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Abstract. The paper is focused on light scattering by aggregates of optically soft particles with a size larger than
the wavelength, in particular, blood platelets. We conducted a systematic simulation of light scattering by dimers
and larger aggregates of blood platelets, each modeled as oblate spheroids, using the discrete dipole approxi-
mation. Two-dimensional (2-D) light scattering patterns (LSPs) and internal fields showed that the multiple scat-
tering between constituent particles can be neglected. Additionally, we derived conditions of the scattering angle
and orientation of the dimer, under which the averaging of the 2-D LSPs over the azimuthal scattering angle
washes out interference in the far field, resulting in averaged LSPs of the aggregate being equal to the sum of
that for its constituents. We verified theoretical conclusions using the averaged LSPs of blood platelets mea-
sured with the scanning flow cytometer (SFC). Moreover, we obtained similar results for a model system of
aggregates of polystyrene beads, studied both experimentally and theoretically. Finally, we discussed the poten-
tial of discriminating platelet aggregates from monomers using the SFC. © 2014 Society of Photo-Optical Instrumentation
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1 Introduction

Scattering of light by particles is the basis of many approaches to
study disperse systems, including aerosols, cosmic dust, biologi-
cal samples, and so on. The most precise characterization of
such systems is achieved by single-particle techniques, e.g.,
flow cytometry for biological cells' and spatial scattering meas-
urement for airborne particles.” The characteristics of particles
can be accurately determined when the particle geometry is rel-
atively simple. In particular, this has been done with the scan-
ning flow cytometer (SFC)** for such geometries as sphere,
layered sphere, oblate spheroid, dimer of spheres, and capped
cylinder, which are suitable optical models for many biological
cells.”™” Scattering of light by particles with complicated geom-
etry is more difficult to interpret, mainly due to a larger number
of characteristics. The same applies to aggregates of simple par-
ticles which often occur in nature. For instance, the coagulation
of emerging particles in a hydrocarbon flame is the key process
of soot formation,® the adhesion of the related cells is a primary
feature of the architecture of many tissues,” and aggregation of
blood platelets is a process that stops bleeding, but may also
cause thrombosis.'

The complexity of light scattering by aggregates comes from
interaction of its constituent particles due to both multiple scat-
tering (one particle modifying the field incident at another) and
interference in the far field. The latter can be easily evaluated if
the fields scattered by each particle (so-called partial fields) are
known. By contrast, accounting for multiple scattering generally
requires rigorous numerical methods. They may either explicitly
consider the interaction of monomers,'! as in the superposition
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T-matrix method,'>' or treat aggregates as a single particle,
as in the discrete dipole approximation (DDA)" and the finite
difference time-domain method.'® As a specific case of super-
position methods, one can consider the order-of-scattering sol-
ution, where the interaction between particles is iteratively
considered.”!® It has a simple physical interpretation, but is not
guaranteed to converge for an arbitrary system.

In many cases, partial fields can be accurately estimated,
neglecting the multiple scattering. The simplest example of such
an approximation is the Rayleigh-Gans-Debye (RGD) approxi-
mation applied to a whole cluster, which is equivalent to neglect-
ing the multiple scattering not only between different particles
but also between different parts of the same particle. RGD gives
good precision for aggregates of nanoparticles even if the overall
size of the cluster is larger than the wavelength.!®*° The neces-
sary requirement is that individual particles are small enough
and the fractal dimension of the cluster is less than two.?! When
the particle size (more specifically, its phase-shift parameter®')
increases, RGD becomes inapplicable even for individual par-
ticles, requiring rigorous techniques to compute the partial
fields. More generally, neglecting multiple scattering leads to
single-scattering approximation (SSA), called the first order
of scattering. It is also called an independent scattering approxi-
mation (ISA),? but this term is usually applied to suspension
of particles, in which relative position randomly varies over
the time of measurement, or to aggregates in random orientation.
In both cases, the far-field interference is also smoothed out;
therefore, the final result is just a sum of that for the individual
particles. We assign the latter definition to the term ISA to
distinguish it from SSA.

0091-3286/2014/$25.00 © 2014 SPIE

August 2014 « Vol. 19(8)


http://dx.doi.org/10.1117/1.JBO.19.8.085004
http://dx.doi.org/10.1117/1.JBO.19.8.085004
http://dx.doi.org/10.1117/1.JBO.19.8.085004
http://dx.doi.org/10.1117/1.JBO.19.8.085004
http://dx.doi.org/10.1117/1.JBO.19.8.085004
http://dx.doi.org/10.1117/1.JBO.19.8.085004

Moskalensky et al.: Additivity of light-scattering patterns of aggregated biological particles

The motivation of the present work is the characterization of
biological cells aggregates by the SFC. For instance, the prob-
lem of separation of blood platelets from their aggregates based
on the measured data is still not solved. This being done, one can
trace the first stage of platelets’ aggregation and determine the
fundamental platelet-platelet binding constants and other char-
acteristics of a patient’s platelet function. In general, such a
characterization implies two particular conditions. First, biologi-
cal cells have a small refractive index relative to the medium,
e.g., the typical values for E. Coli bacteria, red blood cells, and
platelets are from 1.02 to 1.06.723?* However, their size is sev-
eral times larger than the wavelength of visible light and the
shape is nonspherical, which implies that RGD is generally
not valid and a rigorous method, such as DDA, ig required.
To the best of our knowledge, scattering by aggregates of non-
spherical optically soft particles has not been rigorously simu-
lated. However, it has been hypothesized? that both the large
size and a small refractive index should decrease the importance
of multiple scatterings, even when individual particles are situ-
ated close to each other. Second, the SFC measures the scattered
intensity averaged over the azimuthal scattering angle as a func-
tion of polar angle — the so-called one dimensional (1-D) light
scattering pattern (LSP).* Apart from leading to specific sym-
metries,”’ the averaging process (from 2-D to 1-D LSP) has the
potential for smoothing out the interference similar to orienta-
tion averaging.

The goal of this paper is to analyze the validity of the SSA
for aggregates of large optically soft particles, and to study the
effect of the azimuthal angle averaging on the far-field interfer-
ence. For that we rigorously simulate light scattering by aggre-
gates of up to eight platelets and by dimers of polystyrene
spheres, analyzing both 1-D and 2-D LSPs, as well as internal
fields. Under the validity of the SSA, we derive additional con-
ditions, which imply the additivity of 1-D LSPs of individual
particles in the aggregate, i.e., the validity of ISA for 1-D LSPs.
Those theoretical simulations and their conclusions are illus-
trated by experimental LSPs measured with the SFC. Finally,
we discuss the consequences of this work for the development
of characterization methods of platelet aggregates.

2 Theoretical Background

2.1 Single-Sattering Approximation for Nonspherical
Particles

Scattering by an ensemble, or cluster, of N particles can be rep-
resented as the superposition of fields scattered by each particle,
hereafter referred to as partial fields

N
Esc2 — ZE.]s(ca_ (1)
k=1

The partial field of each sphere is, in turn, excited by the
incident field and partial fields of other spheres

sz — Einc + (ZE?Cd) , )

I#k

and is linearly related to this exciting field through a
mapping T:
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Ei = T(E). 3)

The essence of the SSA is the substitution of E™ instead of
E* into Eq. (3). The operator T, however, remains unchanged.
Therefore, the first step of the SSA is to separately calculate the
light scattering by each particle using exact techniques, such as
the DDA or T-matrix approach. The second step is to combine
the results using Eq. (1).

In the far-field region, where waves from individual particles
are transverse and travel in the same direction, it is straightfor-
ward to compute the vector sum in Eq. (1). However, it is nec-
essary to account for phase differences between partial waves.
Let us consider a cluster of two particles, as shown in Fig. 1. The
incident wave with wavenumber k travels along the z-axis, and
orientation of the dimer is determined by angles (« and ), which
are polar and azimuthal angles of the axis of symmetry of dimer
p- The distance between the centers of spheres is d. The phase
shift between two partial waves in the direction (6 and ¢) is as
follows:

A(6, @) = kd[cos f cos 0 + sin f sin 0 cos(a —@)].  (4)

Hereinafter, we consider @« = 0 without a loss of generality.
Thus, under the SSA, the scattered field is given as

Esca — E?ca + E;CaeiA7 (5)

which is also valid for any element of the amplitude scattering
matrix §.%® The measured intensity is

1(0’ QO) — |Esca|2 — Il + 12 + E?ca . E;caeiA +W . E;caeiA
= I, + I, + 2Re[E} - Exeid], ©6)

where I, and I, are the intensities of the first and second mono-
mers in the absence of another one, respectively, and the bar
denotes the complex conjugation. The last term corresponds
to the interference of the waves scattered by each particle.

Further, we only consider the case when intensity is given by
the S;; element of the Mueller matrix [compare Eq. (12)], omit-
ting the factor 1/(kr)? (Ref. 28). This intensity is obtained
analogously to Egs. (5) and (6):

Fig. 1 The layout of light-scattering problem for a cluster of two
particles.

August 2014 « Vol. 19(8)



Moskalensky et al.: Additivity of light-scattering patterns of aggregated biological particles

1(6.9) = Sy, = S} + ST +Re[£(6. 9)e ],

f(0.9)=8"s? + sVsP 1 sVg® 4 g2 7

where the superscripts denote the number of the particle and the
left-hand side is the value for the aggregate. We used Eq. (7) for
evaluation of (8, ¢) for dimers of blood platelets (see Sec. 4.3)
and its simplified form in Eq. (8) for polystyrene beads
(see Sec. 4.1).

2.2 Effect of Integration over Azimuthal Angle

In this section, we will consider the effects of integration over ¢
under the assumption of single scattering. Let us first consider a
particular case of a cluster of two identical spheres. In this case,
Eq. (7) can be simplified as follows:

16.9) = 281 (0){1 + cos[A(0. )]}, ®)
which can be easily integrated over ¢:

1 2r
1(0) :Z/o S11(6, @)de

1 27
=251+ 5 [*cosla.plan ). ©)
2z 0
The latter integral is equal to

2r 2r
/ cos[A(0, ¢)]dg = cos r/ cos(p cos @)dg
0 0

= 27 cos(z)Jy(p),
t=kd cos f cos 0,
p = kd sin f sin 6, 10)

where J, is the Bessel function of the zeroth order. The function
(10) takes the value of order unity in a special case when the
argument of Bessel function p = 0 and is much smaller when
p > 1. Particularly, when kd > 1 and both § and 6 are not
close to 0 or 7, the majorant of Eq. (10) has asymptotic behavior
p~1/2. This means that the interference of partial waves is
washed out by integration over ¢ for dimers of spherical par-
ticles, i.e., the ISA is valid. The mathematical fact that ISA
is not valid for @ = 0 or & corresponds to such physical phenom-
ena as diffraction (forward-scattering interference) and coherent
backscattering.?

In the general case of a cluster of two different nonspherical
particles, the simple expression (9) takes a more complex form

1(0) = 1,(0) + 1>(0)

+ 2 Relexp(—ir) /02” (0, ¢) exp(—ip cos g)dg]. (11)

The cross-term (function f) now depends on ¢ and cannot be
taken outside the integral in Eq. (11). However, if this depend-
ence is slower than the oscillations of the exponent (character-
istic scale of the dependence is much larger than p~'/2), it can be
shown by the stationary phase method that the integral has the
same asymptotic behavior p~'/2 and, therefore, the ISA is also
valid. Finally, other elements of the Mueller matrix satisfy
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relations, similar to Eqs. (7) and (11), but with a different func-
tion f (always a quadratic function of the amplitude matrix
elements).

3 Methods

3.1 Scanning Flow Cytometer

The SFC is a device that measures 1-D LSPs of individual par-
ticles in a flow. Technical features of the SFC were previously
described in detail elsewhere.? In short, the scattering is mea-
sured as a particle moves along the optical axis of a semi-spheri-
cal mirror. The measurement time of one particle is about 1 ms,
which allows one to neglect particle rotation during the meas-
urement. The measured LSP is expressed as

1 27
10) =5, [ 15u(0.0) + S1s0.0))d0 (12

Note that the second term vanishes after integration over ¢
for particles having a symmetrical plane® and is typically
much smaller than the first term for other particles. In particular,
its contribution to 7(6) is estimated to be at most 0.1% for
all considered aggregates. Therefore, we limit ourselves to the
consideration of the S;; element, both in 1-D [Eq. (12)] and
2-D LSPs. The specific SFC was fabricated by Cytonova Ltd.
(Novosibirsk, Russia). It is equipped with a 20-mW laser of
488 nm (Sapphire 488-20 CDRH, Coherent, California) wave-
length for generation of the LSPs of individual particles.
Another 40-mW laser of 660 nm (LM-660-20-S) wavelength
is used for generating a trigger signal. The measurement
range of @ is from 10 to 60 deg.

3.2 Sample Preparation

Polystyrene beads were used for the device alignment and cal-
ibration. We also used FluoSpheres® F-8823 beads (diameter
1.1 um, Life Technologies, New York), labeled by fluorescein
isothiocyanate, for the measurement of LSPs of beads aggre-
gates. The aggregates of beads were spontaneously formed in
suspension.

For the study of blood platelet aggregates, human blood was
taken from a healthy donor by venipuncture and collected in a
BD Vacutainer® tube containing sodium citrate. Platelet plasma
was obtained by sedimentation for 1 h at room temperature. The
aggregation of platelets was initiated by the addition of adeno-
sine diphosphate at a final concentration of 20 uM. At certain
moments after the initiation (1 and 15 min), part of the platelet
plasma was 200-fold diluted and measured with the SFC
(see Sec. 3.1).

3.3 Light-Scattering Codes

We used a multiple sphere T-matrix (MSTM) code® to simulate
light scattering by aggregates of spherical particles. We slightly
modified the code to calculate the 2-D LSPs. These simulations
were done for a polar scattering angle from 10 to 60 deg cor-
responding to the operational range of the SFC. To simulate
light scattering by aggregates of nonspherical platelets, we used
the DDA code ADDA v1.1.3! The 1-D LSPs were simulated for
the full range of € (0 to 180 deg) with the integration over ¢
from O to 360 deg in 32 steps. In several cases, we also calcu-
lated 2-D LSPs and internal fields. The results of the SSA for
aggregates were obtained by a separate code, which combines
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Table 1 Parameter ranges of activated platelets. Relative (to water)
refractive index is given in parentheses.

Parameter Lower boundary Upper boundary
rev 1.1 um 1.3 um

€ 1 2

n 1.37 (1.024) 1.39 (1.040)
p 0 deg 90 deg

1=atinsagd

Fig. 2 The example of constructed dipole configuration for simulation
of dimer blood platelets. Visualized with LiteBil.%®

the corresponding results for spherical or nonspherical mono-
mers according to Egs. (8) or (7), respectively.

3.4 Optical Model of Platelets and Their Aggregates

Unlike polystyrene beads, blood platelets are essentially hetero-
geneous in size and shape because they are originally cell frag-
ments.*>* In a normal state, platelets have a discoid shape with
an aspect ratio of 2-8 and a volume of 2-30 fL.>** Activated by
a physical or chemical stimulus, platelets change their shape and
membrane receptors and become capable of aggregation with
each other. The shape of the activated platelet is more spherical
(aspect ratio 1-2), and membrane outgrowths (pseudopodia) are
present. However, modeling both resting and activated platelets
as oblate spheroids for computing light scattering is reasonable.’

To construct an aggregate, we first specified two oblate
spheroids corresponding to activated platelets. Their parameters
rey (equi-volume sphere radius), € (aspect ratio), n (refractive
index), and  were randomly chosen from physiological ranges
(Table 1). We discretized each spheroid into a set of dipoles,
providing at least 12 dipoles (discretization element in the
DDA) both on the wavelength and on the thickness of the sphe-
roid. Then, a random rotation around the z-axis was applied to
the second spheroid, and it was translated along the positive
direction of the z-axis, until two sets of dipoles stopped over-
lapping. An example of the resulting dipoles configuration is
shown in Fig. 2. Finally, we randomly set the Euler angles of
the dimer orientation with respect to the incident wave. A sim-
ilar procedure was used to construct larger aggregates by the
consecutive addition of single spheroids.

4 Experiments and Simulations

4.1 Dimers of Polystyrene Beads

The SFC measures fluorescence intensity simultaneously with
the LSP. Thus, monomers and dimers of fluorescent micro-
spheres (see Sec. 3.2) can be easily separated based on their
fluorescence signals. The geometrical layout of a dimer in the
SFC is shown in Fig. 1. In Fig. 3(a), several typical experimental

Intensity, a.u.

B=0deg B=15deg

p=30deg -~ B=45deg

p=60deg ------- p=75deg
—— B=90deg

Monomer

10 20 30 40 50
Scattering angle, deg

Scattering angle, deg

Fig. 3 Light scattering patterns (LSPs) of dimers of polystyrene beads measured with the SFC (a, thin
lines) and calculated with the multiple sphere T-matrix (MSTM) for different orientations of dimers (b, thin
lines). LSPs of monomers are shown in each graph (thick line). Red lines in (a) correspond to approx-
imately independent scattering of monomers in dimers.
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Fig.4 The relative difference between LSP of dimer and doubled LSP
of monomer versus the orientation angle 4.

LSPs of dimers are shown together with a typical LSP of a single
bead. One can see that some of them, highlighted in red in
Fig. 3(a), have approximately the same shape as the LSP of
the single bead but with the double intensity.

Numerical simulations of LSPs of bispheres (two touching
spheres) show the same types of LSPs, see Fig. 3(b). The thick
line is an LSP for a single sphere with diameter of 1.1 ym and
refractive index of 1.605 (1.20 relative to the water) calculated
with the Mie theory. Thinner lines are LSPs for the dimer
of such spheres as calculated with the MSTM, as described
in Sec. 3.3. The specific observed LSPs of dimers, equal to dou-
ble that of monomers, correspond to an orientation angle f from
50 to 90 deg. The simulations are slightly different from the

£ =90deg

£ =50 deg

experiment (e.g., in forward scattering), which can be related
to a possible gap between real beads, slightly different sizes,
or other deviations from the model. However, the effect of con-
vergence of the dimer LSP to the double LSP of a monomer with
increasing angle S is clearly visible. We define the following
relative difference S (in logarithmic scale) to quantify this
convergence

Y illog 1(6;) —log Iy (60:))?
- Z[log Isum(gi)]2 ’ (13)

1

where 1(0) is the LSP of dimer, Iy, () is the sum of LSPs of
monomers that constitute it, and summation is over the scatter-
ing angles 8; where the LSPs are calculated. The dependence of
S on S is shown in Fig. 4, quantitatively supporting the above
conclusions.

Let us also consider 2-D LSPs. For a single sphere, it is in-
dependent of ¢. This is substantially different for a bisphere
with an orientation angle near 90 deg, in which 2-D LSPs
show oscillations along ¢ [Fig. 5(a)]. These oscillations are due
to the interference of partial waves (see Sec. 2.2), which is con-
firmed by the fact that the SSA [Eq. (8)] results in almost
the same 2-D LSP [Fig. 5(d)]. The dimer with # = 50 deg is,
in some sense, a critical point (Fig. 4), where the exact and
approximate results are still close to each other [Figs. 5(b)
and 5(e)]. In contrast, for f = 10 deg, the 2-D LSP for the SSA
only remotely resembles the exact one [Figs. 5(c) and 5(f)].

p=10deg

70 1

(a)

U7

7

()" s

MSTM

50

Polar scattering angle, deg

PNV
/||\ AN

0 120 240 3600 120
Azimuthal scattering angle, deg

10? 10" 10°

[ A\ /8RR | \', \

SSA

240 3600 120 240 360

10° 10° 10*

Fig. 5 Two-dimensional (2-D) LSPs of dimers of polystyrene beads—MSTM simulations (a—c) and the

SSA (d—f) for g =90, 50, and 10 deg respectively.
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10° T T T T T
4 Mean LSP of dimers
10794 [ 68% interval N
10° Mean LSP of monomers -
5 68% interval
© 2 _|
= 10
@
s 1
2 10"
£
10°
107"
-2 _ ~
107 = T T v T T A
0 60 120 180

Polar scattering angle, deg

Fig. 6 Mean LSPs of platelets dimers and monomers. Also intervals
corresponding to 68% probability are shown.

Therefore, multiple scattering is significant only when one
sphere is shadowing another. It is nonobvious that the multiple
scattering is not significant in the dimer of polystyrene beads
down to f =45 deg, despite the relatively large refractive
index. The ISA for 1-D LSPs is valid (except for the near-
forward direction) whenever the SSA is valid, i.e., they are addi-
tive in agreement with the analysis in Sec. 2.

4.2 Dimers of Blood Platelets

We constructed 8756 platelet dimers as described in Sec. 3.4.
The LSPs of both dimer and constituent monomers were simu-
lated with the DDA as described in Sec. 3.3. The mean LSPs for
dimers and single spheroids are shown in Fig. 6. It should be
noted that the mean LSPs are almost identical except for overall
intensity and perhaps forward scattering (0 to 5 deg). The same
fact is observed if one replaces all the LSPs of the spheroids with
an independently calculated set. Thus, the mean LSP of the
dimer is the double mean LSP of the spheroid, i.e., the ISA
is valid on average.

Further, we tested the validity of the ISA for single aggre-
gates. The measure of difference S [Eq. (13)] is plotted versus
p in Fig. 7. Direct comparison with Fig. 4 is not completely
adequate due to the different range of angles for LSPs; however,
calculating S in a limited range of scattering angles (the same as
for polystyrene beads) qualitatively results in the same picture
as Fig. 7. Although the graph is noisy due to the variability of
considered platelets, the general trend is the same as in Fig. 4.

010 , ,

0.05 i

Relative difference S

Orientation angle g, deg

Fig. 7 The relative difference between LSP of dimer and sum of LSPs
of its constituents versus the orientation angle j.
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Moreover, there are points with a small S even for a small j.
This can be explained by a smaller value of the refractive
index of platelets compared to that of the polystyrene beads.

The vast majority of dimers (88%) have a value of S smaller
than 0.025, and the fraction is even larger (99.9%) for f > 40
deg. It is important to understand how good the qualitative
agreement is between LSPs corresponding to this value of S.
We provide some examples below in Fig. 8. Figure 8(a) corre-
sponds to one of the worst differences, found in the left-top
corner in Fig. 7. In this case, LSPs are visually different, i.e.,
multiple scattering and/or interference results in noticeable dis-
tortion of the LSP. However, in Fig. 8(b) another dimer with the
same orientation has S < 0.025. Still not coinciding perfectly,
the curves have the same structure except for forward- and back-
scattering, indicating the validity of the ISA, as discussed in
Sec. 2. The same can be said for Figs. 8(c) and 8(e), correspond-
ing to intermediate and large S, respectively, although the visual
agreement is even better. The vast majority of other dimers have
a smaller value of § and hence better agreement should be
expected. For instance, Figs. 8(d) and 8(f) represent one of the
best fulfillments of the ISA (the smallest values of S).

4.3 Two-Dimensional Light Scattering Patterns and
Internal Fields of Platelets Aggregates

The LSPs shown in Fig. 8 indicate the validity of the ISA and,
indirectly, the validity of the SSA. To test the latter directly, we
examined 2-D LSPs — they are shown for a single dimer in dif-
ferent orientations in Fig. 9. They are very similar, including
intensity and oscillatory structure, although the agreement
gets slightly worse with a decreasing f.

To better understand the applicability of the SSA, we exam-
ined the internal fields for the same dimer. The magnitude
(squared norm) of internal field in the xz-plane for the per-
pendicular polarization of the incident field is shown in
Fig. 10. When the SSA is valid, the fields of each monomer
in the dimer should be identical to that of the monomer. This is
always so for the first (lower) monomer, but for the second one it
is approximately accomplished only for f = 90 deg. The dis-
crepancy of internal fields for f = 50 deg is in the region that
is shadowed (or focused upon) by the first particle. The same
applies to the case of f = 10 deg, although there is some dis-
crepancy in the nonshadowed region as well. It is important to
note that Fig. 10 only shows the central section, which is
expected to have the strongest distortions of the internal fields.
In other sections, where the distance between monomers is
larger, internal fields are almost unchanged compared to that
of single particles. Therefore, the fraction of platelet volume
where internal fields are different is rather small. This explains
the good agreement of 2-D LSPs (Fig. 9). Thus, we expect the
validity of SSA for aggregates of optically soft particles, espe-
cially when the area of contact is relatively small. For particles
with a large contiguity, multiple scattering should be significant.
For instance, if we virtually separated a spheroid into two
halves, the 1-D LSPs of the halves would not be additive. The
same is expected for internal aggregation, i.e., one particle
inside another.

Note also that the amplitude of the internal fields is signifi-
cantly different from one even for the SSA, which indicates that
the RGD (equivalent to assuming an internal field equal to the
incident one) is not valid in this case. In other words, interaction
(multiple scattering) between the different parts of the platelet is
more significant than that between different platelets.
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R _Dimer $=0.066
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Fig. 8 Examples of LSPs of dimers and sum of LSPs of monomers (solid lines). The relative difference S
and orientation angle $ are shown in each plot. LSPs of monomers are shown as well (dashed lines). Left
and right columns correspond to typical large and small values of S, respectively, among small (a, b),

intermediate (c, d) and large (e, f) values of j.

Thus, we conclude that the SSA is almost always valid for
platelet aggregates (at least for 2-D LSPs), even more than for
polystyrene beads (Sec. 4.1). We hypothesize that the SSA can
be a promising approximate method to simulate light scattering
by an aggregate of biological particles. First, one should calcu-
late the 2-D distributions of scattered electric fields, e.g., in the
form of an amplitude scattering matrix,?® for each component of
the aggregate. Second, these 2-D LSPs should be combined
using Eqgs. (6) or (7). Potential acceleration depends on the used
method and details of the aggregate. In our DDA simulations,
there was almost no acceleration for dimers of blood platelets,
and about 30% for octamers (see Sec. 4.4). However, drastic
acceleration is expected for problems where the monomers
can be treated by a simpler light scattering method. Consider,
for instance, a platelet-leukocyte aggregate, which can be mod-
eled as an oblate spheroid in contact with a larger two-layered
sphere;® the Mie theory can be used for the latter. We stress,
however, that applicability of the SSA to problems other than
those considered in this paper should be tested separately.

4.4 Larger Platelets Aggregates

Several larger platelets aggregates were constructed as described
in Sec. 3.4. Previously made shapes of dimers and monomers
(see Sec. 4.2) were used for this purpose. In Fig. 11, the
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simulated LSPs for three aggregates are shown: planar and tetra-
hedral tetramers and octamers (see inset on each plot for particu-
lar geometries). The sums of LSPs of the monomers are also
shown (gray lines). Surprisingly, the visual agreement is very
good, although forward- and backscattering diverge as before
(Fig. 8). Figure 11(b) is especially nontrivial: the upper mono-
mer is strongly shadowed by lower ones, but multiple scattering
still has little effect on the LSP.

This leads to two important implications. First, the LSP of
the aggregate is, on average, proportional to the number of
its monomers. However, since the overall magnitude of mono-
mer LSPs is not constant due to the natural variability of blood
platelets, this proportionality does not hold on a single-aggre-
gate level. Second, the structure of the LSP of the aggregate,
i.e., maximum and minimum, resembles that of the monomer,
but can be smoothed out due to different locations of the maxi-
mum and minimum of LSP of the monomers. For instance, the
LSP of the octamer [Fig. 11(c)] is apparently less (has a smaller
amplitude of oscillations) than that of tetramers [Figs. 11(a)
and 11(b)].

A similar effect is seen in experiments. The LSPs of platelet
aggregates were measured with the SFC (Sec. 3.1) in different
time points after the initiation of aggregation. In Fig. 12, the first
10 measured LSPs are shown for 1 and 15 min batches. One can
see the growth of intensity and a decrease in the contrast of the
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Fig. 9 2-D LSPs calculated with the DDA (a—c) and the SSA (d—f) for different orientation of the same
dimer (8 =90, 50, and 10 deg, respectively).
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Fig. 10 Internal fields (squared norm) of dimers of blood platelets (a—c) and of single platelets that con-

stitute it (d—f, shown together as in the aggregate) for different directions of propagation of the incident
field (designated by arrows).
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Fig. 11 Simulated LSPs and sum of LSPs of monomers for different aggregates: planar (a) and tetra-
hedral (b) tetramer and octamer (c). The incident wave propagates from below. Aggregates are visual-
ized with LiteBil.%
LSP, which can be used for separation of monomers from large
aggregates. However, unambiguous separation of monomers
. from dimers seems impossible on this basis. That is unfortunate,
10 T T since it is this very first step of aggregation that is important for
1 min of aggregation determination of platelet-platelet binding constants.
10° —— 15 min of aggregation
e 4.5 Separation of Monomers from Dimers
> 10°
"é The fact that the LSP of the dimer is close to the sum of the LSPs
o of its monomers has an important implication for the separation of
< 101 i . . .
monomers from dimers. Let us start with the simple case when the
dimer consists of two identical spheroids. The structure of its LSP
10° is the same as of the LSP of a spheroid and the intensity is two
times larger. On the other hand, the intensity of the LSP of a sin-
T T T T 1

Polar scattering angle, deg

Fig. 12 Experimental LSPs 1 min (green lines) and 15 min (blue lines)
after the initiation of aggregation. First 10 LSPs are shown in each
case.

gle spheroid rises with the increasing refractive index approxi-
mately maintaining its structure. Thus, the LSP of the dimer
can be very similar to the LSP of a single spheroid with
a larger refractive index. The same reasoning applies to the
case of a dimer consisting of different spheroids, at least when
the spheroids are not greatly different. Then, one can expect a
spheroid with average parameters and increased refractive
index to have an LSP similar to that of the dimer.

10° . .
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Fig. 13 LSPs for dimer and monomer: 2-D LSPs are apparently different—(a) and (b), respectively, while
the LSPs averaged over ¢ agree well in forward hemisphere (c). Dimer and monomer are also shown on
(c), refractive index of the latter is 1.035, while for monomers in dimer it is 1.028 and 1.031.
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Fig. 14 Experimental LSP that agrees well both with LSP of dimer
and with LSP of monomer that are the same as in Fig. 13(c).

A typical situation is shown in Fig. 13. 2-D LSPs of the
dimer and the monomer are completely different, but coincide
after averaging over ¢. The LSP of the monomer is previously
chosen as the nearest one from the constructed database of LSPs
of single spheroids.” That database was constructed for scatter-
ing angles from 10 to 70 deg; therefore, the best agreement is
seen in this range. However, the agreement at the near-forward
direction is unlikely since it is largely determined by the overall
size of the particle. The parameters of the monomer correspond
to those of typical blood platelets. Moreover, such LSPs are
actually measured in experiments (Fig. 14), and it is generally
impossible to unambiguously attribute the measured LSP to that
of the dimer or monomer.

Still the separation of monomers from dimers from light scat-
tering is not hopeless. There are several promising ideas with
which to do it. The first of these is the measurement of 2-D
LSPs, which is possible with the modification of the SFC.*’
The 2-D LSPs are largely different for dimers and monomers.
However, the effect of pseudopodia on the 2-D-LSP is still not
understood, and they may potentially introduce a complex struc-
ture to the 2-D LSP of the monomer, similar to that of the dimer.
The second way is the measurement of the very forward scatter-
ing (0 to 5 deg), which is complicated by the interference of
scattered and incident waves. Another possibility is to reverse
the incident laser beam in the SFC for measurement of the
LSP in the backward hemisphere since, in a number of cases,
we saw larger deviations at that scattering angle [Figs. 8(a),
8(b), and 13(c)]. However, this effect is probably not universal.
Finally, in this paper, we analyzed only the intensity of the scat-
tered light, leaving polarization as an interesting future topic of
research. This is especially relevant since certain combinations
of Mueller matrix elements can be measured with the SFC.*

5 Conclusion

On the basis of systematic numerical simulations, we showed
that the SSA is valid for the vast majority of aggregates of
blood platelets, and, in many cases, for aggregates of polysty-
rene beads. We hypothesize that such an approximation should
also be valid for other aggregates with similar sizes (of several
wavelength), relative refractive indices (close to unity), and
sparsity (non-overlapping monomers with a small area of con-
tact). This may significantly simplify the simulation of light
scattering by such aggregates, especially when the monomers
can be treated with simple simulation methods. However, the
multiple scattering can only be neglected between the mono-
mers, but not between the different parts of the monomer.
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Thus, simpler approximations, like the Rayleigh-Debye-Gans
one, are generally inapplicable.

Averaging (integration) over the azimuthal scattering angle ¢
is shown to eliminate the interference of partial waves in the far
field, except for near-forward or backward scattering angles or
for dimers orientated along the incident direction. Thus, in many
cases, the LSP of the aggregate integrated over ¢ is expressed by
the simple sum of 1-D LSPs of its constituent particles. On the
one hand, if monodisperse biological systems are considered,
i.e., cells with a relatively narrow distribution of sizes, the addi-
tivity may help in quick counting the number of monomers in
the aggregates based on the intensity of its 1-D LSP. On the
other hand, this complicates the identification of aggregates
since their LSPs retain the structure of monomers’ LPSs,
which was confirmed by measurements with the SFC.

The dependence of LSP on ¢ is completely different for
monomers and other aggregates. This can be the basis for iden-
tification of aggregates of blood platelets. For instance, the
SFC can be modified for measurement of either 2-D LSPs*’
or another signal related to dependence on ¢. However, this
requires extensive experimental work at the limit of modern
technology sensitivity.
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