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A B S T R A C T   

Most of known light-scattering technologies, which allow one to separate spherical from non-spherical single 
particles, utilize either analysis of 2D light-scattering pattern or depolarization of light scattered. Both ap-
proaches force one to use high-sensitive detectors to provide a suitable signal to noise ratio for two-dimensionless 
photo matrix or for optical system with crossed polarizers. In this study, we introduce the method for discrim-
ination of spherical and non-spherical single particles. The approach is based on measurement of leading, most 
intensive, element S11 of light-scattering matrix. To provide maximal signal to noise ratio we specified the light- 
scattering profile (LSP) in terms of integrated over azimuthal angle S11 as a function of polar scattering angle. 
The shape-sensitive vector-invariant for individual spherical particles was constructed from the parameters of 
LSP spectrum. The vector-invariant plays a role of the numerical criterion to identify spherical particles from 
LSPs. It can be applied to find a sphere with characteristics ranging from 16.5 to 70 and from 0.5 to 7.0 for size 
and phase-shift parameters respectively (size parameter α = πdn0/λ, where d – sphere diameter, λ – wavelength of 
the incident light, and n0 – medium refractive index, RI, phase-shift parameter ρ = 2α(m − 1), where relative RI 
m = n/n0 and n is the sphere RI). These ranges cover all possible characteristics of blood cells within the visible 
region of wavelengths. The ability of the vector-invariant to recognize spherical cells among non-spherical ones 
was tested theoretically by LSP databases of optical models of platelets and mature red blood cells. Moreover, 
experimentally the vector-invariant demonstrated good performance in searching of near-perfect spheres among 
milk fat globules, isolated nuclei of mononuclear cells, and completely spherized cells in a course of red blood 
cell lysis.   

1. Introduction 

Discrimination between spherical and non-spherical single particles 
can play an important role in different environmental monitoring, 
biotechnological processes, and quality controls in production of pow-
ders. Light scattering may be attributed to the most valuable phenom-
enon which is used in such discrimination. Scientifically a perfect sphere 
gives an opportunity for precise experimental verification of adequate 
theoretical description of interaction between a physical field and the 
particle. In relation to the light scattering, a sphere is the simplest optical 
model of a particle that completely characterized by a size and refractive 

index (RI) only. These characteristics can be precisely retrieved from a 
solution of the inverse light-scattering (ILS) problem. Subsequently the 
RI of the substance forming the sphere will be useful in a study of optical 
properties of non-spherical particles consisting of the same substance. 

Discrimination of spherical and non-spherical particles is especially 
important in biological cells. Determination of morphology of red blood 
cells (RBCs), platelets and lymphocyte nucleus could reveal a bulk of 
diseases and physiological states including raw of anemias, spher-
ocytosis, cardiovascular and autoimmune disease, hemostasis and im-
mune disorders [1–3]. Milk production quality control includes 
measurements of spheroidal milk fat globules (MFG) sizes and RI [4]. 
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Because of knotty shape and internal structure and high variability of 
morphological characteristics solution of ILS problem is highly compli-
cated. Therefore determination of spherical particles among sample 
open a path to determine particle characteristics relatively simply by 
solution of ILS problem for spheres. 

A spherical homogeneous particle illuminated by circularly polar-
ized light will result in a pattern of scattered light, which is radially 
symmetrical about the axis of the illuminating beam. It means that 
asymmetry in scattering intensity as a function of an azimuthal angle 
with a fixed polar angle specifies an asphericity of particle analyzed. The 
analysis of the spatial intensity distribution of light scattered by a single 
particle may be a basis of methods to discriminate or classify particles. 
This phenomenon was widely exploited in instrumental solutions to 
identify spherical and non-spherical scatterers in particular with single 
particle aerosol analyzers [5]. 

Sachweb et al applied the DAWN-A single particle optical detector 
[6] to distinguish spherical and non-spherical airborne particles using a 
few photomultiplier tubes placed in different polar and azimuthal angles 
[7]. Hirst and Kaye utilized the aerofocusing transducer to deliver a 
particle into testing zone and the ellipsoidal reflector to construct the 2D 
light-scattering pattern on the high-sensitive intensified camera. The 
instrument examined both spherical and non-spherical particle types 
and appropriate theoretical comparisons were made with the experi-
mental profiles using either Mie theory or a simple treatment based on 
the Rayleigh-Gans formalism. Both experimental and theoretical scat-
tering data showed the good agreement for all particle types examined 
[8]. Definitely, an air as the surrounding medium in these experiments 
provided a sufficient amount of scattered photons even for 4-µm water 
droplets with the relative RI of 1.33. The substitution of air by water 
drops down an amount of photons scattered by a blood cell crucially. 
Nevertheless, the modern optics and electronics are able to provide 
sufficient signal to noise ratio for 2D imaging of biological cells in 
physiological solution [9]. The diffraction imaging cytometer acquires 
2D light-scattering patterns from single cells within the angular interval 
of approximately ±18◦ for solid angle by a commercial CCD camera. The 
cytometer successfully demonstrated classification of different types of 
cells having a size of 5 µm or large with complex heterogeneity [10]. A 
few classifiers were applied in analysis of diffraction images to provide a 
reliable method to distinguish biological cells [11]. 

Depolarization of light scattered by a single particle could be also 
exploited in particle discriminators. Spherical particles do not change 
the state of polarization, whereas non-spherical particles cause the de-
polarization of the scattered light. Moreover, depolarization is very 
sensitive to variations of internal structure of biological cells. In 
particular, the depolarized orthogonal light scattering of conventional 
flow cytometers allows distinguishing eosinophils from neutrophils for 
direct clinical application. This phenomenon was experimentally 
discovered [12] and theoretically confirmed [13]. Parasitized red blood 
cells were successfully identified by a common flow cytometer enhanced 
by extra side-scattering detector with polarizer. In this particular case, 
the depolarization became the basis of reagent-free, real-time detection 
of drug effects [14]. Distinguishing between spherical and non-spherical 
airborne particles was realized by measure of the cross polarized scat-
tered light by single particles into the near forward direction [15]. 

According to our long-term experience in the study of light scattering 
from blood cells with the original technology – scanning flow cytometry 
we have also tried to develop a discriminator for different types of cells. 
We utilized the common ways to construct a new approach. Firstly, we 
suggested and theoretically described the scanning flow cytometer (SFC) 
that allows the measurement of 2D light-scattering pattern of single 
particles [16]. 

Secondly, we demonstrated an ability of the modernized SFC to 
distinguish spherical and non-spherical single particles from analysis of 
polarizing properties of scattered light [17]. Unfortunately, these both 
approaches assume to modify the basic optical setup of the SFC that 
results to less stable operation of the instrument because of additional 

optical elements must be properly aligned and controlled during ex-
periments. Extra challenge is caused by high sensitivity of depolariza-
tion and 2D scattering patterns to the optical alignment and the spatial 
calibration of the detectors. On the other hand, the high precision in 
solution of ILS problem for spheres realized by the SFC, may give exact 
quantitative data relating to blood cell compounds, in particular, optical 
constants for hemoglobin and the degree of homogeneity for cellular 
vesicles and nuclei. 

These facts forced us to develop a method that allows discrimination 
of spherical and non-spherical individual particles by means of the 
simplest version of an optical setup in angle-resolved light scattering – 
unpolarized light in incidence and detection, integration over azimuth 
angle. Following to the Mueller matrix formalism it means that new 
method should allow us to recognize spherical particles among non- 
spherical ones just from measurement of leading element S11 of scat-
tering matrix as a function of polar scattering angle θ with integration 
over azimuth angle φ, light-scattering profile (LSP). In this study, we 
introduce the numerical criterion, optical vector-invariant, for 
recognition of spherical particles that has been constructed from the 
spectral decomposition of the LSP. 

2. Materials and methods 

2.1. Red blood cells 

After a written informed consent, blood was collected from a healthy 
volunteer by venipuncture into a vacuum tube containing ethyl-
enediaminetetraacetic acid (EDTA) as anticoagulant. The sample was 
1000-fold diluted in 0.9% saline and measured with the SFC. Hemolysis 
of the RBCs were performed according to the protocol described by 
Chernyshova et al [18]. The blood was placed into a lysing solution of 
ammonium chloride (0.15 M) to spherize RBCs. 

Polystyrene microspheres of 4 μm (manufacturer specification) in 
mean size (Molecular Probes, USA) were added into all samples for SFC 
initialization (procedure described in details in [19]). All measurements 
were performed at room temperature (22 ◦C). 

2.2. Isolated nuclei of mononuclear cells 

Peripheral blood was collected from volunteers by venipuncture and 
placed into polystyrene tubes containing the potassium salt of EDTA as 
an anticoagulant. We transferred 3 ml of the blood into a 15 ml centri-
fuge tube and diluted it with an equal volume of PBS. We layered 6 ml of 
the diluted blood over 3 ml Lympholyte®-H (Cedarlane, CL5020) and 
centrifuged for 20 min at 800g at room temperature. After centrifuga-
tion, we carefully removed the cells from the interface containing pe-
ripheral blood mononuclear cells and transferred into a new centrifuge 
tube. We diluted the transferred cells with PBS to reduce the density of 
the solution and centrifuged at 800g for 10 min. The supernatant was 
discarded and the cells were washed in PBS by centrifugation at 450g for 
10 min. 

2.3. Milk fat globules 

Raw whole bovine milk was obtained from a local individual farmer 
(Novosibirsk, Russian Federation) and was kept at 4 ◦C for up to 6 h 
before analysis. All samples were warmed to approximately 22 ◦C prior 
to measurement and diluted 50,000 times with distilled water. 
Approximately 10 thousand LSPs of milk fat globules (MFGs) were 
measured with the SFC. 

2.4. Flow cytometer 

The SFC can be attributed at the next generation of flow cytometers, 
since any analysis assigned for the ordinary flow cytometer can be 
carried out by means of the SFC. The main advantage of the SFC relates 
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to the measurement of the LSPs of individual cells contrary to the for-
ward and side light scattering amplitudes measured by a common flow 
cytometer. An analysis of the LSP enhances the identification and 
characterization of single cells substantially. The SFC was fabricated by 
Cytonova LLC (Novosibirsk, Russia). The actual SFC was equipped by a 
40 mW laser of 660 nm (LM-660-20-S) for illumination of individual 
cells and measurement of LSPs. The 488-nm laser (15 mW laser, 
FCD488-020, JDS Uniphase Corporation, Milpitas, California) was used 
to trigger the electronic unit of the SFC and to produce forward and side 
scattering signals in a conventional manner. The scheme of the optical 
system of the SFC is shown in Fig. 1. The mirror on the plate (PM) directs 
the focused beams into the optical cell (OC) for illumination of a par-
ticle. The spherical mirror of the OC reflects LSP (red cylinder in Fig. 1) 
to the PMTs. Detailed technical features of the SFC and the operational 
function of the optical cell were previously described elsewhere [17,20]. 
The operational angular range θ of the SFC was determined from the 
analysis of polystyrene microspheres [21] and was in range from 10◦ to 
70◦. 

2.5. Theoretical methods 

In the current study to solve direct and inverse light-scattering 
problems we utilized the following methods:  

(1) Mie theory for simulation of the light scattered by a sphere by 
means of LabView codes developed on the basis of Bohren and 
Huffman program [22];  

(2) Discrete Dipole approximation for simulation of light scattered by 
non-spherical particles, i.e. oblate spheroids, optical models of 
red blood cells, using the open-codes of the ADDA algorithm [23];  

(3) DIRECT algorithm in solution of the ILS problem for spheres 
[24,25]; 

3. Theory/calculation 

3.1. Definition of the optical vector-invariant 

In our previous studies of spectral features of angle-resolved light 
scattering [26–30] we observed that a LSP spectrum is distorted when 
there are deviations in a shape or homogeneity of the sphere particle. 
Taking into account this fact, we formed the optical vector-invariant 
using two components: (1) the amplitude of non-zero peak of the LSP 
spectrum normalized at the zero-peak amplitude and (2) integral over 
the low-frequency wing of the non-zero peak of the spectrum in the 
following form: 

I0.03 =
1
Ap

∫ Lp

(Lp − 0.03)
P(q)dq; (1)  

where P(q) is the LSP amplitude spectrum, q is the spectral variable 
expressed in degrees− 1, Lp is the non-zero peak location, and Ap is the 
amplitude of the non-zero peak. The choice of the vector-invariant 
components was caused by our experience in the analysis of the RBC 
lysis kinetics with the SFC [31] where we already utilized the non-zero 
peak amplitude of the LSP spectrum to recognize spheres appeared in 
the end of the lysis. The second component of the vector-invariant has to 

Fig. 1. The optical setup of the scanning flow cy-
tometer exploited in the current experiments. PMT1- 
5, photomultiplier tubes: forward scatter, 660 nm 
light-scattering profile, side scatter, “yellow” fluo-
rescence, “red” fluorescence, respectively; La1,2: 
488 nm laser, 660 nm laser, respectively; DM1,2: 
dichroic mirrors; Obj1,2: objectives; Pol: polarizer; 
λ/4: quarter-wave plate; OC: optical cell; PM: plate 
with mirror. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   
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narrow the area where sphere can be recognized. We have found that the 
low-frequency wing of the non-zero peak becomes broader when a 
particle loses sphericity. Thereby, we defined the integral over the 
normalized non-zero peak within the interval of 0.03◦− 1 as the second 
component of the vector-invariant. The example that demonstrates the 
invariant construction is shown in Fig. 2. The LSP of the sphere with the 
size of 7 µm and RI of 1.37 was weighted by the LSP apparatus function 
described by Strokotov et al [25] (see Fig. 2A). Hereinafter the laser 
wavelength of 0.66 µm and medium RI of 1.333 were used in light- 
scattering simulation. Then we applied Blackman-Nuttall window with 
consequence Fourier transformation to get the LSP amplitude spectrum. 
The spectrum was normalized at zero-peak amplitude (Fig. 2B). The 
vector-invariant of INV={0.433, 0.0215} relates to the exemplified 
particle. 

To define the applicable region for the vector-invariant INV={Ap, 
I0.03} for spherical particles we calculated the LSPs for spheres using Mie 

theory for scattering angle range θ ∊ [10◦, 70◦]. The sphere character-
istics were varied within the ranges of size parameter α ∊ [16.5, 70] and 
phase-shift parameter ρ ∊ [0.5, 7], where α = πdn0/λ (d – sphere diam-
eter, λ – wavelength of the incident light, and n0 – medium RI), ρ = 2α(m- 
1), relative RI m = n/n0 and n is the sphere RI. The corresponding par-
ticle RI versus size region is presented in Fig. 2C (black polygon). 

4. Result and discussion 

4.1. Optical vector-invariant: theoretical verification 

We calculated the INV for the spheres with characteristics introduced 
in the Section 3.1 and constructed the I0.03 versus Ap, map. These spheres 
have rather stable INVs forming the sphere region on the map. This 
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region is shown in Fig. 3A where each black point corresponds to the 
fixed sphere. Considering this region as the direct theoretical result that 
does not take into account an experimental noise, we have defined the 
sphere-rectangle formed by the values ranging from 0.2 to 0.5 and from 
0.0213 to 0.0221 for the peak amplitude Ap and integral I0.03, respec-
tively. This sphere-rectangle is marked in gray color in Fig. 3. If a par-
ticle INV is not in the sphere-rectangle, we attribute this particle to non- 
spherical one. In order to understand where INVs of non-spherical par-
ticles are located on the map we calculated the LSPs of oblate spheroids 
and RBC models varying the sphericity index (SI) from 0.97 to 1.0. The 
SI is the ratio of the particle volume to the volume of sphere having the 
same surface area [32]. The volume, surface area and RI of the particles 
were kept unaltered in the simulation. The INVs of these particles are 
shown in Fig. 3A by differently shaped points. The particle character-
istics presented in the box relate to spheres (SI = 1) with the diameter 
and RI indicated. According to this simulation all particles with the SI <
0.998 give the INV located outside the sphere-rectangle. This result 
demonstrates applicability of the INV in recognition near-perfect 
spheres from a LSP spectrum. 

Additionally we tested the sphere-select ability of the INV on LSP 
databases of oblate spheroids and mature RBC models. We applied the 
same databases to solve the ILS problem for blood platelets and RBCs 
respectively [33,34]. The LSPs from databases were processed by 
calculating the INV from the LSP spectra. The INV maps for spheroids 
and RBCs are shown in Fig. 3B and C, respectively. There are only 0.5% 
of oblate spheroids inside of the sphere-rectangle with the SI < 0.99. The 
major part (0.2%) of the RBC models with SI ≥ 0.97 falls into the sphere- 
rectangle. Indeed shapes of these particles are near to spherical: for RBC 
thickness and waist thickness almost equal to diameter and spheroid 
aspect ratio tends to 1. Considering the simulation introduced in Fig. 3 
we would like to emphasize the role of the second component of the 
vector-invariant in the precise recognition of spheres. Previously used 
recognizing algorithm attributed a particle to non-spherical one if the 
peak amplitude Ap exceeded 0.2. The current version of the algorithm 
allowed us to attribute the rather big amount of spheroids and RBC 
models to non-spherical particles. The results presented in Fig. 3 
demonstrate this fact indeed. 

4.2. Recognition of sphered RBC during hemolysis 

The reason of this study was caused by the appearance of LSP spectra 
with amplitudes of the non-zero peaks higher than 0.2 at the end of RBC 
hemolysis experiment. In a course of lysis a RBC shape is transformed 
from biconcave to sphere due to a change of osmolarity by ammonium 
chloride. The theory of RBC lysis developed by Chernyshev et al. [31] 
allows one to simulate RBC SI as a function of time and to estimate the 
transforming duration of RBC shape. A LSP of a particle is rather sen-
sitive to the particle shape and dependency of the LSP on the particle 
shape can be observed in spectral domain. In particular the mean 
amplitude of the maximal non-zero peaks in the LSP spectra is increased 
during the lysis. Typical dependency of the peak amplitudes on the 
lysing time is shown in Fig. 4A where one point corresponds to a single 
RBC. The cells with high peak amplitudes appear in approximately 6 min 
after hemolysis initiation. The INV map of the same cells is shown in 
Fig. 4B. It demonstrates the localization of the major part of the high 
amplitude cells inside of the sphere-rectangle. Therefore, we were easily 
able to recognize the RBCs, which were spherized during the lysis. This 
performance of the new approach in recognition of spheres is crucial for 
detail characterization of cells and cellular components with the SFC. 

One more arresting note is that one can easily observe in Fig. 4A and 
B the “gap” in the peak amplitudes between non-spherical and spherized 
RBCs. In order to clarify the reason of the “gap” appearance we calcu-
lated the LSPs using RBC models. All RBC characteristics kept unaltered 
except the SI. The dependency of the peak amplitudes as a function of SI 
is shown in Fig. 4C. This dependency demonstrates the strong rise just 
before SI = 1. Assuming the constant rate of spherization we have to 

expect a small amount of RBCs with peak amplitude ranging from 0.1 to 
0.2 that is in agreement with experimentally measured RBCs during the 
lysis. 

4.2.1. Characterization of sphered RBCs 
The usage of the INV has allowed us to identify the spherical RBCs 

among non-spherical ones. These spherical RBCs can be precisely 
characterized by means of solution of the ILS problem. We have pro-
cessed all LSPs of RBCs which INVs are located inside of the sphere- 
rectangle, near-perfect sphere, and outside the sphere-rectangle but 
with the peak amplitude above 0.2, like-sphere (Fig. 4B). The solution 
gives us the size and RI of each RBC with its uncertainties. The results of 
the LSP processing are presented in Table 1. It includes parameters of 
distributions over RBC diameters, RIs and hemoglobin (Hb) contents are 
shown. Additionally we introduce the median errors for RBC charac-
teristics which are retrieved from LSPs measured with SFC. Errors are 
obtained from the solution of the ILS problem using Mie theory. 

To demonstrate the agreement between experimental and theoretical 

Fig. 4. RBC lysis. (A) the peak amplitude as a function of a time when a cell 
triggers the SFC trace recorder; (B) INV map of RBCs in hemolysis; (C) the peak 
amplitude as a function of sphericity index of RBC optical models. The RBC 
characteristics shown in the frame relate to the cells with SI = 1. 
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LSPs we chose two LSPs from both RBC fractions, near-perfect sphere 
(Fig. 5A) and like-sphere (Fig. 5B). The chosen LSPs were fitted by the 
Mie theory to determine the size and RI of spherized RBCs. The results of 
the solution of the ILS problem are shown in the text boxes in Fig. 5. 
First, we would like to emphasize the high precision in analysis of 
spherized RBCs. The median error of RBC diameters is 21 nm and 27 nm 
for near-perfect sphere and like-sphere RBCs respectively. This resolu-
tion in size of particles exceeds in one order of magnitude the funda-
mental resolution of optical microscopy. High precision relates to the 
other characteristic of RBC such as refractive index that can be used in 
calculation of Hb content in an individual RBC. The Hb content and Hb 
concentration play the diagnosis role in hematological analysis and high 
precision in their determination improves the quality of analysis for 
patients. Have to note that we used the specific refraction increment 
0.0019 dl/g in evaluation of Hb concentration from RI on the basis 
published studies [35,36]. Second, the precision in analysis of the near- 
perfect RBC spheres exceeds the analogues precision for the like-sphere 
RBCs that proves the performance of the vector-invariant INV in accu-
rate recognition of spherical particles. 

4.3. Recognition of spherical MFGs, homogeneous isolated nuclei of 
mononuclear cells and blood platelets 

In order to demonstrate the applicability of the optical vector- 

invariant in recognition of spheres among other particles we analyzed 
the MFGs, isolated nuclei of mononuclear cells and blood platelets with 
the SFC. The measured LSPs were used in construction of the LSP spectra 
and INV calculation according to the algorithm introduced in Section 
3.1. The results of recognition are presented in Fig. 6. 

In particular, the Fig. 6A demonstrates the INV map for MFGs. In our 
previous analysis of MFGs with the SFC a few years ago [37] we found 
that a part of the MFGs is far from spheres. We applied the oblate 
spheroid as the MFG optical model to determine individual MFG char-
acteristics: equi-volume diameter, aspect ratio, RI. In order to recognize 
spherical MFGs we utilized the F-test using the null hypothesis of 
spherical model with 5% significance level. To realize the F-test we 
solved the ILS problem two times for both sphere and spheroid models of 
the MFG. Currently we are able to calculate the INV from the measured 
LSPs and specify spherical MFG inside of the sphere-rectangle (Fig. 6A). 
According to this method, we have attributed approximately 11% of 
MFGs to near-perfect spheres. Taking into account the applicability re-
gion of the INV approach which is only for spheres with a diameter 
above 2.6 µm, the percentage of the sphere fraction in MFGs looks 

Table 1 
Parameters of distribution of two fractions of spherized RBCs. SD = standard 
deviation.  

Parameter Near-perfect spheres Like-spheres 

Fraction, counts 435 65 
Mean diameter (SD), µm 5.90 (0.45) 5.51 (0.57) 
Mean RI (SD) 1.3851 (0.0111) 1.3975 (0.0151) 
Mean Hb content (SD), pg 26.3 (4.0) 26.6 (4.7) 
Median error of diameter, nm 21 27 
Median error of RI 0.0009 0.0015 
Median error of Hb content, pg 0.6 0.7  
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reasonable (see Fig. 4 in [37]). 
The vector-invariant is sensitive to a particle inhomogeneity in 

analogous manner to its sphericity. The peak amplitude Ap, drops down 
when a sphere loses homogeneity. Theoretically we observed this effect 
in our study of optical properties of neutrophils [27]. In this work, we 
measured the LSPs of isolated nuclei of mononuclear cells with the SFC 
and constructed the INV map to recognize most homogeneous spheres 
among them. Our experimental and theoretical study of light scattering 
of the mononuclear cells allowed us to conclude that nucleus in-
homogeneity resulted to substantial disagreement between experi-
mental and calculated LSPs for the covered homogeneous sphere model 
[25]. The current experimental analysis of the isolated nuclei confirms 
this conclusion. There are less than 0.1% of nuclei in the sample with the 
INVs located inside the sphere-rectangle (Fig. 6B). We characterized the 
nuclei which INVs are located in the sphere-rectangle. The LSP of the 
nucleus (with INV marked by star in Fig. 6B) was used in the solution of 
the ILS problem. The characteristics of the nucleus shown in Fig. 7A. 

The vector-invariant has allowed us to identify the near-perfect 
sphere platelets. There are 14 cells inside of the sphere-rectangle in 
the Fig. 6C. Totally we analyzed 22 thousands platelets in the sample 
that gives less than 0.1% for relative concentration of near-perfect 
sphere platelets. Indeed platelets attributed to the balloon phenotype 
are shaped close to a sphere [38]. Processing of the LSP of the platelet 
identified as a near-perfect sphere showed good agreement between 
experimentally measured LSP and LSP calculated from the Mie theory 
(Fig. 7B). The result of the solution of the ILS problem for this platelet is 
shown in the frame. 

5. Conclusion 

With this study, we have introduced the novel approach in recog-
nition of individual spherical particles among non-spherical ones. This 
approach was realized in the simplest instrumental way. It is based on 
measuring the most intensive light-scattering profile, i.e. unpolarized 
and integrated over azimuthal angle, to provide the highest signal to 
noise ratio in analysis of individual particles from light scattering. Here, 
the use of combination of these two features (unpolarized and integrated 
light) in light-scattering registration leads to more accurate signals 
compare to other methods. Moreover, the high signal to noise ratio 
becomes indispensable in analysis of biological cells, which refractive 
index is very close to the refractive index of surrounded medium, usually 
saline buffer. We successfully utilized the high sensitivity of the novel 
numerical criterion in recognition of spherized RBCs during hemolysis 
in appropriate buffer. 

One more useful essential feature of the novel sphere-recognizing 
engine allows us to identify of spherical particles in a real-time mode 
in the continuous way of a sample analysis. If sample contains differ-
ently shaped particles, the optical vector-invariant of spheres will be 
directly placed into the sphere-rectangle of the INV map. Recognized 
spherical particles can be immediately characterized from the solution 
of the ILS problem with parametrization [28] or best-fit to Mie theory. 
The modern personal computers are able to perform the fitting iterations 
with Mie theory in tens microseconds. Have to note that this method for 
characterization of single particles does not require any calibration of 
the SFC. It gives the nice opportunity for independent absolute com-
parison of cell characterization in different laboratories around the 
world. The laser wavelength plays a role of the scaling unit of particle 
sizing. However, the suggested approach can be utilized for particle size 
more than 2.6 µm in visible wavelength range. The applicable dimension 
limit is possible to overcome by usage of ultraviolet region. In current 
work such experiments is not presented because we predominantly 
applied method to blood cells analysis. 

The best advantage of the SFC relates to characterization of an in-
dividual sphere with record precision. For instance, the size and RI of 
individual spheres were determined with errors of less than 10 nm and a 
few thousandth, respectively [19,20,29,39]. Relating to the spherized 

RBCs, the obtained high precision of the RI results in determination of 
hemoglobin content in individual RBCs with the record accuracy. In the 
current experiments the Hb content for the near-perfect sphere RBCs was 
measured with median precision of approximately 2% that is really best 
than ever before. We believe that high precision on measurement of 
hemoglobin contents in individual RBCs will allow us to determine the 
oxy-/deoxy-hemoglobin ratio from analysis of two LSPs measured at two 
wavelength simultaneously for each particle. This ratio could be 
included at the 48 diagnosis RBC indices that can be measured by means 
of SFC. 
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