gold
surface and suspension bulk, as a result of which the SPR angle shifts to lower values. Near the critical angle,
the first derivative dR/dF demonstrates a clearly pronounced peak, which allows determining the & value for
suspension bulk and the g gradient in the intermediate layer. Obtained in our experiments were SPR curves for
two suspensions of erythrocytes — the dense one (erythrocyte mass after centrifuging) and loose solution (whole
blood). In the case of erythrocyte mass, fitting the experimental and calculated curves enabled us to
quantitatively determine the bulk g value for this erythrocyte mass (g, =1.96), thickness of the intermediate layer
dy (300...400 nm) and g gradient in the intermediate layer. On the contrary, the SPR curve for whole blood
appeared to be close to that of pure plasma. This fact allows only estimation of the thickness d;,~2000...3000 nm
as well as minimum ¢ value in the intermediate layer, which is close to that of plasma (¢ = 1.79). Also, discussed
is the mechanism of influence of the cell shape near the gold surface on the SPR effect.

Copyright © 2013 IFSA.

Keywords: Surface plasmon-polariton resonance (SPR), Liquid suspensions, Weighted erythrocytes, Biosensor,
Blood sensor.

1. Introduction conditions determined by the dispersion relations of
the surface plasmons [1-3]. This resonance condition
Surface plasmon resonance (SPR) is a is extremely sensitive to the refractive index and

phenomenon which involves the absorption of a p- thickness of the dielectric medium (the medium can
polarized light by the surface electrons of a metal ~ be a liquid, gas, or solid) in contact with the metal
film (e.g., silver or gold) under specific resonance surface. In the last 20 years, SPR has been

Article number P_1128
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extensively studied and developed into a useful
technique to probe refractive index and thickness
changes which enabled the construction of optical
sensors measuring the concentration of chemicals,
humidity, pressure, temperature, and biomolecular
interactions [4-9].

SPR can be optically excited if the wave vector
kine of the incident light with angular frequency w has
a surface-parallel component k, equal to the wave
vector of the surface plasmon (SP) waves &k,
However, the SP waves cannot be excited by a light
directly incident from air onto the interface because
energy and momentum conservation cannot be
satisfied simultaneously in the frequency range of
their dispersion curves. This problem is solved using
a dispersive medium (i.e., prism, gratings, etc.) that
can enable k;,. > k,. Then k, = k,, can be satisfied by
varying the angle of incidence of the light. The
incident angle at which the SPR occurs is always
higher than that of the total internal reflection for the
prism and the bulk medium that form interfaces with
the metal. Two basic configurations that use prisms
for photon—SP coupling are the Otto and
Kretschmann—Raether (KR) configurations [10],
[11]. In the Otto configuration, the sample to be
sensed is limited with the air gap between the metal
and prism. On the other hand, in the KR
configuration, the sensing layer is located between
the metal layer and air so that the sample is not
limited to a very small volume. Therefore, it is more
suitable for sensing applications.

If the condition for the excitation of SP waves

Refky,] = kiy.'ng-sin0 (1)

where k;,. = 2n/A, and ny and O are the refractive
index of the prism and the angle of the incidence,
respectively, is analyzed, it can be seen that there are
two parameters, namely, 8 and 1 that can be
controlled or modulated to excite SP waves. The
excitation of the SPR is understood by observing the
reflected light spectrum obtained either by “angular
interrogation” or “wavelength interrogation.” In the
angular interrogation approach 4, of the incident light
is kept constant and @ is varied. At a specific 0, the
incident light is absorbed due to the SPR excitation,
resulting in a sharp dip in the reflected light
spectrum. This spectrum is characterized by three
parameters: resonance angle 6,,,, half width at half
maximum 46, and the reflection minimum R,;, (see
Fig. 1). In the wavelength interrogation approach,
wavelength A of the incident light is varied while the
incidence angle is kept constant. At A = A,
resonance condition is achieved and this is
understood with a dip in SPR spectrum. In this
approach, parameters which are used to characterize
the spectrum are resonance angle 4,,,, half width 44,
and reflection minimum R,,;,. SPR sensors generally
use the following detection approaches: 1)
measurement of resonant angle shift; 2) measurement

of resonant wavelength shift; and 3) measurement of
change in light intensity.

"
|
|

o
@

o
9

A0

o
-~

o
o

R
min
: Bmin

25 30 35 40 45
Angle of Incidence (deg)

Intensity of Reflected Light

nNe
o

Fig. 1. Illustration of the SPR spectrum with angular
interrogation approach. 8,,;, : SP resonance coupling angle.
A6: SP half width. R,,, : intensity of the reflected light
in the resonance condition.

2. Estimation of the Influence
of Erythrocyte Volume Fraction
on the SPR Effect

The widely used physical model capable to
describe the response inherent to dredge of micro-
and nano-particles on harmonic electromagnetic
excitation is the so-called “approximation of effective
medium” by Bruggeman [12-15]. In accord with this
approximation, the complex dielectric permittivity €
of a mixture consisting of k& components is related
with dielectric permittivities of components g, and
their partial volumes gy in the following manner:

2q(a-e)/(at28) = 0; Tqp =1 2

Let us assume that the dielectric permittivity of
the studied suspension obeys this rule, and the
number of components in this mixture is equal to
two: one of the components is transparent liquid
(blood plasma) with the dielectric permittivity & ~1.8
[16], and the second one — erythrocytes as micro-
spheres with the radius R, which are filled with
haemoglobin possessing the dielectric permittivity &,
~ 2.07 [16, 17]. For definiteness, let us take that
micro-spheres are packed on the gold surface in some
quadratic manner, as shown in Fig. 2. The micro-
spheres touch the gold surface, and space between
them is filled with liquid.

To qualitatively describe the SPR effect in this
system, let us represent the space above the gold
surface as a stack of N thin layers, each of which
possesses the thickness o (Fig.2, middle). It is
obvious that the haemoglobin fraction in each layer
inside the elementary area 4R” is equal to ©p°3, while
p increases from zero (when x = 0) up to R (when
x=R=dp).
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Fig. 2. Microspheres on the gold surface (top)

and geometry of model (middle); Bottom: dependences
for set of microspheres R=1000 nm filling factor q(x)
and dielectrical permittivity &(x).

Let us consider that for x > d,, the factor of filling
q reaches the bulk value n/4= 0.785. The calculated
dependence ¢(x) for micro-spheres with the radius
R =1000 nm is shown in Fig. 2 (bottom). Shown in
the same place is the dependence g(x) for mixture,
which is calculated using the formula (2). It is seen
that in this model the & value is monotonously
increased up to the bulk value 2.01 for 1000 nm and
then remains constant. It can be easily predicted that,
in the case of non-dense packing or some
deformation of spheres near the surface, the boundary
values of ¢ and & in the curves shown in Fig. 2 will
be changed but their general look will be the same.
To simplify our calculations, we took the law of
changing &(x) in the following form:

ex)=g + (e5- &) xd,, for 0 <x <d,;
3)

e(x)=gp forx > dy,

and analyze the influence of this layer on the SPR
curve. Our calculation of the reflected light relative
intensity (R) on the angle of incidence (F) was made
for the stack of 15 plates with the total thickness d,,
from 50 up to 1200 nm (which corresponds to the
increasing radius of micro-spheres). Fig. 3 shows the
curves R(F) for gradual increase of the parameter d,
within the above range. It is seen that the angular

62

position F,,;, is shifted to the left (curves 1 to 14)
with increasing d,,,.
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Fig. 3. A) Calculated SPR curves for the stack of 15 plates.
Numbers 1...14 correspond such values of d,, : 50, 100,
150, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100 u
1200 nm. Shown on the bottom left is part of curve R(F)
near the critical angle. B) F,,;, shift against d,, increase at
the different values ¢ and g,: 1 — &= 1.82, ,=1.96; 2 —
e=1.77, =1.96; 3 - e=1.82, ,=1.88; 4 - £=1.77, &,=1.88.
C) Dependence of derivative dR/dF against incidence angle
in the critical angle region. D) A and B peaks amplitudes
versus d,, (the scales of curves 1' — 4' are three times
multiplied).
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The dependence of F,;, on d, (that is usually
measured in these experiments) is depicted in Fig. 3b
for four cases when suspension is a mixture of micro-
spheres in various concentrations with two liquids:
& = 1.82 (corresponds to blood plasma) and g = 1.77
(corresponds to buffer solution). The curves 1 and 2
are related to the case of dense suspension (q = 0.85),
while the curves 3 and 4 — to the case of the loose one
(q = 0.45). It is seen that for d, = 0 the position of
F ., depends only on ¢, but not on the liquid phase
type.

On the other hand, when the thickness d,, is
sufficiently high (800...1200 nm) the value F,,;, is
determined only by the liquid type; the transition
from initial to final values of F,,;, happens gradually;
in the case of the curves 1, 2 and 4 it is monotonous,
but in the case of the curve 3 within the range of
thicknesses 200 to 400 nm there appears non-
monotone. In all the cases, the position of F,,;, looses
its sensitivity to the intermediate layer for
d,, > 600 nm.

By contrast, the part of the R(F) curve near the
critical angle demonstrates the most pronounced
change for d,, > 600 nm (it corresponds to large sizes
of micro-particles) as it is seen in Fig. 3a, the insert
on the left. The step in the R(F) curve corresponding
to the critical angle (60.3 degree for g, = 1.96)
disappears and arises again (for d,, > 800 nm) in the
vicinity of 56 degree. For a more detailed analysis of
the R(F) curve, let us consider its first derivative
dR/dF that is shown in Fig. 3c. Within the range
50 < d,, < 600 nm (curves 1 to 7), one can observe
one narrow (fractions of degree) peak (peak A)
corresponding to the critical angle inherent to the
interface glass/suspension (60.33 degree for g, =
1.96). Its height changes non-monotonously with
growing d,,. Within the range 600 < d,, < 1000 nm
(curves 8 to 14), the peak A disappears, however
there arises a new wide maximum near 57.3 degree
(peak B) (curves 12 to 14). Its height increases for
d,, > 1000 nm.

Shown in Fig. 3d is behavior of the amplitude of
A and B peaks with increasing the thickness of the
intermediate layer d,, for various & and g, values. The
amplitude of the peak A depends on d, in non-
monotonous manner and possesses the maximum at
0.2...0.3 reciprocal degrees for d,=200...300 nm
(curves 1 to 4). At the same time, the amplitude of
the peak B (curves 1' to 4') increases with growing
dypractically in a linear manner. It is also seen that
the peak B arises only for large thicknesses d,, (800 to
1000 nm), and the more is the difference g - g, the
lower values of d,, are necessary to register the peak
B. Adduced in Table 1 is the angular positions of A
and B peaks inherent to suspensions of micro-spheres
for above two concentrations in two different liquids.
The peak A angle exactly corresponds to the critical
angle of the system glass/suspension bulk. Thereof,
one can easily calculate the g, value. The angular
position of B peak is also close to the critical angle of
the boundary glass substrate/liquid phase, but
exceeds it a little.

Table 1. Angle position of peaks A and B
for rations of g, g,

£=1.96 €,=1.88
Peak A Peak B Peak A Peak B
=177  60.33 56.61 58.32 56.31
=182 60.33 57.41 58.32 57.01

Two conclusions follow from the said above, namely:
1) availability of A peak in the curve dR/dF allows
determining the value of dielectric permittivity
inherent to suspension bulk g, that is unknown in
advance, and use it further for characterization of the
intermediate layer (in this case, the thickness of the
latter does not exceed 600 nm); 2) absence of this
narrow peak and availability of a wider B peak is
indicative of the fact that the thickness of the
intermediate layer exceeds 1000 nm. Then, using the
SPR curve one can estimate the thickness d,, and the
lower limit of &. In this case, determination of the g,
value becomes impossible. The absence of peaks in
the curve dR/dF (F) shows that the thickness of the
intermediate  layer lies within the limits
600 < d, <1000 nm.

3. Solving the Inverse Task — Representation
of the Gradual Intermediate Layer as a
Single One with Effective Values of the
Thickness and Dielectric Permittivity

In practical applications, one has to solve an
inverse problem — to determine a profile of the
dielectric permittivity €(x) by using the experimental
curve R(F). Usually, with this aim in Kretschmann
geometry systems they assume availability of one
(maximum two) layer between the surface of
plasmon-keeping metal and semi-infinite medium (in
this case — liquid) and use the fitting procedure for
experimental and calculated SPR curves to reach the
best coincidence. If one assumes that the intermediate
layer between the gold surface and colloidal solution
bulk can be described as one layer with effective
values of the thickness d and dielectric permittivity &,
it seems reasonable to try to determine d and ¢ values
by using the data of Fig. 3A as the “experimental”
ones. This procedure is widely known and multiply
described (see, for example [18, 19]). Being based on
the Winspall 2.20 program, we realized extraction of
d, ¢ and g, by using the SPR curves in Fig. 3A as the
experimental ones. The obtained d, € and g, values for
¢ = 0.85 in medium with g;= 1.82 are shown in Fig. 4
(curves 1 to 9 on the 2 rows) using a solid line. The
initial profile g(x) is shown with dashed lines. It is
seen that for sufficiently low values of d, (< 600 nm)
the obtained d value is equal approximately to half of
dy, while & is close to g, exceeding it a little. In the
case of thick intermediate layers (dy,> 600 nm), the
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obtained d value is significantly lower, and ¢
possesses some intermediate value between g, and ;.
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Fig. 4. Top: comparison of the “initial” (dashed lines) and
extracted for one layer model (solid lines) for
monotonically increased profile g(x). d,, value is 50, 100,
200, 300, 400, 600, 800, 1000 and 1200 nm for graphs 1...9
accordingly. Bottom: graphs of extracted parameters d
(1,2), & (3, 4) (5, 6) versus d,, 1, 3, 5 for g= 0.85 (dense
suspension); 2, 4, 6 for g= 0.45 (loose suspension).

Our calculations performed for other relations of
g, and &, show the same behavior. In more details,
dependences for parameters d, €, and g, on the
thickness of intermediate layer d, are depicted in
Fig. 4 (on the bottom) for suspensions of different
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densities (¢ = 0.85 and 0.45). Thereof, it follows that
d is equal approximately to half of d,, up to 600 nm;
after that d slows down and reach the value 300 nm
independently of ¢ (curves 1 and 2). The & [Ivalue
exceeds a little the value & (1.77 or 1.88) practically
coinciding with it for d,> 600 nm. With account of
the above features, one can judge the thickness (and
dielectric permittivity) of the intermediate layer up to
the value 600 nm. It is obvious that, in the case when
dexceeds 600 nm, the part of the curve within the
range of the critical angle (see Figures 3¢ and 3d)
becomes more informative.

4. Experimental

4.1. Equipment and Materials

Measurements of angular dependences for light
reflection from the interface suspension/gold film on
glass substrate were performed using the SPR
spectrometer Plasmon 6 (model 325, ISP NASU,
Ukraine) that allows measuring the absolute value of
reflectivity as well as absolute value of the angle in
Kretschmann configuration. The retro-prism with the
base angle 65 degree and glass substrates were made
of the glass F-1 with the refraction index 1.61. The
wide range of angles for scanning (up to 17 degree in
air) allows performing quantitative measurements of
a full reflection curve including the TIR and SPR
angles for liquids with various refraction indexes —
from 1.33 (water) up to 1.41 (haemoglobin).

To measure the SPR effect, glass substrates were
covered with a thin gold layer (approximately 50 nm)
deposited on the adhesive chromium sub-layer by
using thermal evaporation in vacuum. Before
investigations, the prepared substrates were kept in
dry nitrogen atmosphere. A plastic cell of the volume
30 Wl was provided with two plastic pipes of the
internal diameter 1 mm that were joined to a digital
micro-pump. Preliminary processing the data was
realized using the program Plasmon 6 (version 6.7).
The operation regime of a “single mode” allows
obtaining the full reflection curve for 10 s.

As samples of suspensions, we used heparinized
blood taken from a vein of a healthy donor and blood
cellular mass after centrifuging. These blood samples
were placed into test-tubes containing 0.1 ml of
heparin (5000 U/ml, Pharma life, Ukraine) and
agitated. To prepare the erythrocyte mass, a part of
heparinized blood was centrifuged (10 min,
3000 rev/min). After determination of hematocrit, the
top layer of plasma was separated into another test-
tube, while the bottom layer of the erythrocyte mass
was divided by aliquots of 200 pl that were used for
measurements. The samples of suspensions (blood
and erythrocyte mass) were kept at the temperature
4 °C. As a buffer solution, we used the Ringer
solution (buffer solution, in what follows). Its
composition is as follows: NaCl - 9 g, NaHCO; - 0.2
g, CaCl, - 0.2 g, KCl - 0.2 g, glucose -1 g, water - up
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to 1 1. Decimolar solution of HCI and distilled water
were used to rinse the system and regenerate the
operation surface. All the experiments were
performed at room temperature.

4.2. Experimental Results

After centrifuging, the whole blood breaks by two
ranges: transparent liquid (plasma) is the top one, and
dark opaque (erythrocyte mass) is the bottom one.
The typical series of the SPR curves obtained for
contact of erythrocyte mass with gold for 0...10 min
is depicted in Fig. 5a (curves 1 to 6). Immediately
after contact, the angle of plasmon resonance is fixed
at ~66.8 degree, however, for the first 10 min its
position shifts to the left by ~ 0.3 degree and then is
stabilized. Near the critical angle (~60.5 degree), one
can observe a shoulder typical for the TIR effect,
which does not change with time. The curve 7 in
Fig. 5a is the SPR curve inherent to transparent liquid
(plasma). Here, contrary to the curves 1...6, the Fi;,
position is shifted by ~1.5 degree to the left, and the
range of the critical angle is shifted down to
~56.1 degree. This curve does not change with time.
The curves 8 and 9 are the first derivatives dR/dF of
the curves 1 to 7 near the critical angle. Note that
they clearly demonstrate narrow peaks at ~60.4 and
~56.2 degree, respectively. As it was shown earlier,
availability of these peaks allows determining the g,
value in the studied suspension.
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Fig. 5. a) 1-6 repetitive measurements of R(F) curves for
erythrocyte mass, 7 — R(F) curve for plasma. 8, 9 — first
derivatives dR/dF(F) for erythrocyte mass and plasma
accordingly; b) 1 — 6 experimental curves R(F) for whole
blood (hematocrit ~0,4); bottom left — dR/AF(F) for the
same specimen (y-scale is three time multiplied).

Depicted in Fig. 5b are the results obtained for the
sample of heparinized blood with the hematocrite
value 0.4. Contrary to the previous data, the SPR
curves for the first 10 min do not diverge. One can
see only a small increase in the F,,;, value near
64 degree. As a whole, this curve is close to the curve
7 in Fig. 5a for pure plasma. Near 57 degree, one can
see a weak indication of a step and its kinetics as
some thickening the line in the plot. (We have
marked that changes in the signal value are observed
here in the last digit of registering analog-to-digital
converter). Shown on the left bottom is derivatives
dR/dF where it is seen that contrary to Fig. Sa the
peak is several times wider, and its maximum sharply
decreases with time. So, in the first scan, it is
approximately equal to 0.07 degree”, which is
practically three-fold higher than the noise level, and
already in the fourth scanning (after two minutes) its
amplitude drops to the level lower than the noise one.
(The scale of these curves is three-fold increased).

4.3. Discussion

Let us analyze the obtained SPR curves from the
viewpoint of availability of the intermediate layer.

4.3.1. Dense Suspension (Erythrocyte Mass)

Final results of fitting the parameters d, € and g,
for the SPR curves corresponding to the contact with
dense suspension (Fig. 5a) are summarized in
Table 2 (the first six lines). The numbers 1 to 6
correspond to numbers of measuring cycles (they
correspond to different times past after sample
introduction). The & value for this layer decreases
approximately from 1.87 down to 1.86 in the course
of measurements. At the same time, the g, value
remains  practically constant at the level
1.964 +0.002. This value has been obtained for
absolute majority of the samples in the series of
40 investigations. The thickness of an equivalent
layer d is about 200 nm in the initial moment and
decreases down to ~140 nm for 10 min. It should be
noted that the main part of this decrease in d values
takes place in the first minute (cycles 1 and 2). Using
the above g, value, one can calculate the volume
fraction of erythrocytes q. in erythrocyte mass, if he
knows the dielectric permittivities of haemoglobin &,
and plasma g,. The latter can be determined from the
experimental data shown in Fig. 5A (curve 9). The
angular position of A peak is 56.28+0.01 degree,
which corresponds to g,=1.793+0.004; the &, value
(see [16]) is 1.979. In this case, the equation (1) leads
to . values summarized in the last column of
Table 2. They lie within the limits 0.9...0.92, which is
indicative of rather dense packing the erythrocytes, if
taking into account that they possess the shape of
oblate torus with the diameter about 8 um and
thickness close to 2 um [20].
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Table 2. Optical parameters d, &, g, recovered from
experimental SPR curves by means of fitting with
calculated ones.

Cycle number

(time) d, nm € € Je

Dense suspension (erythrocyte mass)

1(0.5 min) 200 1.8725 1.9622 0.9097
2 (1 min) 156 1.8736  1.9656 0.9280
3 (2 min) 144 1.8717 1.9648 0.9237
4 (4 min) 141 1.8701 1.9650 0.9247
5 (6 min) 136 1.8679  1.9645 0.9220
6 (10 min) 132 1.8673  1.9645 0.9220

Loose suspension (whole blood, haematocrit 0.4)
1A (0,5 min) 1200 1.80 1.88
2A (1 min) 1100  1.80 1.88

3A(2min) 700  1.824 1.88
4A(4 min) 700  1.8155 1.82
SA (10 min) - - 1.8252

A simple calculation shows that in assumption
when erythrocytes possess the shape of plain cylinder
then the factor of filling the space will be
q=n/4=0.79 for dense quadratic package, and for
the case of hexagonal package ¢ =0.9. The ¢ value
found by us exceeds 0.9. Thus, it should be
concluded that during centrifuging erythrocytes are
deformed under action of hydrostatic pressure and
change their round shape to that of polyhedron,
which provides a higher level of package than that of
plain cylinders. This conclusion has been confirmed
by the data [21] where it is shown that after
centrifuging erythrocytes are strongly deformed.

Thus, measurements of a SPR curve in a wide
range of angles including that of a critical angle
allows rather reliable estimation of the dielectric
permittivity for a dense suspension of erythrocytes ¢,
and then the density of their package ¢.. This
parameter was not determined earlier and may be
important as the erythrocyte package is related with
their shape and membrane elasticity, which can carry
essential information.

As to the very intermediate layer in the samples
of dense package, shown in Fig. 6a is behavior of g(x)
for the first six scans after contact. Solid lines show
the results for the model with one effective layer that
used instead of plain intermediate layer. Dashed lines
show reconstruction of a linear change inherent to
€(x), if using calculations based on Fig. 4.

As it follows from Fig. 6a and Table 2, the
effective thickness d of the intermediate layer
decreases in the course of interface relaxation from
~200 down to ~140 nm; an especially sharp drop
takes place for the first minute. The & value is
decreased, too.
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As it was shown in the calculation chapter, in the
case of smooth g growth in the intermediate layer the
equivalent thickness of the effective layer d is equal
approximately to half of d, if the latter does not
exceed 600 nm (Fig. 4, on the bottom). In this case,
the g value just on metal surface is close to that of
solvent for the case of solid spheres. As the obtained
thickness d does not exceed 300 nm, the above rule
may be applied to reconstruction of the real
dependence ¢(x) for the case of dense suspension.
The result of this reconstruction is shown in Fig. 6
(on the top) for two situations — at the start of
relaxation and at its end (curves 1' and 2,
respectively). It is seen that for x =0 the g value is
equal to ~1.87 at the origin and ~1.85 at the end of
measurements, which obviously exceeds the & value
for plasma (1.79).
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Fig.6. Recovered &(x) dependencies. A — dense suspension
(erythrocyte mass), B- loose suspension (whole blood).
Solid lines are obtained for one layer model, dashed lines
reflected the reconstruction of linear &(x) increase based on
the result pervious modeling (Fig. 4).

This excess should be related with erythrocyte
deformation. As said above, under action of
hydrostatic forces in the centrifuge mechanic field the
curved surface of a cell converts to polyhedron. It
seems natural that plain parts of the cells, which arise
under centrifuging, will be first of all turned to the
gold surface. As a result, filling the volume in the
first layer of this multilayer stack above the surface
differs from zero (Fig. 2) and is determined by the
total surface of cells being in contact with gold.
Using the equation (2), one can find that at the origin
of relaxation (profile 1') the area of cell toughing to
gold is equal to 0.47 of the total area, while at the end
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of the process (profile 2') it is shortened down to
0.35. At the same time, the thickness of the layer d,,
decreases from 360 down to 280 nm.

4.3.2. Loose Suspension (whole Blood
with the Hematocrit 0.4)

The SPR curves for this case are depicted in
Fig. 5B. With regard to the erythrocyte mass, the
angle of SPR minimum is shifted to 64 degree
inherent to pure plasma, and practically does not
change with time. Another feature is the absence of A
peak in the dependence dR/dF near the value
61 degree. Instead of it, there arises a peak near
56.8 degree that can be ascribed to the peak B with
account of its width. The absence of A peak in the
dependence dR/dF does not allow determining the
value of dielectric permittivity for suspension bulk g,.
But this value can be calculated using the formula (2)
with account of hematocrit. One can obtain g, = 1.88,
and this value can be used when fitting the
experimental and calculated curves. The lines 1, 2
and 3 in Fig. 6B show the results of fitting for the
first three scans. If believing to that, then the
equivalent thickness of intermediate layer decreases
from 1200 down to 700 nm. However, if the g, value
is not set by calculation, then one can obtain the
result shown with the line 4. It means that SPR is not
able “to look™ further than 600 nm.

Our detailed investigation of the R(F) near the
critical angle allows to shed light on the structure of
intermediate layer at the gold surface. Availability of
the wide peak in the dR/dF curve within the range
56.5...56.6 degree enabled us to juxtapose its
amplitude with the thickness of intermediate layer d,,
that was predicted by calculations performed using
Fig. 3d. The result of this juxtaposition is shown in
Fig. 6b with four-ray asterisks in positions 5' to 7'
where fixed is the thickness of intermediate layer and
value of dielectric permittivity directly at the metal
surface. If one takes the value g, =1.88, then the
profile g(x) can be described by the lines 5', 6' and 7',
which essentially differs from the result obtained
using the SPR curves (plots 1 to 4). In the first
moment of blood contact with the gold surface, the
dy, value reaches 3 um and decreases down to 2 pm
in the course of relaxation. This process definitely
resembles the effect of erythrocyte deposition that is
observed in analytical practice in the top part of a
capillary. It gives a hope that this process can find the
same wide application as the common method for
determination of the velocity of erythrocyte
concretion, but with the essential difference in time —
several minutes instead of hour exposure.

As a conclusive note, we should say that in the
case of large (more than several micrometers)
colloidal particles, the SPR effect is unable to analyze
intermediate layers, and the range of the critical angle
becomes predominant. In these conditions, it seems
reasonable to reduce the thickness of gold layer with
the aim to make the range of critical angle more

pronounced. Indeed, from the viewpoint of
sensitivity, the optimum gold thickness is 45 to
55 nm, and the reflectivity reaches 80 % within the
range of critical angles. Reduction of the gold
thickness will allow increasing signals within the TIR
range and, at the same time, clearly observing the
very SPR effect.

5. Conclusion

Offered in this work is the approach to describe
the SPR effect in colloidal systems scattering light. It
is based on quantitative calculation of the dielectric
permittivity € both in bulk and near the boundary
metal/suspension with account of the Bruggeman
theory for effective medium. Introduced is the
conception of an intermediate layer with a gradual
increase in the g value from the surface up to the
bulk one within the limits of the layer thickness d,,. It
has been shown that in the case d, < 600 nm one can
quantitatively determine both g values for suspension
bulk and the parameters of the intermediate layer. In
the case when d,,> 1000 nm, it is possible to estimate
the thickness of intermediate layer and the g value
near the surface. To determine the bulk value ¢ from
the SPR curve is impossible in this case. The
approach has been illustrated by the results of
controlling the dense suspension (weighted
erythrocytes) and loose suspension (whole blood). In
the former case, we have shown that d,< 600 nm,
and it allows determining the bulk € as well as the
degree of filling the suspension bulk with cells. We
have made the assumption that the cell shape near the
gold surface influences on the contact area with
metal, which determines relaxation of intermediate
layer parameters. In the latter case, we have been
enabled to estimate the thickness of the intermediate
layer gold-whole blood. It has been shown that d,,, is
approximately 2000...3000 nm, and suspension bulk
is unavailable to be controlled with SPR. But this
control can be possible in the case of lower gold film
thicknesses or when it is absent at all when light
interference inside a plain g gradient near the surface
of glass substrate becomes a predominant optical
effect.
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