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1. INTORODUCTION

There are many research methods based on interaction of electromagnetic
radiation with matter used in laboratory practice. In this work optical methods
that use electromagnetic radiation with wavelength in range from 280 to 1400
nm are considered (hereinafter such radiation will be simply referred as “light”™).
This range of wavelength includes ultraviolet A and B (280—400 nm), visible
light (400-780 nm) and near infrared radiation (780-1400 nm). According to
type of interaction between light and matter, all research methods can be di-
vided into the fallowing main groups: based on elastic light scattering; light
absorption; inelastic light scattering and chemiluminescence. Methods based on
elastic lights scattering include turbidimetry, nephelometry, dynamic light
scattering and polarimetry. Methods based on light absorption include calori-
metry and spectrophotometry. Methods based on inelastic light scattering in-
clude fluorescence and Raman spectroscopy.

Historically the first and most common optical device, that allows to detect
the interaction between light and matter, was the human eye. It can estimate
scattering and spectral absorption of light by liquid samples with quite good
sensitivity. Supplemented with optical microscope, human eye allows to study
micro world on cell level using scattered light (unstained preparations of vital
cells), using light absorption (preparations stained with non-fluorescent dyes,
for example standard analysis of blood smear) and using inelastic light
scattering (preparations, stained with fluorescent dyes).

Elastic light scattering has been already used in laboratory practice for mea-
surement of turbidity of liquid samples in analytical chemistry in 19" century.
The first described turbidimeter (1874, from lat. turbidus — turbid) was based on
visual comparison of the image of brightly illuminated scale through flat-bot-
tomed test tubes, containing turbid samples to be compared [1]. The first
described nephelometer (1894, from greek nephele — cloud) was based on visual
comparison of the brightness of side scattered light from equally illuminated
test tubes, containing turbid samples to be compared [1]. However, standard
turbidity samples were not developed to provide the possibility to make re-
producible measurements in different laboratories. First steps to standardize
turbidity measurement were made in the end of 19" century and resulted in
development of so called “Jackson candle turbidimeter” (1900). In this turbidi-
meter the turbidity of sample was estimated by the blurring of candle flame,
visually observed through the column of liquid under investigation [2]. The
turbidity of sample was compared with standardized turbidity samples, made of
natural materials (silica scale of turbidity). The choice of the materials varied
(Fuller’s earth, kaolin or stream-bed sediment), so the steady compositions of
such standards could be hardly achieved.

From the beginning of 20™ century, determination of turbidity of liquid
samples was used in microbiology. In 1907 McFarland suggested to use visual
nephelometer to estimate bacterial concentration in suspensions, and designed



his own turbidity scale for standardization. This scale was named after him and
is widely used in microbiology laboratories to present day [3]. A set of
McFarland turbidity standards is prepared of barium chloride and sulfuric acid,
taken in different proportions. The standards are stable and can be easily pre-
pared in every laboratory.

In 1926 formazine was developed. It became the most widespread turbidity
standard due to its stability, simplicity of preparation and nontoxicity [4]. For-
mazine is a suspension of polymer prepared by mixing solutions of 5 g/l hydra-
zine sulfate with 50 g/l hexamethylenetetramine in ultrapure water. The re-
sulting solution is left for 24 hours at 25 °C £3 °C for the suspension of 4000
NTU (nephelometric turbidity units) to develop. Formazine particles are poly-
disperse with size from 100 nm to more than 10 pm [5].
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2. ELASTIC LIGHT SCATTERING IN
LABORATORY PRACTICE

2.1. Turbidimetry and nephelometry

Optical methods, based on elastic light scattering, are widely used in modern la-
boratory practice. In microbiology laboratories portable turbidimeters are com-
mon, they allow to estimate the turbidity of bacterial suspension by McFarland
scale. Modern turbidimeter consists of the following essential elements: light
source, optical path where light propagates, cuvette with sample under investi-
gation, photodetector, amplifier, ADC (analog-to-digital converter) and computer

(Fig. 1).

Light source /y | Sample under Lyur Detector
(lamp or laser) lnvestlgatFn | (turbidimetry)
/0
Stray light -~
(parasitic s,
scattering) neph

Detector
(nephelometry)

Computer |[€— - Amplifier

Figure 1: The block diagram of turbidimetry and nephelometry, I, — the intensity of
reference light beam, I;,,;, — the intensity of transmitted light, Iﬁeph — the intensity of
light, scattered at angle 8, ADC — analog-to-digital converter.

Light beam passes through the cuvette containing liquid with particles under
investigation. Because of scattering and absorption, the intensity if light beam
decreases and this decrease is used to estimate the turbidity of sample under
investigation.

Besides turbidity assessment, turbidimeters are used to record the kinetics of
processes accompanied by turbidity changes, for example agglutination re-
actions and bacterial growth. Laboratory turbidimeters are simple, convenient and
sensitive in the range of high turbidities. Their main disadvantage is strongly
limited sensitivity in the range of low turbidities, because the measured value is
the change in intensity of transmitted light Al;,,,, Which is to be measured
against a background the intensity of transmitted light I, = Ip — Alyyrp,
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where [ — the intensity of the reference light beam. In the case of low turbidity

. Al
Iy » Al and Iy = I, and the ratio —2 becomes a very small value and
turb

can’t be measured against a background of noise. Dynamic range of typical
portable turbidimeter for microbiology laboratory is 0.1 — 10 McFarland
turbidity units that corresponds to 3107 — 3-10° CFU/ml [6]. The best
turbidimeters can reach sensitivity of 10° CFU/ml [7], but in the case of more
complicated devices, high quality reusable cuvettes and specialized measure-
ment techniques have to be used [8]. From now on, we will use turbidity units
expressed in concentration of bacteria (CFU/ml — colony-forming unit per ml)
such as E. coli or Staphylococcus. Bacterial suspension is a convenient model
of the liquid with scattering particles (spheres about 1 pm in diameter) since
common bacteria are of the same size [9] and scatter light as spheres in average
(no matter they are spherical or elongated [10]).

To measure low turbidities nephelometry is used. Unlike turbidimetry, the
intensity I,(feph of light scattered at some angle is measured in nephelometry,
where 6 — scattering angle between the direction of reference light beam and
direction of scattering (Fig. 1). When intensity of scattered light is measured,
transmitted light is usually cut off and in ideal situation do not influence on the
measured value, so theoretically nephelometry can detect very low concentra-
tions of particles in liquid. In practice, all optical path elements of the device do
also scatter light, and first of all the optical cuvette scatters light. This undesir-
able parasitic stray light illuminates the detectors and fundamentally cannot be
separated from the useful light scattered by the particles under investigation.
For this reason even in ideal conditions, when scattered light is detected in
flowing pipe without a cuvette, maximal achievable sensitivity of conventional
one-angle nephelometry is 2.5-10* CFU/ml [11].

Light scattered at different angles can be detected in nephelometry. It is
common to use 3 ranges of scattering angles: forward scattering (< 30°), side
scattering (= 90°) and backscattering (£ 150°). At that, the dependence of the
signal on the turbidity of sample is different at different angles (Fig. 2). The
first reason is that in nephelometry (in contrast to turbidimetry) multiple
scattering influences on the signal. At low turbidities, light scattered by every
particle in liquid reaches the detector without second scattering on other
particles with probability close to 100%. At high turbidities, light reaching the
detector, scatters consecutively by several particles. For that reason when
detecting forward and side scattering, the dependence of the signal on the
turbidity is nonmonotonic. In case of backscattering on samples with high
turbidity, reference light beam fully scatters on near-wall layer of liquid and do
not penetrate into the liquid enough deeply to experience multiple scattering.
That is why the dependence of the signal on the turbidity is monotonic. In
turbidimetry the decrease of intensity of the reference light beam is measured
and multiple scattering is almost of no importance, so the dependence of the
signal on the turbidity is also monotonic.

12
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—o— Forward Scatter Detector
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Figure 2: Typical dependences of the signal on the turbidity of sample for turbidimetric
and nephelometric detectors, measuring the intensity of forward, side and back scattered
light [8].

The sensitivity of nephelometry at different angles in the range of low turbi-
dities is also different. Detecting forward scattering is of the highest sensitivity
to low turbidities, but the dynamic range is maximally limited in the range of
high turbidities. Side scattering is slightly less sensitive to low turbidities, but
the dynamic range is extended to higher turbidities. Backscattering is of mini-
mum sensitivity to low turbidities, but very useful for measuring very high
turbidities up to fully nontransparent samples. In that way nephelometry allows
to measure turbidity in broad range of values and the choice of scattering angle
is determined by the desired dynamic range.

The second reason for the differences of measuring light scattered at diffe-
rent angles is that particles can scatter light anisotropically. When electro-
magnetic wave interacts with small particles of radius a (a < A, for example
protein molecules and typical viruses), scattered light is distributed almost iso-
tropically at all scattering angles. When particles are comparable or larger than
the wavelength (a = A, for example bacteria and blood cells), light is scattered
mainly in forward direction (Fig. 3).
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a=0.2pm a=0.4pm a=0.8 pm

=
NS

=f

-3 -2

a=0.1pm a=1.6 pm

Figure 3: Calculated polar diagrams of scattering (indicatrixes) on latex spheres in
water with radii @ from 0.1 to 1.6 pm. Every indicatrix is representing decimal loga-
rithm of intensity of scattered light depending on the direction of scattering, scattering
particle is located in origin of coordinates, A=650 nm.

For that reason, to detect large particles (e.g. bacteria) with maximal sensitivity
one has to measure light scattered in forward direction. In case of the processes
occurring with changing morphology of the particles, simultaneous detection of
light scattered at different angles allow to achieve information about the chan-
ges in size and shape of the particles [12].

In most of nephelometers side scattering is used for turbidity measurements.
Although theoretically forward scattering is more sensitive to low turbidities,
parasitic scattering and illumination from transmitted light beam are also con-
centrated at small angles and are minimal at 90°. When detecting large particles
(bacteria) with highest sensitivity forward scattering is used, but chosen
scattering angle is rather high (typically 30°) to achieve optimal balance
between the sensitivity and negative influence of stray light [13].
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2.2. Dynamic light scattering

In turbidimetry and nephelometry the output signal after the amplifier contains
two components — constant and variable. Constant component is a function of
the intensity of scattered light and considered as useful signal. Variable compo-
nent is usually considered as noise and is ignored by signal averaging over the
time of order of seconds. However, variable component can be also informative
under special conditions. This approach is used in dynamic light scattering
(DLS) method also called photon-correlation spectroscopy. In DLS, the changes
of the intensity of scattered light in time are analyzed, but not the mean
intensity. For the functioning of DLS, the use of coherent monochromatic light
source (laser) is fundamentally significant. The cuvette with particles under in-
vestigation in liquid is illuminated with light beam; the scattered light is
thoroughly collimated and detected with sensitive photon-counting receiver
(photomultiplier or avalanche diode). Since reference light beam is mono-
chromatic and coherent, electromagnetic waves scattered by particles under in-
vestigation interfere forming accidental interference pattern called speckle (Fig.
4).

Figure 4: Typical accidental interference speckle pattern.
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Since scattering particles move, speckle pattern changes in time, fluctuate, and
the mean intensity on the detector changes in time too. In DLS, the cuvette with
particles under investigation in liquid is thoroughly thermostated. As a result,
only Brownian motion defines the movement of particles. Free path of the
particle in Brownian motion depends on its size monotonously; therefore, the
frequency of speckle fluctuations on the detector is connected with particles size
unambiguously. Analysis of fluctuations frequency of intensity on the detector
allows to determine size distribution of the particles in the cuvette. Typical DLS
analyzers has dynamic range from 1 nm to 6 pm. Despite being highly infor-
mative, DLS has not being widely used in clinical laboratory practice because
of high complexity and low throughput of corresponding analyzers.

2.3. Coherent fluctuation nephelometry

In coherent fluctuation nephelometry (CFN) the dynamic approach is also used
and the fluctuations of the intensity on the detector are analyzed, at the same
time CFN is oriented for turbidity measurements and is related to conventional
nephelometry in that respect. In CFN laser is fundamentally used as a source of
reference light beam to form speckle pattern on the detectors. Two detectors are
installed symmetrically relatively to reference light beam. This setup allows to
subtract mean nephelometry signals easily and effectively using differential
amplifier (DA), detecting only variable component of nephelometric signal
related to speckle fluctuations (Fig. 5).

1 st
detector
Laser
2nd
detector
h
<« . DA
Computer ADC

Figure 5: The block diagram of coherent fluctuation nephelometry, I, — the intensity of
reference light beam, Iﬁeph — the intensity of light, scattered at angle 6, ADC — analog-
to-digital converter, DA — differential amplifier.
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Speckle pattern on the detectors is formed both by the light scattered by
particles under investigation and by stray light from different parts of optical
path of the device, first of all from the cuvette. Parasitic stray light is formed by
immovable parts of the device, so parasitic speckle pattern is static and does not
change in time. Static parasitic and useful fluctuating speckle patterns add
together. When subtracting signals from two detectors by DA, static speckle is
subtracted and resulting signal depends almost only on fluctuating part of
speckle pattern formed by particles under investigation. Therefore, static stray
light almost do not influence the measured signal allowing to reach high sen-
sitivity to low concentration of particles under investigation.

Particles in liquid undergo Brownian motion. Typical frequency of speckle
fluctuations for Brownian motion depends on particles size and scattering angle
and is fractions of Hz for forward scattering by bacteria [14]. To shift the fre-
quencies to higher range that is more convenient for detecting, flows in the
liquid are made. Any stirrer can be used for that purpose, for example, magnetic
stirrer, but the most technologically convenient stirring is convection. To pro-
duce a convection, the heater is used firmly contacting the cuvette from the
bottom, at the same time the upper put of the cuvette is not termostated. There-
fore, the temperature gradient is created in the liquid resulting in the convective
flow. Such convection is enough to shift the frequencies of fluctuations of
speckle pattern, formed by forward scattering to hundreds of Hz in standard
semimicro cuvette with 1 ml of liquid [15].

2.4. Elastic light scattering in clinical laboratory practice

Optical methods based turbidity measurement are widely used in laboratory
practice, for example for drinking water and other liquids quality assessment
[5]. In clinical laboratory practice, such methods are used to study the processes
in colloids and suspensions that occurs with turbidity changes. Two most wide-
spread processes are immunoagglutination reactions and growth of microorga-
nisms.

Immunoagglutination is caused by specific antigen-antibody reactions. Ag-
glutination results in large aggregates, which scatter light much too differently
in comparison with the components entering the reaction (Fig. 6). In most cases,
antibodies or antigens are immobilized on polymeric latex particles to increase
the sensitivity of the method [16].

17



Figure 6: A block diagram of latex immunoagglutination [16]. Antibody-antigen
reaction results in massive aggregation of particles.

When detecting growth of microorganisms, bacteria or fungi are incubated in
nutrient broth; they divide and the increase of their number results in the in-
crease in light scattering.

Light scattering by particles of different size is not the same: scattering cross
section o(a) and scattering indicatrix dramatically depend on particle size.
Small particles are much less than the wavelength: a S 4/2mnye (n —
refraction index, for latex particles npq,; = 1.59, for cells n,q4,. = 1.5), that
roughly corresponds to a < 0.14. In this case, Rayleigh scattering occurs and
scattering cross section ¢ and respective scattering efficiency Q = o/ma?
strongly depend on particle size:

o~ma®, 2.1
Q~a*. (2.2)
For large particles, when a 2 104/2mny,, (roughly a = A), respective

scattering efficiency becomes independent from particle size and asymptotically
reaches doubled geometric one, Q = 2 (Fig. 7).

18
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Figure 7: Dependence curve of respective scattering efficiency Q = o/ma? on size
parameter mx = (2mny,ca)/A for Rayleigh scattering (dotted line) and Mie scattering
(solid line) [17]. In range of small size when mx < 1 Rayleigh scattering occurs and
strong dependence is observed Q~a*. For large particles when mx = 10 respective
scattering efficiency becomes independent from particle size and asymptotically reaches
doubled geometric one Q = 2.

For recording immunoagglutination reactions, Rayleigh’s strong dependence of
scattering cross section on particles size is used. For example, typical size of
protein molecules and antibodies are roughly about 5 nm. When compact aggre-
gate of 8 molecules is formed, its size doubles to approximately 10 nm.
According (2.1), such aggregate will scatter 26 = 64 times more light than
single molecule.

For immunoagglutination reactions, latex particles are chosen of small size
(with diameter of about 100 nm for wavelength 650 nm, i.e. a = 0.11) to use
strong dependence of scattering cross section on the size of forming aggregates.
When aggregates are forming, their number decrease in comparison with
number of particles initially entering the reaction. When N, particles with size
a, agglutinate into N, aggregates of size a,, their number decrease proportio-
nally to the ration of their volumes:

Ny _ Vo _ (@)3, (2.3)

Ny 1£1 a;

Considering (2.1) the ratio of scattering cross sections oy of all particles:
sz _ N2oz _ (ﬂ)3 (%)6 _ (%)3
oy1  Ni0q a, a; a,)
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Consequently, for small particles (Rayleigh’s scattering), cross section of aggre-
gating particles is proportional to third power of the size of aggregates:

o5 ~ a3. (2.4)

In case of detecting growth of microorganisms, when their turbidity increases
due to cell division, effect is also achieved because of increase of particles size.
Indeed, every new cells is built of peptide and protein molecules from the
nutrient broth. Their size is very small (about 1 nm), and size of typical bacteria
is about 1 um, the difference in respective scattering efficiency is dramatically
huge, so one can neglect the scattering on the components of nutrients broth and
consider that light is scattered only by microorganisms.

In laboratory practice mainly turbidimetry and nephelometry based analyzers
are used to record immunoagglutination reactions [16]. In case of turbidimetry,
light beam passes through the cuvette where aggregation of particles occurs, the
intensity of light decreases due to scattering and absorption of light by the
particles in the liquid. The wavelength of reference light beam is chosen so that
no components of biological liquid under investigation absorb light, so turbidity
changes are caused mainly by changes in light scattering. Polymeric particles
used in immunoagglutination reactions also do not absorb visible light.

In case of low-angle nephelometry, the increase of turbidity due to aggre-
gation of particles is accumulated with the effect of anisotropy of light scat-
tering by large particles. Larger the aggregates, more light is scattered in for-
ward direction (Fig. 3).

In clinical microbiology optical methods are used to record growth curves of
microorganisms [18], although in general automation of microbiology laborato-
ries is still rather low and the manual techniques are still most common [19].
Turbidimetry allows to determine number of microorganisms at high concentra-
tions, that’s why turbidimeters are widely used to prepare suspensions with high
concentrations of cells according to McFarland turbidity scale. Turbidimetry
also allows to record growth curves of microorganisms in the presence of anti-
biotics (antibiotic susceptibility testing — AST). However, due to poor detection
limit of bacteria, turbidimetry is not suitable for testing of biological liquids
with low concentration of microorganisms.

For several sterile biology liquids such as blood and cerebrospinal liquid,
presence of microorganisms in any concentration is pathologic, so the higher is
the sensitivity of optical method, the less time is needed to detect microbial
growth. Urine has the special place in clinical microbiology practice, since
urinary tract infections are among the most actual infectious diseases and urine
testing for bacteriuria is one of the most frequent analyses in microbiology
laboratories [20]. Potential uropathogens in concentration 10° — 10° CFU/ml in
urine sample is considered significant depending on sex, age and clinical picture
of the patient [21], so high sensitive optical methods are required to detect
microbes at such low concentrations.
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Conventional microbiological techniques (culturing on solid nutrient media)
needs 24-48 hours for urine screening and 24 hours for AST, that is too long. To
increase the effectiveness of treatment the result should be obtained much
faster. For that reason, development of new fast techniques is of great impor-
tance.

Analyzers based on registration of changes in the intensity of scattered light
over time resulted from microorganisms division, are used since 1980s for
direct detection of viable microorganisms in urine samples [22]. Analyzers
HB&L (Alifax S.r.l., Italy) and BacterioScan 216Dx (BacterioScan Inc., USA)
allow not only to test urine samples rapidly, but also to determine antibiotic
susceptibility of bacterial cultures [18, 23, 24]. For bacteriuria screening, urine
samples are mixed with nutrient broth and growth delay time is analyzed within
3-4 hours. When bacteriuria is clinically significant, microflora in urine starts to
grow quickly. When only contaminating microorganisms are present in urine,
they need several hours for adaptation so growth is delayed [24].

To achieve high sensitivity in nephelometry, one must use cuvettes of high
optical quality and construct analyzers with complicate optical scheme to
reduce stray light. It complicates laboratory nephelometers, however they still
lack sensitivity to estimate concentration of bacteria in urine in addition to
growth curves recording. Information about the turbidity of urine samples
would allow to evaluate concentration of microorganisms present, increasing
diagnostic reliability of determining positive and negative urine samples.

Besides nephelometry, analyzers based on flow cytometry are used for urine
screening in laboratory practice, for example UF-1000i (Sysmex Corporation).
It combines cytofluorimetry and conductometry and can analyze concentration
of microorganism in urine sample and composition of urine sediment. When
bacteriuria is significant, the concentration of microorganisms in urine is higher
in average, than in case of contamination. UF-10001i is used as an instrument for
preliminary selection of urine samples for further culturing [25]. Despite the
high sensitivity to the number of bacteria in urine, flow cytometry does not give
information about their viability (does not analyze growth) that negatively
influences its diagnostic effectiveness.
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3. EXPERIMENTAL

3.1. CFN-analyzer early prototypes

To investigate the basics of CFN method operating, two-channel CFN prototype
of CFN-analyzer “CFN-2” was used (Medtechnopark Ltd., Russia). Standard
photometric polystyrene semimicro type cuvettes with 1.6 ml volume (optical
path 10 mm) were used with polyethylene stoppers (Vacutest Kima S.r.1., Italy).
The first prototype of multichannel analyzer “CFN-48” (Medtechnopark Ltd.,
Russia) was used. It has mechanical positioning system for cuvettes. It allows to
record the signal from the cuvettes consecutively using 6 CFN optical channels,
one for standard 8-well strip of 96-well plate, each well with 200 pl of liquid.
Each strip is moved back-forward perpendicular to the laser beam.

3.2. Calibration of CFN prototype

To calibrate “CFN-2” prototype, latex polystyrene monodisperse spheres of
radii 40, 60, 125, 200, 300, 390, 500 u 950 nm with initial mass concentration
of 10% were used (“Diafarm” LLC, Russia). Formazine turbidity standard 4000
FTU (Sigma-Aldrich Co. LLC, USA) was also used. Dilution and other
manipulations with standards were performed using distilled water and standard
laboratory pipettes, disposable tips and test tubes of different volume.

3.3. Theoretical analysis of CFN method functioning

To model the convection in the cuvette, ANSYS Fluent software 15.0 was used.
Navier—Stokes equations were used to describe the processes occurring in the
cuvette:

E+—[p ] = 0
o (pul) + [pu uj +pbi; — Tl-j] =0,i=1,2,3,

E(P eg) ti [Pujeo tup+aq;— uiTiJ'] =0,

where p — liquid density, u; — velocity components, p — liquid pressure, 7;; —
components of viscous stress tensor, e, = e + v? /2 — mass density of full
energy, e — internal energy, q; — components of heat flow vector. Viscous stress
tensor takes the form:
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where u — viscosity of liquid.
Heat flow q; is described by Furrier’s law:

q; = —/13%,
where A — specific thermal conduction of liquid.

Liquid density was considered to depend on temperature, table values were
taken from [26], to calculate intermediate values linear interpolation was used.
To describe process of heat transfer through the cuvette wall Newton-Richman
law was used:

qn = a(Tout - Tin)a

where g,, — normal component of heat flow, @ — the coefficient of heat transfer,
Toyue — external temperature, T;, — temperature of the liquid near the wall.

There are many methods to solve set of equations referred above. Main
classes of methods are finite-difference methods, finite elements methods and
finite volumes methods. The latter naturally provides conservatism and are
relatively simple to realize, so they were chosen to solve the problem.

The first step of this method is the partition of the volume under investi-
gation for the cells. On the second step, the differential equations are integrated
within the volume of the cell. The third step is the approximation of the flows
on the borders of cells.

Consider a set of equation of the form:

U
S+V-F(U) =0,

in our case:
U= [p pur puz puz peg],
FT =
[ Uy puUz pus 1
| pUUy + P —Tyy PUsU; — T2 pPUsUz — T34 |
| puUzuy — Tqp puUUy +p — Ty PpuzuUz — 732 [
[ puzUqy — Tq3 puzu; — T3 puzuz +p — 733 J
(peo +Puy + g1 +uitin  (peg +Pluy + g2 +uiTi;  (peg + Plus + g3 + u;Ty3

Integrating the differential equations, we have:

%fVde+§ﬁVFinids =0,
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where F; is the vector F; = [F;; Fj; Fiz Fiy  Fis).
Let U, label the average value of vector U in the cell with index r:

U, = f U(x) dx.

[Vr| 7V,

Suppose N (r) — the majority of numbers of all cells, that have joint border with
cell r, then

du
Vel =

+ Z Fin;ds = 0.
SEN(r) Vrnvs

Approximation for boundary integrals (flows) are represented in the form

P .
fVTm/5 Fin;dS = Ass z . AN
m=
where A4s,.; — the area of the border between cells r and s, w,, — quadrature
weights, Fi' — approximations of normal flows F;n; in quadrature points m.
. . . K
At temperature 37°C the density of water is p = 993.33 m—gB

The viscosity of water is u = 0,0007 Pa - s.
The coefficient of heat transfer of all walls of the cuvette excluding the

upper one is @ = "

The coefficient of heat transfer of the upper wall is ¢ =

m2.K’

3.4. Modeling of the processes underlying CFN

Modeling of light scattering by particles in the cuvette, formation of speckle
pattern on the detectors and CFN signal was made using Monte Carlo method in
Maple 13 software. Indicatrixes and scattering cross sections of particles were
calculated using Mie scattering theory for spheres of arbitrary size [27, p. 137—
153]. In this theory, a rigorous solution of Maxwell’s equations for incident
plane wave with linear polarization and corresponding boundary conditions on
the surface of the sphere is obtained. Electric field on the distance r from the
sphere is represented by two components — parallel to the polarization of
incident wave (E)) and perpendicular (E ):

E" ‘r e—tkrtintg (9)

E, = _k_ie—ikr+iwt51(9)’
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where amplitude functions S; u S, are in the form of infinite series:

w 21+l

S, = 2n=1n£+1) (a,mn(cosh) + b,T,(cosh)), 4.1)
o 2n+1

Sy =Y n(zﬂ) (b1, (cos0) + anT,(cos)), (4.2)

where
m,(cos@) = ﬁ Pl(cosH),

1,(cosB) = %Pnl (cosH) ,
— Y ()P () —mPn () (x)
" PG @-mPr () n(x)

_ MY 0NPn ()~ Pn () Pn(x)
T mph () ()= () n(x)

where Pl(cos@) — associated Legendre polynomials, m — complex refractive
. . . 2ma . .
index of medium, size parameter x = ka = = — ratio of circumference of

sphere to wavelength, y = mx = mka, ¥, (x) and {,(x) — Ricatti-Bessel
functions. Calculated indicatrixes were compared with ones, obtained using
ScatLab software.

3.5. Agglutination of functionalized particles

To study agglutination of functionalized particles, reagent kits “C-reactive pro-
tein Novo” (Vector-Best LLC, Russia) and “MAP-Endotox spp.” (Rohat In-
dustrial Scientific Company LLC, Russia) were used. Size of particles and their
aggregates was determine by nanoparticles size analyzer based on DLS “APH-
2” (VNIIOFI, Russia). To study the influence of stirring with magnetic stirrer
on aggregation reaction rate, aggregation analyzer “220LA” (Biola Ltd., Russia)
was used.

3.6. Microbiology

To study growth of microorganisms using CFN-analyzers, sugar meat-peptone
and Mueller-Hinton broths were used (OOO “HUII®”, Russia). Antibiotics for
susceptibility testing were obtained from the Department of new technologies,
Pasteur Institute of Epidemiology and Microbiology (Russia).
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4. GOALS OF THE STUDY

The main goal of the thesis was to investigate and optimize CFN method with
aim to develop devices, oriented for wide use in laboratory practice. To achieve
this, the following specific objectives were pursued:

1.
2.
3.
4

5.

To describe and model physical processes underlying CFN method.

To determine fields of application of CFN method.

To apply CFN method to registration of immunoagglutination reactions.

To optimize the parameters for developing prototypes of CFN-analyzer for
chosen field of application — clinical microbiology.

To study the effectiveness of developed microbiological CFN-analyzers
and to compare with other methods used in the field.
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5. RESULTS AND DISCUSSION

5.1. Calibration of CFN prototype

In prototype “CFN-2” the scattering light was detected at angle 6°-9°, the dis-
tance between the cuvette and the detectors was 40 mm. Reference beam was
produced by semiconductor laser with 1 mW power and geometrical size of
light beam cross-section 1x2 mm®.

To investigate the features of signal dependence on concentrations of par-
ticles of different size, calibration curves were obtained for latex polystyrene
monodisperse spheres of radii 40, 60, 125, 200, 300, 390, 500 u 950 nm using

prototype “CFN-2” (Fig. 8).

—0—a=40nm —@—a=60nm a=125n€m —@—a=200nm
—®—a =300 nm a=390nm ——a=500nm —@—a=950nm

500

=
<
=
e
20
“ 50
Z
b
O

5

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2

Mass concentration of latex particles

Figure 8: Calibration curves representing CFN signal dependence on mass con-
centration of latex particles of different diameter in logarithmic coordinates.

Formazine turbidity standard 4000 FTU was also used (Fig. 9).
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Figure 9: Calibration curves representing CFN signal dependence on turbidity of
formazine standard.

All calibration curves reach their maximum at high turbidities due to multiple
light scattering.

5.2. Theoretical analysis of CFN functioning

5.2.1. Analysis of measurands in nephelometry and CFN

In CFN, nephelometric signals (light intensities) averaged by the area of the

detectors are subtracted. Denote by I; (§, t) the intensity in the point S of
detector j (f = 1, 2) at time moment ¢. Nephelometric signal on both detectors is

value averaged by the area Ij"eph (t) =<1 (§ ,t) >¢ at given time moment. CFN
signal is the difference between nephelometric signals AI(t) = If eph (t) —
I;l erh (t) at given time moment. In nephelometry the measurand is the averaged
signal over the time of order of seconds Signepn =<Ii () >=<

I;l eph(t) >, (since both detectors are symmetrically located, nephelometric
measurands are the same in average). In CFN, the measurand is root-mean-
square of the difference between nephelometric signals over the time of the
order of seconds:

Sigcrn = \/f (Ilwph(t) - I;eph(t))z dt.
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Consider the averaged by the area of the detector intensity of scattered light
neph
fj
variables I;(t) and I,(t) are independent and equally distributed since both
detectors are symmetrically located, nephelometric signal is the mathematical
expectation of random variable /;(t), and CFN signal is proportional to root-

mean-square deviation of [;(t):

t) as a variable [;(t) random in time. Taking into account that random
J g

Signepn = MI1(t)) = M(Iz(t)),

Sigeen = o(L(O-L®) = [D(LO-L®) ~ 0o (5®) = b (45®)

Since signal processing is made with finite digitizing rate and one measurement
includes processing of signal at NV time points, the relations can be expressed as:

. 1 1
Slgneph = NZIIX=111(tk) = NEIIX=1 I (tx),

Sigcrn = \/%legzl(ll(tk) -1 (tk))za (5.0)

where N — quantity of time points in one measurement, k — time point number.

5.2.1.1. Nephelometric signal dependence on
particles number and stray light

Let us determine the dependence of nephelometric and CFN signals on the
number of particles in the cuvette NV and the stray light from the optical path of
the device. For that purpose, consider how speckle pattern forms on the
detectors. For simplicity, we would consider interference of scattered light of
one polarization on the point detectors.

Assume that N particles are in non-scattering liquid in the cuvette and they
are illuminated by reference monochromatic coherent light beam. Every particle
scatters light as the point source of electromagnetic radiation, so according to
superposition principle N scattered waves interfere on the detector:

I =< E? >;=< (¥ E-ei(w”?ﬁmﬂ)z >e= (W E-ei(k_fﬁ”ﬁ)z
- t— Jj=1%J t— Jj=1%J >
where [ — intensity of scattered light on the point detector, £ — electric field
strength on the detector, E])F]) — phase shift for particle j, a; — initial phase of
light for particle j, w — frequency of electromagnetic radiation.

Consider the case, when all particles are equal, then E; = E;,j = 1..N, and
the relation takes the form:
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L 2
1= B3 (Z)y e ®ren)

For the scattered light of one polarization, we have:
—)_) 2
I =E}(ZN, coskyT + a)) .
After squaring the sum, the equation is:
1= (X}, cos?p;+ X1 ks 2c0s0; - cospy). (5.1)
When particles in the cuvette move fast and chaotically, phase ¢; = E])F]’ +q;
can be treated as a random variable, and the intensity of light on the detector,
resulted from scattering by one of the equal particles, is defined by relation:
Iy = EZM(cos?o;),Vj. (5.2)

Let us find the mathematical expectation M (1), corresponding to total nephelo-
metric signal on the detector, averaged in time:

M(I) = E? [M(Z?’=1 cos?@;) + M(EN_ 4 2cosg; - cosgy)]-

Since random variables ¢; are independent and equally distributed, than the
relation takes the form:

M(I) = EZ[N - M(cos?¢;) + N(N + 1) - M(cosg; - cosgy)],
or considering (5.2):
M(I) = NIy + EZN(N + 1) - M(cosg;) - M(cosgy).
Random variable cos; is centralized, so:

M(cosqoj) =0, (5.3)
gnd the mathematical expectation of intensity of scattered light on the detector
- M(I) = NI, (5.4)
Consequently, the average light intensity on the detector from N equal particles
is N times greater than from one particle. This result agrees with observed in

practice — nephelometric signal is proportional to the number of scattering
particles (in absence of parasitic stray light):
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Signepn~N. (5.5)

In the case when light scattered by particles is summarized with static stray light
from optical path of the device with intensity Isrqy, = Sztmy, the equation for
the intensity on the point detector takes form:

—_, 2
I = ()1 (Estray + Ejcos(ky7 + a))))

After squaring the sum, we obtain:

S, cos?g, +
I = Esztray + Eg N

+2E N E.cosp;. (5.6
N s ZCOS(pj . cosQy, stray 21_1 Ji Qj (5.6)

Considering (5.2), the mathematical expectation of intensity of scattered light
on the detector is:

M(I) = Istray + Nlo + 2Egerqy - M(ZY_, Ejcosg;),

The last term vanishes according to (5.3), so we obtain in nephelometry, that
intensity of stray light Ig¢q, is summarized with intensity of scattered light

Nlj:

Signeph =M() = Istray + Nli. (5.7

5.2.1.2. CFN signal dependence on particles number and
stray light

In CFN, the measurand is root-mean-square of the difference between inten-
sities of scattered light on the detectors, so we consider the dispersion of light
intensity on the detector. From (5.1) we have:

D(I) = E2 [D(Z?’=1 COSz(pj) + D(Zﬁyﬂ,bj 2cos@; - cosgy)],
or
D() = Eg[N . D(coszqoj) + N(N + 1) - D(cosg; - cosqok)],j * k.

Dispersion of two independent random variables X and Y can be converted
according the formula:

D(XY) = D(X)D(Y) + M2(X)D(Y) + M2(Y)D(X),
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whence:

D(cosg;) - D(cosepy) +
D(I) = E¢ [N -D(cos?p;) + N(N + 1) - +M?(cosg;)D(cosgpy) +
+M?(cospy)D(cosg;)

The dispersion of scattered light intensity from one of the equal particles, is
defined by relation:

Dy = E§D(cos?;),Vj. (5.8)
Considering (5.3) and (5.8) the dispersion of scattered light intensity is:

D(I) = NDy + EGN(N + 1) - D*(cosg;),

a(l) = JNDO + EZN(N + 1) - D?(cosg;).

Thus, we have more complicated dependence of CFN signal on number of
scattering particles V in comparison with nephelometry:

SigCFN~W’k1N+ kzNZ, (59)

where k; and k; are constants.

The dependence is not linear, it is stronger than Sigcpy~N%> and weaker
than Sigcpy~N, however the most important is that the signal monotonously
increases with particles number increasing.

From Fig. 8 and Fig. 9 one can see, that calibration curves have maximum
inclination it the range from Sigcpy~N%"> to Sigcrpy~N%9°. The dependence is
weaker for low concentrations of particles and stronger for high concentration
for every calibration curve. All these findings agree with obtained relation (5.9).

In the case when light scattered by particles is summarized with static stray
light from optical path with intensity Is;yq, = sztmy of the device, the equation
for the intensity on the point detector (5.6) takes form:

D(I) = NDy + EZN(N + 1) - D*(cos@;) + 2Estrqy * D(X)=1 Ejcos@;) + D(EZray).
Since D(const) = 0 we have:

D(I) = NDy + EGN(N + 1) - D*(cosg;) + 2NEoEgyqy,D(cosg;),
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or

SigcpN~J (s + ks Y Toora)N + s N2, (5.10)

where k;, k, and k; are constants.

The comparison of relations for dependences of signal on particles number
(5.7) and (5.10) allow to conclude, that the parasitic stray light influences the
signal in nephelometry and CFN in different ways. In nephelometry the
sensitivity limit is bounded by the intensity of stray light:

Nneph - Istray
min T

In CFN the intensity of parasitic stray light does not bound the sensitivity limit
(in the range of intensities, when the saturation of the detector does not occur),
but influence the behavior of the dependence of the signal on particles number
Sigcrn (N). Stray light makes this dependence weaker.

5.2.2. Dependence of speckle fluctuations frequency on the
direction of particles movement for forward scattering.

Consider how the direction of motion of scattering particles influences the
frequency of speckle fluctuations. Let a couple of detectors are located in point
C at a distance L from the scattering particle (point 4). Reference light beam is
directed along the main optical axis 4B, the scattering occurs at the angle 6 to
the reference beam. The distances are |AC| =L, |AB| =L - cosé, |BC| =1L -
sin@ (Fig. 10).

The cuvette e
a5 T e
___________ L
A oo B
A T Main optical axis, L B
reference light beam
=

Figure 10: A block diagram for calculation of phase shifts in cases when particle moves
in parallel or perpendicular to main optical axis.

Consider two possible movements of the particle over time dt: in parallel or
perpendicular to main optical axis. The dependence of speckle fluctuations
frequency on the velocity of the particle is defined by the coefficient k in the
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ralation A = k - A, where Ag — phase shift caused by movement of the particle
by distance A over time dt.

Phase ¢ in the electromagnetic wave equation E; = Ee' (@t %)) gcattered by
particle j is defined as:

=

where A is wavelength of light. When the particle moves perpendicular main
optical axis by distance A, using Pythagorean theorem, phase shift takes the
form:

Apt = ot — o = 2(1a*Cl — 1AC]) = 3 (VL - cos)? + (L - sinb — A)2 — L),

At =2 (VL cos8)Z + (L~ sing)2 — 2L -sinf - A+ A — ).

Since AK L then A? vanishes because of its smallness, we approximate the root
using Taylor series, and after cancellation we have:

Apt ~ —2sind - A, (5.11)
To derive phase shift for movement of the particle along main optical axis, we
notice then the wavelength scattered on the particle gains additional phase shift

when particles moves in the direction of incident light beam. Considering this
the equation for phase shift takes the form:

1
Ap! = ¢ — g =2 (a + |4lc| - |Ac),

Ag! =%(A+\/(L-cost9—A)2+(L-sin@)z—2L-c059-A+A2—L).

Since A<« L then A? vanishes because of its smallness, we approximate the root
using Taylor series, and after cancellation we have:

A" ~ =A(1 — cost). (5.12)

For small angles after approximating using Taylor series from (5.11) and (5.12)
we have:
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Consequently, for forward scattering:
Apt > Al

Therefore, particle movement perpendicular to main optical axis leads to greater
phase shift than movement along the main optical axis. That is why the stirring
in the cuvette must be created perpendicular to the incident light beam. Just so,
the convection flow is formed in the cuvette when it is heated from the bottom.

5.2.3. Modeling and experimental verification of
the convection in the cuvette

It has been found experimentally, that when heating standard photometric semi-
micro cuvette with 1 ml of liquid from the bottom to 37°C at normal room
temperature 23+3°C, the temperature in the coldest upper part of the liquid is
about 35°C. When we use a probe, that is a relatively large particle visible by
eye, put it into the cuvette and observe its movement in convective flows, we
can roughly estimate the maximum convection speed as 1 mm/s.

To model convection in the cuvette using ANSYS Fluent software, three
configurations of the heater were used. Configuration 1 — the heater contacts
only with the bottom of one side wall of the cuvette, contact area is 100 mm®.
Configuration 2 — heater contacts with the bottom of one side wall of the
cuvette and with the bottom of the cuvette, contact area is 140 mm?”. Con-
figuration 3 — nonsymmetrical U-type heater contacts with the bottom of the
cuvette and with both side walls, contact area is 190 mm®. The temperature of
the heater is 37°C, temperature of cuvette walls above the heater was 34°C,
35°C or 36°C. Evaporation from the surface of the liquid (meniscus) was
disregarded.

There were boundary conditions of non-leakage on all cuvette walls. Be-
sides, the tangent component of liquid velocity was equal zero near all walls
except the meniscus.

On Fig. 11 distributions of temperatures and velocities of convective flows
in the cuvette are given for one of the calculated configurations.
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Figure 11: Distributions of temperatures and velocities of convective flows in the
cuvette for one of the calculated configurations (U-type heater, temperature of the walls
35°C).

Average and maximal velocities of liquid flows are given for different tempe-
ratures of cuvette walls and configurations of heater in table 1. One can assess
Reynolds numbers for obtained flows by maximal flow velocity using equation:

14 L
Re:P MAX
u

b

where L is characteristic size of the cuvette (10 mm).

36



Table 1: Average (V,.;) and maximal (Vyax) velocities of liquid flows and Reynolds
numbers depending on temperatures of cuvette walls and configuration of heater

Temperature of Heater

cuvetlt)e walls, °C | configuration Vmax, mm/s Vaver, mm/s Re
34 1 0.98 0.11 12
34 2 1.55 0.39 22
34 3 1.08 0.4 15
35 1 0.61 0.061 9
35 2 1.18 031 17
35 3 0.79 0.3 11
36 1 0.16 0.014 2
36 2 0.62 0.17 9
36 3 0.43 0.17 6

In model built, stable convective flow develop within 1 minute after virtual
installing of the cuvette onto the heater. In “CFN-2” prototype, it also takes
about 1 minute for convection to develop.

At temperature 35°C of the cuvette walls, temperature difference between
liquid in upper and lower parts of the cuvette is 2°C, which corresponds to the
observed in experiment. At configuration of the heater 3 (which corresponds to
“CFN-2” prototype), the maximal calculated flow speed was about 0.8 mm/s
that is in good agreement with the experimental value of 1 mm/s.

All calculated convective flows are characterized with low Reynolds
numbers from 2 to 22, much less than critical number Re,, ~ 103 [28]. Con-
sequently, convective flows in the cuvette are always laminar.

Convective flows of maximal velocities are achieved when using configu-
ration 2, although contact area with the heater is greater at heater configuration
3.

5.2.4. Doppler effect impact on speckle fluctuations frequency

When summating the electromagnetic waves scattered by particles, phase
@; = E;?; of particle j can vary in time not only due to changes in position of
particle relatively to detector 7;, but also due to the changes of wave vector E
Modulus of wave vector depends on the wavelength of reference light beam:

2T 21V
k==—= —,
A c

where v — the frequency of incident light.

Since particles move relative to reference light beam, the frequency of light
changes due to Doppler effect. When particles move perpendicular or along
reference light beam the equations for the frequency are:
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vj_=vvl—ﬂ2,

where f = %— the ratio of particle velocity to the speed of light. For convective

stirring v < 3 mm/c, and upper estimate is § < 10~1. Due to smallness of
the expressions for frequency shifts take the form:

Avy = Bv,

2
AV = %v.
Maximal frequency shift is caused by particle shift along the reference light
beam. Corresponding phase shift due to frequency shift is:

_ g 2mAdv 2Py 2m
Ap =L =L— _ﬁLa'

[

For L = 10 cm and 1 = 650 nm phase shift caused by Doppler effect is much
less than m (phase shift causing the maximal change the amplitude of the wave):

Ap ~ 1075 « m.

Consequently, Doppler effect do not contribute to speckle pattern fluctuations in
CFN method.

5.3. Modeling the processes underlying CFN method

5.3.1. Modeling the scattering indicatrix and
cross section of single particle

To consider anisotropy of light scattering by particles, indicatrix of light was
modeled using Mie scattering theory for spheres of arbitrary size. For this
purpose amplitude functions S; , were calculated according to (4.1, 4.2) and the
following relation for dependence of intensity of light scattered at angle 6 was
used:

I=18,(0)> +152(0)I%.

Amplitude functions S; , are given by infinite series that are convergent, and the
convergence rate is the weaker the larger are the particles. By default
calculations are made with accuracy until tenth decimal place in Maple 13,
therefore infinite series were calculated with nearly the same accuracy. The
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summation was interrupted when the next term of the sum was less modulo than
107" of the sum of previous terms. The curve represented the number of terms
needed for different particles sizes is represented on Fig. 12.
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Figure 12: The dependence of number of terms in infinite series Sy , on particle radius
a, to achieve calculation accuracy 10™°.

On Fig. 3 calculated indicatrixes for particles of different size are given.
Indicatrixes agree with those obtained using ScatLab Software.

5.3.1.1. The dependence of particle scattering cross
section on radius

Besides the angular distribution of scattered light, Mie theory allows to calcu-
late scattering cross section of the particle depending on its size. The equation
for respective scattering efficiency is of the form:

4 2 oo

Q = 5 Re{S(0)} = 5 Xn-1(2n + DRe(ay + by).
The curve representing dependence of calculated respective scattering effi-
ciency Q on particle radius a is shown on Fig. 13. Q~a* for small particles

(a < 80 nm) and Q = 2 for large particles (a > 1 um). Calculated dependence
agrees with theoretical one shown on Fig. 7.
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Figure 13: The dependence of calculated respective scattering efficiency Q = # on

particle radius a in logarithmic coordinates. Refractive index of particles n = 1.59
(polystyrene latex), refractive index of medium n = 1.34 (water).

5.3.1.2. The dependence of scattering cross section on radius for
suspension of particles with fixed concentration

During the processes of aggregation/desegregation of particles, the concentra-
tion of matter do not change in time, and when the size of particles a changes,
their number N also changes. Let us fix volume concentration of particles:
Na3 = const. Consider monodisperse particles for simplicity. Consider the
intensity of light Iy (a), scattered by the suspension of the particles at angle 6.
In this case, the intensity of scattered light is determined by total scattering
cross section of particles o5 (a) = N(a) - (a) and by scattering indicatrix. Let
Indicatrixg(a) is part of light scattered by particle of radius a at angle 6 into
elementary solid angle, it is determined by scattering indicatrix. Therefore, we
have:

Ig(a) = ox(a) - Indicatrixg(a) = N(a) - a(a) - Indicatrixg(a).

Since for small particles (a < 4):

N ~a3, og(a)~a®,

Indicatrixg(a) ~ const,
then Ip(a)~a3. Calculated dependences of intensity of light, scattered at diffe-
rent angles 8, on radius a for the suspension of monodisperse spheres with fix
volume concentration of matter are given on Fig. 14. Reference curve is the
dependence of total cross section of all particles on radius, ignoring the aniso-
tropy of scattering (it represents virtual particles scattering light to all angles

anisotropically, for such particles scattered light intensity depends only on cross
section).
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Figure 14: Calculated dependences of light intensity Iy(a) scattered at different angles
0, on radius a of particles. Suspension consists of monodisperse spheres and their
volume concentration is fixed (Na® = const), when particles size changes, their
number also changes.

For particles of small radius a < 80 nm the intensity of scattered light is almost
independent on the scattering angle and is determined only by scattering cross
section. Starting from a = 80 nm the dependence of total cross section deviates
from the dependence oy(a)~a3. The intensities of light scattered to different
angles also have the different behavior starting from a = 80nm due to
lengthening of indicatrix in the forward direction (Fig. 3). For lower scattering
angles strong dependence Ig(a)~a3 preserves for larger particles size during
the aggregation process. For side and backscattering the effect is opposite —
indicatrix decreases at chosen angle and the dependence deviates from
Ig(a)~a® earlier and steeper than the dependence of total scattering cross
section.

5.3.1.3. Multiple scattering influence on
the dynamic range upper limit

For turbidity measurements both in conventional nephelometry and in CFN, the
dynamic range has upper limit due to multiple scattering. At low turbidities,
light scattered by every particle in liquid reaches the detector without second
scattering on other particles with probability close to 100%. When number of
particles increases, there finally occurs the situation when scattered light cannot
reach the detector without scattering on second particle. At so high con-
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centration, inverse dependence of the signal on particles number is observed
(Fig. 8). Let us estimate the critical concentration when multiple scattering
becomes significant and study its dependence on particle size.

Consider for simplicity the suspension of monodisperse spheres of radius a
in non-scattering liquid in the cuvette. Let Cy is number concentration of
particles and Cy, is volume concentration; they are related by the equation:

4
CV = gﬂ'a3CN,

Let L is the optical path in the cuvette and S is the the cross sectional area of
reference light beam. Illuminated volume of suspension inside the cuvette is
V = SL. Multiple scattering starts to influence the signal when the total cross
section of the particles becomes comparable to the cross sectional area of light
beam:

ﬂy=1 0j = kS,

where k is coefficient of order of unity, g; is scattering cross section of particle
J. Since all particles are equal then ¢; = g; = Qma? (where Q is respective
scattering efficiency of particle), we have:

v
NcritQT[az = kz

Since N/V = Cy:

k

cerit — )
N Qma?L

Expressing via the volume concentration €, we obtain:

[ 4a
Corit = k22
30L

To characterize the relationship between turbidity of the liquid and the optical
path in the cuvette, the value of free path of light is used, which is estimated as:

1

LPath =
Cn'o
When path length of light becomes comparable to liner dimensions of the
cuvette, multiple scattering becomes significant.

To calculate critical concentration of particles, dependence Q(a) is used
(Fig. 13).

On Fig. 15 one can compare calculated dependence of critical concentration
on particles radius (for k = 0.4) with experimentally determined maximums of
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dependences of signal on concentration for monodisperse latex spheres in water
from Fig. 8 (refractive index of particles n = 1.59, refractive index of medium
n = 1.34 wavelength 1 = 650 nm).
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Figure 15: Calculated (orange) and experimental (blue) dependences of critical con-
centration on particles radius.

Since C§T~ % for small particles (a << A1) we have:
C Isrit~ a3
and for large particles (a = 1):
Ci ' ~a.

Experimental dependence of critical concentration on particle size is in good
agreement with calculated curve.

5.3.2. Speckle pattern modeling on the detectors

To model the accidental speckle pattern on the detector, the following geometry
of CFN device was chosen. Cuvette HXWxD = 25x4x10 mm’ (standard semi-
micro). Reference light beam with circular cross section of 2 mm diameter
passes through the symmetry axis of the cuvette. The distance between the
plane of detectors and center of the cuvette along the light beam is 25 mm. The
distance between the detectors is 1 mm. The average scattering angle is 7°;
range of scattering angles is 4.1°—11.7°. Linear dimensions of the detectors vary
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in different calculations and is specified separately. The view on the optical
elements of the device in the direction of light beam is shown on Fig. 16.

Detectors

Reference
light beam

Main optical
axis

Figure 16: The view on the optical elements of CFN device in the direction of light
beam.

On Fig. 17 calculated speckle pattern in detector zone is shown. To obtain it, 50
scattering particles of radius a = 1.25 um were randomly placed in part of the
cuvette illuminated by incident light, which corresponds to the concentration of
particles about 1600 pcs/ml. The detector area was chosen 50x50 pm? it was
divided into 10* elementary areas, and intensity of light scattered by particles
was calculated on every elementary area. Wavelength of incident light 1 =
650 nm.
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Figure 17: The example of calculated speckle pattern in the detectors zone.

To estimate size of speckle grain, simple two-dimensional correlation function
Corryg[n] was built. Point n of correlation function is defined by relation:

Corryy[n] = %Zj(l[j +n]lj] + I71l + nD,

where I[i][j] is the calculated speckle intensity on elementary area i,j and J is
normalization factor equal to total number of terms in the sum. Such correlation
function allows to estimate speckle correlation distance which corresponds to
average distance from the center of speckle grain to the point where the inten-
sity of light reduces e times. Speckle correlation distance Ax depends on the
wavelength, the radius of incident light beam R and the distance from scattering
particles to the plane of the detectors L [29]:

AL
Ax =—. (5.13)
For chosen parameters we obtain:
Ax = 5 um.

On Fig. 18 two-dimensional correlation function is shown for detector area
1000x1000 umz, divided into 2.5x10° elementary areas. It allows to estimate
speckle correlation distance as 7-8 um, which roughly agrees with theoretical
value.
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Figure 18: Two-dimensional correlation function Corr,y[n] for calculated speckle
pattern. X axis represents distance of correlation (division value is 2 pum), Y axis
represents the power of correlation in a.u.

Speckle grain size is estimated as doubled speckle correlation distance and is
about 15 um in our model.

Based on speckle correlation distance, we will use the fineness of sub-
division of detector area on elementary areas 2x2 pm? in further modeling.

In built model, the influence of the number of scattered particles N on corre-
lation distance was studied (N = 8,16, ...,1024 that corresponds to con-
centrations from 2.5x10> to 3.3x10* pes/ml). In addition, the influence of
particles radius in range from 0.05 to 3 pm was studied. Both parameters did
not influence on speckle correlation distance, which agrees with (5.13). So
particles number and size do not influence speckle grain size.

5.3.3. Modeling of root-mean-square deviation of the difference
between average intensities on the detectors

To model the differential signal, N = 25,50, ...,1600 particles were put into
illuminated part of the cuvette randomly 30 times in series. The area of the
detector was chosen 40x40 pm?, each detector was divided into 400 elementary
areas, and the intensity of scattered light was calculated on every elementary
area. The dependences of mean intensities and the difference of intensities on
number of calculation are shown on Fig. 19.
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Figure 19: Mean intensities on the detectors (red curves) and the difference of
intensities (blue curve) depending on number of 30 random calculation.

The next step was to model the behavior of differential signal on particles
number. In CFN, the signal is root-mean-square deviation of the difference
between intensities on the detectors according (5.0). The dependence of
calculated signal on number of scattering particles for radius a = 1.25 um is
shown on Fig. 20.
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Figure 20: The dependence of calculated CFN signal on number of scattering particles
for particles radius a = 1.25 ym in logarithmic coordinates, calculation is made 4
times.

The dependence on particles number is close to linear and approximately
Sigcrn~N%%%, which is in good agreement with theoretical result according to
(5.9).
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5.3.4. Influence of constant stray light on CFN signal

To model the influence of stray light, two models were used — uniform parasitic
illumination of the detectors and illumination by parasitic speckle. The intensity
of uniform illumination was chosen to exceed the intensity of light scattered by
one particle, 50, 100 and 200 times. To create parasitic speckle on the detectors
nonmoving virtual particles were placed into the cuvette and scattered incident
light. All particles parameters were the same as the particles under investi-
gation, the number of virtual particles were 50, 100 and 200.

The modeling was performed for particles of radius 1.25 pm at the same
conditions as in chapter 5.3.3. The curves representing dependence of CFN
signal on particles number for uniform parasitic illumination with different

intensity is shown on Fig. 21.
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Figure 21: The curves representing dependence of CFN signal on particles number for
uniform parasitic illumination with different intensity.

The curves representing dependence of CFN signal on particles number for
illumination by parasitic speckle with different intensity is shown on Fig. 22.
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Figure 22: The curves representing dependence of CFN signal on particles number for
illumination by parasitic speckle with different intensity.

Consequently, uniform parasitic illumination of the detectors do not influence
the CFN signal at all. Illumination with parasitic stationary speckle makes the
dependence of the signal on particles number weaker that is in good agreement
with theoretical result according to (5.10), since the more is intensity of stray
light 5474y, the weaker is the dependence Sigcpy (N).

5.3.5. The dependence of speckle fluctuations frequency on
particles velocities

To model the frequency spectrum of CFN signal and to compare with real
spectrum obtained by “CFN-2” prototype, particles were moved step-by-step to
obtain the evolution of signal in time. For that, N = 600 particles of radius
1.25 um were placed into the cuvette (in average 19 particles were illuminated
by light beam every move), these particles formed the speckle pattern on the
detectors. The initial positions of the particles were set randomly. Then the
particles moved along the longest wall of the cuvette in one direction, and the
velocity near the wall was minimal and maximal in the center of the cuvette.
For that, the distribution of particles velocities corresponded the sinusoid (Fig.
23).
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Figure 23: A schematic of particles movement in the simplest model of flow cuvette.

When the particle reaches the upper plane of the cuvette, it is moved to the
lower plane of the cuvette into the same position on the plane. Therefore, the
simplest model of flow cuvette was created. One measurement was made within
one second with 1023 consecutive particles movements to achieve 1024 time
points. Signal obtained was converted with fast Fourier transform to achieve the
frequency spectra. The measurement was made five time, obtained Fourier
spectra were averaged.

To compare the results of modeling with experimental data, the standard
cuvette was replaced with optically transparent pipe of 5x5 mm® inner section in
“CFN-2” prototype. The flow in the pipe was organized with constant velocity
by means of perfusion pump.

Typical dependencies of signal on time, obtained by modeling and experi-
ments, are shown on Fig. 24.
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Figure 24: Typical dependencies of signal in a.u on time, obtained by modeling (red)
and experiments (blue) using “CFN-2” prototype.

Typical Fourier spectra obtained by modeling and experiments are shown on

Fig. 25.
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Figure 25: Typical Fourier spectra obtained by modeling (red) and experiments (blue),
X axis represents the frequency of signal fluctuation in Hz, Y axis represents Fourier
amplitude in a.u. (logarithmic scale).
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The shapes of modeled and experimental Fourier spectra are similar. The
difference is that in CFN-prototype the bandpass has lower limit of about 10-20
Hz, so low frequencies are cut off.

Fourier spectra obtained can be characterized by width. It is defined by fre-
quencies of speckle pattern fluctuations, which in turn are defined by velocities
of moving particles in liquid. To determine the dependence of frequency
spectrum width on the velocity of particles, the model of flow capillary was
used. Experimental and calculated Fourier spectra width depending on flow
velocity are shown on Fig. 26.
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Figure 26: The dependence of typical Fourier spectra width on flow velocity for
suspension of latex particles of 1.25 pm diameter, obtained by calculation and in
experiment.

The dependencies are similar. The differences are apparently related with the
simplicity of the model used for calculation.

5.3.6. The influence of the bandpass of electronics on the
dependence of CFN signal on particles velocities

The signal in CFN is root-mean-square of the difference between mean inten-
sities on the detectors (5.0):

Sigern = \/% SN (L (60 — ().

By Parseval’s theorem, the signal can be expressed as root-mean-square of
Fourier spectrum components:
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Sigcrn = /Z’kv:l FZ, (5.11)

where Fy is the component & of discrete Fourier transform of signal (I, (t;) —
I, (tk)). Consequently, the signal is the area under the curve on Fourier spectra
graph.

Every electronics for variable signal processing is characterized by the band-
pass. Frequency spectra lower cutoff can be seen on Fig. 25 when comparing
experimental and calculated Fourier spectra. Due to cutoff, the first several
Fourier components do not contribute to the signal (5.11). Let us look at speci-
fic examples, how cutoff influences the signal in “CFN-“2 prototype.

Stirring of liquid in the cuvette is caused by convection in “CFN-2” proto-
type. The movement of scattering particles causes broadening of signal Fourier
spectra, as the result it can be detected easily. For example, convection in stan-
dard semimicro cuvette heated at 37°C is characterized by the velocities of
particles about 1 mm/s, and the width of Fourier spectra is in the range from
500 to 1000 Hz depending of scattering angle. In “CFN-2” prototype ADC is
characterized by upper cutoff of tens of KHz. Specialized ADC as usual have
higher upper cutoff, but most of ADC have the similar lower cutoff of several
Hz or tens of Hz. Since CFN signal frequencies do not exceed several KHz, the
upper cutoff of ADC does not influence the signal. For that reason, let us study
the influence of lower cutoff on the dependence of CFN signal on particles
velocities.

It was found experimentally, that when the velocities of particles in the
cuvette increase, the Fourier spectrum width also increases, at the same time the
amplitude of the Fourier components decreases (Fig. 27).
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Figure 27: The example of the increase of Fourier spectrum width and the decrease of
the amplitude of Fourier components caused by the increase of the velocities of particles
in the cuvette (left graph — low velocities, right graph — high velocities). X axis
represents frequency in Hz; Y axis represents amplitude in a.u. in logarithmic scale.
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Let us study experimentally the dependence of CFN signal on velocity of the
flow through the pipe described in chapter 5.3.5 for suspension of latex particles
of 1.25 pm diameter. The result is shown on Fig. 28.
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Figure 28: The dependence of CFN signal on average velocity of the flow through the
capillary for suspension of latex particles of 1.25 pum diameter in logarithmic
coordinates.

For the velocities less than 0.02 mm/s the signal is minimal and does not depend
on the velocity. If we extrapolate the curve on Fig. 26, we obtain, that velocity
0.02 mm/s corresponds to Fourier spectrum width of about 15-20 Hz. It is
consistent to lower cutoff for “CFN-2” prototype (1020 Hz), which can be
seen on Fig. 27. Therefore, for velocities less than 0.02 mm/s all useful signal is
out of the bandpass.

For the velocities greater than 0.5-0.7 mm/s the signal reaches its maximal
value and practically does not depend on the velocity. It means, that almost all
useful signal is shifted to higher frequencies and lower cutoff cuts only insigni-
ficant part of the signal.

Let us study experimentally the dependence of CFN signal on the velocity of
convective stirring in standard semimicro cuvette for the suspension of latex
particles of 1.25 pm diameter. For this, we compare Fourier spectra of the
signals obtained from six cuvettes, containing 500—1000 ul of particles suspen-
sion (the cuvettes were put into “CFN-2" prototype one by one). For different
volumes of suspension in the cuvette, the height of liquid column is from 12.5
to 25 mm. Since the dependence of the velocity of free convection v on liquid
column height h is defined as v~vh [28], then the larger is the volume of
liquid, the broader is the Fourier spectrum of CFN signal and the less is
components amplitude (Fig. 29).
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Fig. 29 confirms the straight relationship between Fourier spectrum width
and the velocity of stirring. At the same time, the CFN signal is almost the same
and does not depend on the volume of the liquid in the cuvette. Convective
stirring provides enough velocities of particles” movement to make CFN-
analyzer operate in the regime, when the signal does not depend on velocities of
the stirring. Minor perturbations in convective flows and changes in the volume
of the liquid do not influence the signal significantly. This provides the stability
of measurements using CFN-analyzer.
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Figure 29: Pseudo-3D graph, representing the dependence of Fourier spectra width of
CFN signal for the cuvettes with 500-1000 pl of particles suspension (1.25 um dia-
meter). X axis represents time in seconds, Y axis — frequency in Hz, colour indicates the
amplitude of Fourier components in logarithmic scale (ascending amplitude: black-blue-
white).

5.4. CFN application for detection of
immunoagglutination reactions

Typical size of the particles in aggregation processes can be significantly diffe-
rent from tens of nanometers to micrometers; also their concentration can vary
considerably. Reagents kits based on immunoagglutination reactions can be
divided into two classes by the type of results detection. The first class is the
kits designed for instrumental detection of turbidity changes. Such kits are
discussed in chapter 2.4. They are based on particles significantly less than the
wavelength of light (a <« 1), which provides strong increase of the turbidity
during the aggregation of particles. The second class of kits is designed for
visual observation of the results of particles aggregation: it is made semi-
quantitatively by observing small/large clumps and lightening of the suspension
that initially looks milky. For aggregation assessment, the scale from 1 to 4 is
usually used. 1 means no aggregation, when particles suspension looks milky
without clumps. 4 means very strong aggregation, when particles suspension
looks like large clumps in transparent liquid Fig. 30).
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Figure 30: The picture of the results of latex agglutination reaction, numbers
correspond to the agglutination strength [30].

The tiniest pattern that can be distinguished by naked human eye is about 120
lines per angular degree, that is about 50 pm at the distance of best vision of
about 25 cm [16]. To achieve such big aggregates, large particles must be used
of size a = A. Historically the first immunoagglutination test using polymeric
particles was designed for visual observation [31]. The advantage of such test is
its simplicity: no specialized equipment is needed, besides the synthesis of latex
particles of large size was technically more simple for a long time. The obvious
disadvantages of visual agglutination test are semiquantative result and the
complexity of automation.

Consider scattering cross section for the suspension of monodisperse latex
particles of fixed mass concentration, which aggregate staying monodisperse.
Size, number and scattering cross section of particles changes with time during
aggregation. The dependence of total cross section on aggregates size is shown
on Fig. 31.

When using turbidimetry, detection of aggregation is determined only by
changes in total cross section of particles. For small particles a < 1 strong
dependence Qx~a® occurs, which is used in immunoturbidimetric diagnostic
kits. Twofold increase of particles size is enough to detect reliably the 8-fold in-
crease of the signal. For large particles a = 1 weak dependence Qg~a~?!
occurs, aggregation causes the lightening of the suspension, but relatively in-
efficient.

In this chapter, CFN-analyzer is used for registration of aggregation of
particles both of small and large size.
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Figure 31: Calculated dependence of total scattering cross section Qy of monodisperse
particles on their radius a, arrows show the ranges of particles size suitable for instru-
mental (red) and visual (green) detection.

5.4.1. Detection of small particles aggregation using
CFN-analyzer

Immuturbidimetric reagents kit “C-reactive protein Novo” (Vector-Best LLC,
Russia) was used. It is designed for carrying out agglutination reaction in
standard photometric semimicro cuvette using any laboratory turbidimeter with
wavelength 540 nm and do not suggest to stir the liquid in the cuvette. 1 ml of
latex suspension is put into the cuvette, then 7 pl of human blood serum under
investigation is added and the kinetics of particles aggregation is detected using
turbidimeter in two fixed time points — 10 and 120 seconds.

The suspension of functionalized latex particles were placed into the cuvet-
tes in CFN-analyzer and particles size analyzer “APH-2”. The reaction was
carried out at 37°C. Aggregation curves are shown on Fig. 32.

The comparison of the curves obtained by two methods allows to estimate
the dependence of CFN signal on particles size. When the size of aggregates
reaches a = 350 nm, the dependence begins to weaken, and starting from
a = 600 nm it saturates. Such dependence corresponds to scattering angle of
about 8 degrees according to calculated curves on Fig. 14, which agrees with
geometry of “CFN-2” prototype.

The reagents kit is optimized for turbidimetric registration, for that reason
the initial turbidity of particles suspension is relatively high. For such reagents
kits CFN-analyzer has no advantage over standard laboratory turbidimeters,
since its high sensitivity is not used. The analyzer of specific proteins in human
serum “BN ProSpec” (Siemens Healthcare GmbH) is known to use nephelo-
metry to detect the aggregation of functionalized particles. It is used with
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specialized reagents kits, optimized for nephelometry. Due to higher sensitivity
in comparison with turbidimetry, the analyzer allows to reduce the consumption
of antibodies, which are the most expensive part of the reagents kits, thereby
reducing the cost of the analysis.

==¢==CFN-analyzer e=fll=APH-2

1100

1000 £

s

1000 900 2

3 800 £

® £
3 700 S g
& 600 T 5

v -
z 500 £ =
2
v} 400 5 =
[=7

300 S

200 T,

|

100 - 100 =

-300 0 300 600 900 1200 1500 §

Time, s

Figure 32: Aggregation curves of functionalized particles “C-reactive protein Novo”
obtained by CFN-analyzer and particles size analyzer “APH-2"; at time 0 the calibrator
with concentration 57 pg/ml was added.

The feature of small particles (a << A1) aggregation processes is the indepen-
dence of reaction rate on stirring. Particles diffusion provides high rate of
collisions of particles that is not significantly increased by additional stirring.
This observation is confirmed by independence of reaction rate on stirring
velocity. Moreover, in DLS method uniform thermostating of the cuvette is
provided to exclude convection completely, and the reaction rate is the same as
with convective stirring. One can notice that on late stage of the reaction the
size of aggregates measured by “APH-2” significantly fluctuates. It is due to
large aggregates move slowly without stirring and are distributed unevenly over
the cuvette, causing large signal changes when passing through the laser beam.
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5.4.2. Detection of large particles aggregation using
CFN-analyzer

To study the aggregation of large functionalized particles, diagnostic kit “MAP-
Endotox spp.” was used. The main components of the kit are the diagnosticum
(suspension of functionalized particles) and positive control (K+). The reaction
is carried out on hydrophobic plate (analogous to shown on Fig. 30) within 10
minutes with obligatory three-times mixing by shaking the plate. To study the
features of detection such reactions by CFN-analyzer, the reaction between
diagnosticum and K+ was used.

The dependences of CFN and turbidimetric signal on concentration of
particles in diagnosticum are shown on Fig. 33.
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Figure 33: Experimental dependences of CFN and turbidimetric signals on particles
mass concentration in diagnosticum of reagents kit “MAP-Endotox spp.”

Despite small particles (a < 4) are technologically easy to use in agglutination
reactions, large particles (a = 1) have some advantages. Detection limit of
analyte is significantly better when using large particles. The most effective
agglutination takes place in equivalence zone with certain ratio of number
concentration of particles and analyte [32], therefore to decrease the detection
limit one should decrease the number concentration of particles. At the same
time the decrease of number concentration of the particles causes the decrease
of reaction rate and, consequently, increase of registration time. In case of large
particles, their number concentration is lower than in case of small particles of



the same mass concentration (see equation 2.3); accordingly, the detection limit
of analyte is lower without increasing the time needed for the test.

Moreover, large particles allow to carry out agglutination reaction in undi-
luted biological liquids that are often turbid (such as whole blood or blood
serum). To record aggregation reliably it is necessary that the intensity of light
scattered by the particles is significantly higher than scattered by turbid liquid
itself. Since large particles (a = A1) scatter light more efficiently, their aggre-
gation can be recorded in whole or slightly diluted biological liquid. In turn,
small particles scatter light weaker, and strong dilution of biological liquid is
usually needed to record their aggregation (for example, in diagnostic kit “C-
reactive protein Novo” 1 ml of particles suspension is mixed with only 7 pl of
blood serum). Large particles usage allows to record agglutination reactions, for
example, in whole blood, which is of important diagnostic significance.

In terms of free path of light (see 5.3.1.3.) for small particles usually
LPath > |, (where L — free path of light in the cuvette), and for large particles
LPath « L.

However, usage of large particles in diagnostic kits leads not only to said
advantages, but also to the number of difficulties described below. Due to weak
Brownian motion, aggregation reaction rate is limited by the diffusion for large
particles. Besides, aggregates are formed not uniformly in the volume of the
liquid, especially at low number concentration of analyte.

Let us consider the agglutination reaction of particles from diagnostic kit
“MAP-Endotox spp.” in particles size analyzer “APH-2” as an example. 1 ml of
particles suspension was mixed with 200 ul of positive control. The cuvette in
the analyzer is thoroughly thermostated, so convective stirring is excluded. The
dependence of average particles size on the reaction time is shown on Fig. 34.

It can be seen from the graph that at the absence of stirring the reaction rate
is very low (particles size doubles within 15 minutes), and the signal fluctuates
strongly. Precisely for these reasons, it is strongly recommended to mix the re-
action mixture 3 times thoroughly during the incubation (10 minutes) according
to the manual for diagnostic kit.
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Figure 34: The dependence of average particles size (kit “MAP-Endotox spp.”) on the
reaction time, measured by particles size analyzer “APH-2”. Positive control was added
at time 0.

Another problem is that large particles suspension is of relatively high turbidity,
which limits the application of optical methods that use single light scattering.
For described reasons the aggregation of large particles is recorded mainly
visually at the end point, including the photographic devices. For such type of
registration high turbidity and non-uniform distribution of the aggregates is not
a problem, unlike for nephelometers and turbidimeters.

Let us compare the features of diagnostic kits, based on agglutination
reaction of functionalized particles of small and large size (table 2).

Table 2: The comparison of diagnostic systems, based on agglutination reaction of
functionalized particles of different radius a.

Parameter Small particles (a < 4) Large particles (a = 1)
Initial turbidity Rel?zlpvﬁlhy fftLgngh (22% }iglz)
Particles diffusion Fast Slow
Stirring Not required Required
Reaction Turbidimetry or Visual or by photographic
registration nephelometry device
Turbidity Strong Weak
dependence on 3 1
aggregates size Qz~a Qz~a
Turbidity dynamics
during particles Increase Decrease
aggregation
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The analysis of the table shows, that stirring is needed for recording of large
particles agglutination by optical methods.

When using CFN to record large particles aggregation, the initial suspension is
almost nontransparent. When large clumps of particles occur, the suspension be-
comes more transparent and the intensity of scattered light increases. Therefore,
both for small particles (relatively low turbidity) and for large particles (extremely
high turbidity) the aggregation causes the increase of CFN signal (Fig. 35).
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Figure 35: Typical dependence of CFN signal on mass concentration of monodisperse
latex particles in logarithmic coordinates. Two ranges are shown; low turbidity range
suitable for recording of small particles aggregation, and high turbidity range suitable
for recording of large particles aggregation. When the aggregation occurs, CFN signal
increases both in case of small and large particles.

The concentrations of particles must be chosen that the final turbidity of suspen-
sion after aggregation do not reach the maximum of CFN signal to avoid non-
monotonous dependence of signal, which is hard to interpreter. In our case (kit
“MAP-Endotox spp.”), two parameters were varied to change the turbidity of
initial particles suspension. When using standard semimicro photometric cuvet-
te, latex suspension was diluted several times. To use undiluted suspension,
conical cuvette of variable diameter was used, which allows to vary optical path
by simple moving it perpendicular the light beam. Since CFN is not sensitive to
parasitic stray light, disposable 200 ul pipette tips were used, that are not fully
transparent (inner diameter from 0.5 to 4 mm).

Convective stirring in photometric cuvette turns out to be ineffective to
speed up agglutination reaction of large particles. This is because the con-
vection in the cuvette is characterized by low Reynolds number (see section
5.2.3) and provides only laminar flows that transfer layers of liquid, do not
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mixing them. Therefore, to increase the reaction rate, 3 turbulent methods of
mixing were developed.

Method 1. The stirring in photometric cuvette can be created using so called
“submerged jet”. Thin tube is inserted into the particles suspension and is con-
nected hydrodynamically with a plunger pump. Plunger makes reciprocal
motion; as a result, part of the liquid is periodically pulled in and pushed out
from the tube (Fig. 36). To avoid contamination of the liquid, there can be
membrane or simply air gap between the liquid and the plunger. When liquid is
pushed out the tube, the submerged jet is produced providing turbulent flows in
reaction mixture [28, p.118-121]. It increases reaction rate and redistribution of
the formed aggregates in volume of the liquid.

<=3

\ 4

2

Figure 36: A schematic of stirring by submerged jet, 1 — source of coherent light, 2 —
cuvette, 3 — plunger pump, 4 — thin tube.

Method 2. The stirring in conical cuvette can be made using so called “diffuser
flow”. Suspension of particles is moved along the conical cuvette, e.g. by
plunger pump (Fig. 37). When liquid is flowing in the cuvette in the direction of
its widening, turbulent flows are produced near cuvette walls already at low
Reynolds numbers [28, p.113-118].

\4

Figure 37: A schematic of stirring by diffuser flow, 1 — source of coherent light, 2 —
conical cuvette, 3 — plunger pump.
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Method 3. The stirring in any cuvette can be produced using magnetic particles,
which are placed into the suspension of large functionalized particles. The
surface of magnetic particles must be inert to the components of reaction
mixture. The source of periodic magnetic field of low frequency, for example,
rotating permanent magnet, causes the formation of rod-like structures and their
cyclic movement in the liquid; such structures act as multitude of micro mag-
netic stirrers, producing microturbulences [33] (Fig. 38). Besides, the concentra-
tion and/or size of magnetic particles are chosen much less, than concentration
and/or size of aggregating particles so that the intensity of light scattered by
magnetic particles is much less than intensity of light scattered by reacting
particles. Since the suspension of large particles is of high turbidity, the fulfill-
ment of the requirement is quite real.

\ 4

4/ 3
Figure 38: A schematic of stirring by diffuser flow, 1 — source of coherent light, 2 —
cuvette, 3 — source of periodic magnetic field.

Experiments were made using “CFN-2” prototype to record agglutination
reactions with large particles (diagnostic kit “MAP-Endotox spp.”) in standard
photometric semimicro cuvette and in conical cuvette (pipette tip).

Dependence curves of decimal logarithm of CFN signal on time are shown
on Fig. 39 for different types of stirring in conical cuvette. All types of turbulent
stirring increase the reaction rate manifold, especially combination of two
turbulent stirrings.

Dependence curves of decimal logarithm of CFN signal on time is shown on
Fig. 40 for different types of stirring in photometric cuvette. All types of turbu-
lent stirring increase the reaction rate manifold.
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Figure 39: Dependence curves of decimal logarithm of CFN signal (in a.u.) on time (in
seconds) for different types of stirring in conical cuvette. The reaction of particles of
diagnostic kit “MAP-Endotox spp.” with positive control is carried out; the control is
added at time 0.
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Figure 40: Dependence curves of decimal logarithm of CFN signal (in a.u.) on time (in
seconds) for different types of stirring in photometric cuvette. The reaction of particles
of diagnostic kit “MAP-Endotox spp.” with positive control is carried out; the control is
added at time 0.
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To compare the effectiveness of intense but not turbulent stirring, the reaction
was carried out in the cylindrical cuvette of 4 mm diameter with magnetic
stirrer (platelet aggregation analyzer 220LA, Biola Ltd.) Standard magnetic
stirring at 800 rpm was used, which produce circle laminar flows at Reynolds
number of about 500, while the turbulent flows develop at Reynolds number of
the order 10* [34]. The dependence curve of optical density on time is shown on
Fig. 41, the reaction rate is much lower than when using turbulent stirring.

Optical density
- T ) “ﬁ

=}
[«

-100 400 900 1400 1900
Time, seconds

Figure 41: Dependence curve of optical density on time (in seconds) for 800 rpm
magnetic stirring in cylindrical cuvette of 4 mm diameter. The reaction of particles of
diagnostic kit “MAP-Endotox spp.” with positive control is carried out; the control is
added at time 0.

5.5. Microbiological analyzer based on CFN

By the results of investigation of CFN method, the area of laboratory diagnos-
tics was chosen, where CFN would be efficient for solving the specific problem.
The recommendations on the configuration of corresponding device design are
given.

The chosen area of CFN applicability is clinical laboratory microbiology. In
this field, high sensitivity is needed to detect low concentrations of microorga-
nisms down to 10° CFU/ml [21], which cannot be provided by conventional
nephelometry. Moreover, the automation of microbiological laboratories is of
low level in comparison with other clinical laboratories [19], so the new devices
are needed to increase the efficiency of analyses.
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5.5.1. The recommendations on the development of
microbiological CFN-analyzer

Microorganisms isolated from human biological liquids in microbiology labora-
tories are bacteria and fungi. In most cases, they are bacteria, which can be rods
and cocci (spherical). The most of pathogenic bacteria scatter light in average as
spheres of 0.8 — 1.1 um in diameter [9]. Since bacteria scatter light mostly in
forward direction [10], to achieve maximum sensitivity, light scattered at low
angles < 10° must be detected. CFN allows to use small scattering angles
without complication of optical scheme and special requirement to cuvette
quality, so CFN is suitable for construction of microbiological analyzer.

Bacterial growth is to be analyzed in broad range of concentration up to
10° CFU/ml. Since dynamic range of low-angle nephelometry is limited above
(see Fig. 2, forward scattering), one has to use additional optical method to
detect high bacterial concentration. The most suitable method is turbidimetry,
which can be easily combined with CFN due to its low sensitivity to parasitic
stray light.

Many small clinical microbiology laboratories receive 5-10 urine samples
every day for testing. For that reason, microbiological CFN-analyzer has to be
multichannel. Usually in multichannel laboratory analyzers one optical channel
is used, which record the signal of multiple cuvettes one by one. For example,
in microbiological analyzer HB&L carousel for 60 cuvettes with one optical
channel is used. That is due to the complexity of optical system; using of
mechanical system of cuvettes positioning is technologically simpler than using
own source of light and detectors for each cuvette. Mechanical positioning
system increases device complexity and cost and decreases its reliability.
Technological simplicity of CFN and turbidimetry methods allow to use own
laser diode and three silicon photodiodes (two for CFN and one for
turbidimetry) for each cuvette, fully refusing mechanical moving parts in CFN-
analyzer. On such principle, 12-channel CFN-analyzers “CFN-P-12” were built
(Medtechnopark Ltd., Fig. 42).
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Figure 42: Microbiological analyzer “CFN-P-12” (prototype).

The prototype is compact (30x20x15 ¢cm®, <5 kg). Standard disposable photo-
metric semimicro cuvettes are used, which are closed by disposable caps. Every
cuvette is illuminated by its own laser diode with 650 nm wavelength. Light
scattered at 7°-10° is detected.

The first prototype of microbiological analyzer “CFN-48" (Medtechnopark
Ltd.) was constructed using mechanical positioning of the cuvettes for
consecutive recording the signal from the cuvettes. 6 CFN channels were used,
one for standard 8-well strip of 96-well plate, each well with 200 pl of liquid.
Each strip was moved back-forward perpendicular to the laser beam. The
prototype did not have turbidimetric detectors in addition to CFN. The
experience of using this device confirmed the necessity of turbidimetry usage to
increase the upper dynamic range limit. It also showed, that it is simpler to use
its own optical system for each cuvette, than to construct precise cuvettes
positioning system. Prototype also displayed that 200 ul cuvettes has too weak
convection and it is preferable to use large cuvettes with 1 ml or more liquid in
it. Prototype “CFN-48" is shown near two prototypes “CFN-P-12” on Fig. 43.
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Figure 43: Prototypes of microbiological CFN-analyzers “CFN-48" u “CFN-P-12".

According to the results of convective flows modeling (chapter 5.2.3), heater
configuration Ne2 was used in prototype “CFN-P-12” to obtain more intensive
stirring, than using heater Ne3, as in prototype “CFN-2".

5.5.2. Microorganisms growth detection using CFN-analyzer

Combining CFN and turbidimetry allows to detect bacterial growth in broad
range of concentrations from 10° CFU/ml to 10° CFU/ml. On Fig. 44, growth
curves of clinical E. coli culture are shown, recorded by CFN and turbidimetry
simultaneously using “CFN-P-12” prototype.
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Figure 44: Growth curves of clinical E. coli culture recorded by CFN (blue) and
turbidimetry (red) simultaneously using “CFN-P-12” prototype. Growth starts at about
10° CFU/ml and ends at about 10’ CFU/ml.
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In laboratory practice, detection limit of bacterial growth is usually restricted by
turbidity of nutrient broth needed for bacteria to grow, which is usually not less
than 10°-10° CFU/ml. Turbidimetry allows to record very high turbidities:
saturation of growth curve on Fig. 43 is caused not by limited sensitivity to high
turbidities, but bacterial culture growth stationary phase [35]. So, constructed
microbiological analyzer allows to record bacterial growth in all necessary
range of concentrations.

5.5.3. Urine screening using CFN-analyzer

The first step to analyze urine sample received for bacteriological analysis is
bacteriuria screening. Normally, urine is a sterile biological fluid, and the pre-
sence of potentially pathogenic bacteria is called bacteriuria and indicates
urinary tract infection. At the same time, skin and intestinal bacteria can be
transferred to urine sample during urine collection. The main goal of bacteriuria
screening is to determine the presence of microorganisms in urine, and to
determine whether they are uropathogens or contamination. Urine samples are
analyzed using microscope initially during general urine test. Such analysis is
very simple but not enough sensitive for bacteria revealing [36], it also does not
allow to distinguish uropathogens from contaminating flora and live microorga-
nisms from lifeless. After general test, urine is seeded on solid nutrient media
and left for 24-48 hours at 37°C. After incubation, every live bacterium forms
the colony, so qualitative and quantitative composition of urine microflora can
be assessed. Presence of high concentration of potential uropathogens is
considered clinically significant with cut off level from 10° to 10° CFU/ml,
depending on age, sex and clinical status of the patient [21].

When growth curves are recorded using optical methods, such as nephelo-
metry and turbidimetry, urine sample is mixed with liquid nutrient broth, heated
at 37°C and the changes in turbidity are analyzed. The advantage in comparison
with culturing on solid media is that the time needed for growth detection
reduces from at least 24 to 3—4 hours. The weak point of growth curve analysis
is that the composition of urine is not analyzed. At the same time, samples with
high concentration of contaminating flora can be distinguished from uropatho-
gens, since contaminants need several hours to adapt to new medium [24]. So,
growth is observed earlier in urine samples with true bacteriuria (uropathogens),
than in samples with contamination (Fig. 45). The second parameter, that can be
analyzed by CFN, but not by conventional nephelometry due to lack of sensiti-
vity, is initial concentration of microorganisms. After fast centrifugation of
urine for 1 minutes at ~1700g (3000 rpm of standard laboratory centrifuge) all
large impurities (such as human cells, salts and mucus) sediment on the bottom
of the tube, and the microorganisms stay in the volume of the liquid. After such
centrifugation, the turbidity of urine corresponds to the concentrations of the
microorganisms in the urine, which is diagnostically useful parameter [25].
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Figure 45: The examples of growth curves of microflora in three urine samples,
recorded by “CFN-P-12” prototype. Two parameters are analyzed: the growth delay and
the turbidity of urine samples.

Four studies were made to demonstrate the effectiveness of prototypes “CFN-P-
12” for bacteriuria screening. The growth delay and turbidity of urine were ana-
lyzed both separately and together. More than 650 urine samples were tested.
The results of testing using CFN-analyzers were compared with the results
obtained by classical method (culture on solid nutrient media), which was
considered as gold standard. The highest sensitivity and specificity (95.2% and
96.9%) were achieved when analyzing both parameters together using CFN-
analyzer (growth delay and turbidity of urine).

In one study urine samples were simultaneously analyzed using CFN proto-
type and flow cytometry (UF-1000i). The comparison of the results showed
significantly higher specificity of CFN (96.9%) in comparison with flow cyto-
metry (82.3%) at the same sensitivity of both methods used (95.2%).

The results show that porotypes of microbiological analyzers “CFN-P-12”
are effective for fast bacteriuria screening within 3-4 hours.

5.5.4. Rapid antibiotic susceptibility testing using CFN-analyzer

Microbiological analyzers based on optical methods allow to test antibiotic
susceptibility of bacterial cultures. Growth curve of pure bacterial cultures are
recorded in the presence of antibiotics in recommended concentration. The
growth in the presence of the drug is compared with the control cuvette without
antibiotic, growth inhibition is observed when the bacteria are sensitive (Fig.
46). In most cases, the antibiotics are taken in two concentrations [37, 38].
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Figure 46: The example of susceptibility testing of clinical E. coli isolate to ceftriaxo-
ne, recorded by “CFN-P-12” prototype.

Two studies were made to demonstrate the effectiveness of prototypes ‘CFN-P-
12” for AST. More than 250 tests were made. The results were compared with
widely used disk-diffusion method and serial dilution method, which take 20
hours. The agreement was from 84% to 88%. The obtained results showed that
CFN is the promising method for fast antibiotic susceptibility testing within 3-6
hours.
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6. MAIN ARGUMENTS PROPOSED

Physical processes underlying CFN were described and modeled, starting
from light scattering by particles to the differential signal formation. The
dependence of CFN signal on stirring was investigated; the stability of
convection and its sufficiency for CFN functioning was demonstrated.
Weak dependence of the signal on parasitic stray light was shown in
comparison with conventional nephelometry allowing CFN to reach
sensitivity as low as 10° CFU/ml.

CFN was applied to record immunoagglutination reactions in suspensions
of small particles (size much less then wavelength) and large particles (size
comparable of greater then wavelength). Three turbulent methods of
mixing were developed to increase the reaction rate and standardize
registration of agglutination of large particles.

The chosen area of CFN applicability is clinical laboratory microbiology
due to high sensitivity is needed to detect low concentrations of micro-
organisms down to 10° CFU/ml. Two main problems can be efficiently
solved using CFN — urine screening and fast antibiotic susceptibility
testing.

CFN method is suitable for registration of particles in broad range of
concentrations and dispersion. The experience of CFN applying to bacterial
growth recording allowed to determine the optimal parameters to develop
CFN prototypes for clinical microbiology. The constructed prototypes
“CFN-P-12” are 12-channeled, that allows to test 12 urine samples or
susceptibility to 5 antibiotics at once. Light scattered at low angles (7°—
10°) is detected to increase the detection limit of bacteria. The device is
lack of mechanical system of cuvettes positioning; every cuvette is
analyzed using its own laser and photodiodes, decreasing device
complexity and increasing its reliability. In addition to CFN, turbidimetry
is used to increase the upper limit of dynamic range to 10° CFU/ml.

Four studies was made to demonstrate the effectiveness of prototypes
‘CFN-P-12” for bacteriuria screening. More than 650 urine samples were
analyzed. High sensitivity and specificity were shown (up to 95.2% and
96.9%) in comparison with classical methods (culture on solid nutrient
media).

Two studies were made to demonstrate the effectiveness of prototypes
‘CFN-P-12” for antibiotic susceptibility testing. More than 250 tests were
made; the agreement with classical methods (disk-diffusion and serial
dilution methods) was from 84% to 88%.
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SUMMARY IN ESTONIAN

Koherentse fluktuatsiooni nefelomeetria rakendamine
laboratoorses praktikas

Doktorité6 pohieesmérk oli uurida ja optimeerida koherentse fluktuatsiooni
nefelomeetria (CFN) meetodit, et arendada seadmeid, mis leiaks laialdast kasu-
tust laboratoorses praktikas. Saavutati jirgnevad pdhitulemused.

1.

Kirjeldati ning modelleeriti CFN meetodi aluseks olevaid fiiiisikalisi
protsesse. Uuriti CFN signaali soltuvust lahuse mehaanilisest segamisest ja
demonstreeriti konvektsioonivoolude stabiilsust kiivetis ning piisavust
CFN meetodi funktsioneerimiseks. Niidati signaali norka sdltuvust para-
siitselt hajunud valguse hulgast vorrelduna tavalise nefelomeetria meeto-
diga. See asjaolu vdimaldab saavutada tundlikkust, et modta bakteri-
kontsentratsioone kuni 10° CFU/ml .

Rakendati CFN meetodit, et monitoorida immunoglutinatsiooni reakt-
sioone suspensioonides, mis koosnevad nii véikestest (osakeste suurused
palju véiksemad kui lainepikkus) kui ka suurtest osakestest (osakeste suu-
rused lainepikkusega vorreldavad voi suuremad). Arendati kolm turbu-
lentse segamise meetodit, et suurendada reaktsiooni kiirust ning standar-
diseerida aglutinatsiooni registreerimist suurte osakeste puhul.

Sobiv rakendus CFN meetodile on kliiniline mikrobioloogia, kuna seal on
vaja véga head tundlikkust, et avastada madala kontsentratsiooniga mikro-
organisme kuni kontsentratsioonini 10° CFU/ml. P&hiprobleemid on v&i-
malik efektiivselt lahendada CFN kasutades uriiniproovide kiir-skriiningut
ja kiire antimikroobse tundlikkuse mo&tmine meetodit.

CFN meetod on sobiv osakeste registreerimiseks laias kontsentratsioonide
vahemikus ning dispersioonides. Saadud kogemus CFN rakendamises
bakteriaalse kasvu modtmiseks voimaldas kindlaks teha optimaalsed para-
meetrid CFN seadme prototiiiibi koostamiseks kliinilise mikrobioloogia
jaoks. Konstrueeritud prototiiiibid ,,CFN-P-12 on 12-kanalilised, mis voi-
maldavad mddta 12 uriiniproovi voi 5 antibiootikumi mikroobtundlikkust
tihekorraga. Et parandada tundlikkust bakterite minimaalse avastatava
kontsentratsiooni véirtuste korral, detekteeritakse valgust, mis hajub vii-
keste nurkade all (7°—10°). Seadmel puudub mehaaniline siisteem kiivettide
positsioneerimiseks; iga kiivetti analiilisitakse tema enda laseri ja foto-
dioodiga, vidhendades nii seadme komplekssust ning suurendades t00-
kindlust. Lisaks CFN-le kasutatakse seadmes turbidimeetriat, mis viib
mddteulatuse iilemise piiri 10° CFU/ml-ni.

Tehti neli kliinilist uuringut, et ndidata ,,CFN-P-12* prototiilipide efektiiv-
sust bakteriuuria m&dtmisel. Analiilisiti rohkem kui 650 proovi. Néidati
korget tundlikkust ning spetsiifilisust (vastavalt kuni 95.2% ja 96.9%)
vorreldes klassikalise meetodiga (mikroobide kiilvamine tahkele toitekesk-
konnale).
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Tehti kaks kliinilist uuringut, et demonstreerida ,,CFN-P-12 prototiilipide
efektiivsust antibiootikumide mikroobitundlikkuse madramisel. Tehti roh-
kem kui 250 mddtmist; kooskola klassikalise meetodiga (diskdifusiooni
ning jérjestikuse lahjendamise meetodid) oli 84% kuni 88%.
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SUMMARY IN ENGLISH

Coherent fluctuating nephelometry application in
laboratory practice

The main goal of the thesis was to investigate and optimize coherent fluctuation
nephelometry (CFN) method to develop devices, oriented for wide use in
laboratory practice. The fallowing results were obtained.

1.

Physical processes underlying CFN were described and modeled. The
dependence of CFN signal on stirring was investigated; the stability of
convection and its sufficiency for CFN functioning was demonstrated.
Weak dependence of the signal on parasitic stray light was shown in com-
parison with conventional nephelometry. That allows CFN to reach sensi-
tivity as low as 10° CFU/ml.

CFN was applied to record immunoagglutination reactions in suspensions
of small particles (size much less then wavelength) and large particles (size
comparable of greater then wavelength). Three turbulent methods of
mixing were developed to increase the reaction rate and standardize
registration of agglutination of large particles.

The chosen area of CFN applicability is clinical laboratory microbiology
due to high sensitivity is needed to detect low concentrations of micro-
organisms down to 10° CFU/ml. Two main problems can be efficiently
solved using CFN — urine screening and fast antibiotic susceptibility
testing.

CFN method is suitable for registration of particles in broad range of con-
centrations and dispersion. The experience of CFN applying to bacterial
growth recording allowed to determine the optimal parameters to develop
CFN prototypes for clinical microbiology. The constructed prototypes
“CFN-P-12” are 12-channeled, that allows to test 12 urine samples or
susceptibility to 5 antibiotics at once. Light scattered at low angles (7°—
10°) is detected to increase the detection limit of bacteria. The device is
lack of mechanical system of cuvettes positioning; every cuvette is
analyzed using its own laser and photodiodes, decreasing device
complexity and increasing its reliability. In addition to CFN, tubidimetry is
used to increase the upper limit of dynamic range to 10° CFU/ml.

Four studies was made to demonstrate the effectiveness of prototypes
‘CFN-P-12” for bacteriuria screening. More than 650 urine samples were
analyzed. High sensitivity and specificity were shown (up to 95.2% and
96.9%) in comparison with classical methods (culture on solid nutrient
media).

Two studies were made to demonstrate the effectiveness of prototypes
‘CFN-P-12” for antibiotic susceptibility testing. More than 250 tests were
made; the agreement with classical methods (disk-diffusion and serial
dilution methods) was from 84% to 88%.
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