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Abstract. Flow cytometry method (FCM) is widely used for analysis of cell-derived microparticles (MPs).
Numerous efforts are currently aimed to standardize these measurements among different instruments.
We push the FCM characterization of MPs to the limit based on rigorous simulation of measured signals. We
measured forward- and side-scatter (FSC/SSC) signals and angle-resolved light-scattering profiles (LSPs) of
polystyrene microspheres and MPs, including their aggregates, using a scanning flow cytometer (SFC). We
used the Mie theory to (1) accurately evaluate instrument detection limits; (2) construct FSC/SSC gates for
MPs in absolute scales of size and refractive index (RI); and (3) determine size and RI of individual spherical
MPs. LSPs were used for advanced characterization, including differentiation of spherical and nonspherical
particles. The proposed absolute FSC/SSC gating is naturally standardized for any FCM instrument, given
the knowledge of its optical system and leads to instrument-independent analysis of MPs. The inverse Mie prob-
lem has a unique solution only for some regions of size and RI and uncertainties rapidly increase with decreasing
size and RI. The developed methods are applicable to any flow cytometer, but are limited by assumption of
particle sphericity. The latter can be relaxed only if additional signals, such as LSP, are measured. © 2016
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1 Introduction
Cell-derived microparticles (MPs) are plasma membrane struc-
tures, which are released directly from cell surfaces into the
extracellular space under both physiological and stress condi-
tions and normally circulate in peripheral blood and body
fluids.1,2 Along with exosomes, MPs represent two types of
extracellular vesicles, which attract constantly growing research
interest as an important mode of intercellular communication
relevant in health and disease and as potential clinical diagnostic
and therapeutic targets.3–5 However, being formed by different
mechanisms, MPs constitute a heterogeneous population highly
variable by size, composition, density, and cell of origin. For
several decades, the flow cytometry method (FCM) has been
the gold-standard method for measuring cell-derived MPs,
suitable for routine studies in clinical laboratories and for multi-
parametric single-particle measurements.6,7 The standard FCM
forward (FSC) and side scatter (SSC) measurements, as well as
fluorescent measurements based on labeling techniques, are
commonly used to enumerate, classify, and size various biologi-
cal objects in suspensions. Small MP sizes challenge sensitivity
and resolution of FCM instruments; still they have long been
used in an uncritical manner.8 Only recently has it been gener-
ally appreciated that reliability and efficiency of FCM detection
of MPs significantly depend on a variety factors, including
optical configuration of the particular instrument, mode of trig-
gering (SSC-, FSC-, or fluorescence-based), and the threshold

level, along with appropriate use of reference particles and
adequate calibration protocols.9,10 Numerous efforts are cur-
rently aimed at standardizing these procedures to make FCM
measurements of MPs comparable between different instru-
ments. Recent studies11 have addressed some of the shortcom-
ings and provided a deeper insight, but much work remains.

On the one hand, the potential of the FCM is still underused
for MPs. For instance, absolute determination of size and refrac-
tive index (RI) for homogeneous spherical particles based on
simultaneous FSC and SSC measurements was proposed 20
years ago.12–14 Although this approach has its limitations, even
it has not been yet applied to MP characterization. The Mie
theory was firmly established as a rigorous simulation tool a few
years ago,15 but the currently confirmed capabilities are mainly
limited to adequate size-related gatings based on either FSC or
SSC.16,17 Still it strongly depends on the variability of MPs RI,
which has to be fixed a priori.18

On the other hand, MPs are definitely not an easy object for
the FCM resulting in inherent limitations. While several alter-
native methods for single-particle MP characterization exist:
nanoparticle tracking analysis (NTA),19,20 resistive pulse sizing
(RPS),21,22 atomic-force microscopy,23 and cryo-electron
microscopy,24,25 most of them cannot claim to be superior to
the FCM due to various complications.7,26 There is, however,
a promising technology—scanning flow cytometry (SFC),27,28

measuring angle-resolved light-scattering profiles (LSPs) of
single particles in a flow. In application to MPs, it provides
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not only calibration-free robust determination of the size and RI
of each particle,29 but also a certain level of shape awareness,
including differentiation of spherical and nonspherical MPs.30

The shape uncertainty is a major issue for MP that may cause
problems for most of the other methods, including the FCM,
NTA, and RPS.18

The main goal of this methodological paper is to push the
flow-cytometry technology (both FCM and SFC) to the limit
specifically for MP characterization and to provide guidelines
for further hardware development and standardization. The key
discussed questions are (1) assessment of the instrument sensi-
tivity for MP detection based on standard FSC and/or SSC mea-
surements; (2) which MP’s characteristics can be estimated from
these scatter measurements; (3) additional capabilities provided
by angle-resolved light-scattering measurements. We propose an
approach to standardize scatter-based detection of MPs, taking
into account the FCM optical configuration. This includes accu-
rate evaluation of the instrument sensitivity and instrument-in-
dependent gating strategy in absolute scales of size and RI.
Moreover, we propose a potential method to determine size
and RI of single-spherical MPs from the FSC and SSC signals
and analyze its feasibility in terms of uniqueness and accuracy
of the solution. This leads to complete understanding of the
instrument capabilities in MP detection and characterization.
Finally, we contrast those best-of-the-FCM-world results with
the capabilities of the SFC, including shape classification and
uncertainties of estimated MP characteristics.

2 Materials and Methods

2.1 Scanning Flow Cytometer

An SFC (Cytonova LLC Company, Novosibirsk, Russia) was
used to measure standard FSC and SSC, as well as angular

dependence of the intensity of the scattered light in a wide
range of polar angles, or angle-resolved LSPs, of individual
particles.31 Technical features of the SFC were described in
detail elsewhere.27,28 LSPs of individual particles in flow were
generated with a 405 nm laser (30 mW, Radius, Coherent Inc.,
Santa Clara, USA), and FSC and SSC were measured at 488 nm
(15 mW laser, FCD488-020, JDS Uniphase Corporation,
Milpitas). By considering only the latter signals, we emulate a
representative example of a standard flow cytometer. Note, how-
ever, that the FSC/SSC collection angles vary a great deal among
existing instruments, so the specific gating results of this paper
should be generalized with caution. In particular, SFC has the
FSC detector integrating over a polar angle of 14.2 to 23 deg
and the SSC detector with an NA of 0.5. The corresponding col-
lection angular ranges both for FSC and SSCwere estimated from
analysis of a mixture of different PS microspheres, similar to that
proposed by Fattaccioli et al.,32 and summarized in Table 1.

Within the Mueller-matrix formalism33 for description of
light scattering, the LSP, FSC, and SSC intensities (FSC/SSC
peak amplitudes) measured by the SFC are expressed as

EQ-TARGET;temp:intralink-;e001;326;532ILSPðθÞ ¼ kLSP

Z2π

0

dφ½S11ðθ;φÞ þ S14ðθ;φÞ�; (1)

EQ-TARGET;temp:intralink-;e002;326;475ISSC∕FSC ¼ kSSC∕FSC

ZZ
ΩSSC∕FSC

dθdφ sin θ½S11ðθ;φÞ

− S12ðθ;φÞ cosð2φÞ − S13ðθ;φÞ sinð2φÞ�; (2)

where Sijðθ;φÞ are elements of the Mueller matrix, θ and φ are
the polar and azimuthal scattering angles, kLSP and kFSC∕SSC are

Table 1 Optical models, methods, and system parameters, used for light-scattering simulations of reference microspheres and plasma MPs.

Spherical MPs/PS microspheres MPs dimers/doublets of PS microspheres

Optical model and particle
characteristics30

Sphere Bisphere

Diameter d1

Diameter d Diameter d2

RI n Effective RI n

Polar orientation angle β

Simulation method The Mie theory33 The discrete-dipole approximation34

(code ADDA 1.235)

Laser wavelength (LSP) 405 nm

Laser wavelength (FSC/SSC) 488 nm

LSP angular range [15 deg, 50 deg]

FSC collection angles [14.2 deg, 23 deg] (annular aperture)

SSC collection angles 90 deg�18.3 deg (circular aperture)

Medium RI (0.9% saline)36 1.345 (at wavelength 405 nm)

1.339 (at wavelength 488 nm)

Note: MPs, microparticles; PS, polystyrene; RI, refractive index; LSP, light-scattering profile; FSC, forward scatter; SSC, side scatter.
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the scaling coefficients, andΩFSC∕SSC are the solid angles, deter-
mined by SFC detection optics. All experimental and theoretical
LSPs presented in this study are additionally multiplied by the
weighting function

EQ-TARGET;temp:intralink-;e003;63;708wðθÞ ¼ 1 deg

θ
expf−2 log 2½θ∕ð54 degÞ�g; (3)

which is an approximation of the SFC transfer function and pro-
vides an uniform experimental-noise level over the considered
angular region.37

The operational angular range in which SFC measures angle-
resolved light-scattering information, or LSP, was determined
from analysis of 1.87 μm PS microspheres, as described else-
where,37 to be from 15 to 50 deg with a resolution of
0.5 deg (Table 1). FSC and SSC threshold levels were set to
two standard deviations of the noise in corresponding channels.
FSC provided a wider detection range for single-spherical par-
ticles (see Fig. 1), and, therefore, was used to trigger the elec-
tronics of the SFC. Moreover, we discarded particles with S∕N
for the LSP signal <1 to avoid accidental detection of back-
ground noise. Since the LSP is originally a time-resolved signal
measured over 600 μs,28 as compared to <10 μs for FSC/SSC
signals, it allows us to reliably detect coincident events (so-called,
swarm detection) and to remove them from further consideration.

2.2 Plasma Microparticles and Reference Particles

To eliminate the impact of preanalytical steps, including loss of
MPs during centrifugation, and to preserve natural MP charac-
teristics, we performedMPmeasurements directly in fresh plate-
let-rich plasma as described previously.30 The whole blood
sample was obtained after informed consent from a healthy vol-
unteer and collected in a vacuum citrate tube (BD Vacutainer
Systems, BD, UK). A supernatant of platelet-rich plasma
formed in a tube within 2 h of the collection by natural precipi-
tation was carefully collected and diluted by 30-fold in 0.2 μm
filtered (Sartorius Stedim Biotech GmbH, Goettingen, Germany)

0.9% saline containing preliminarily added 0.7 and 1.87 μm
reference PS microspheres. While platelets are removed from
consideration after LSP processing based on their size and
shape,30 the remaining events may comprise plasma components
other than MPs, such as lipoprotein particles (LPs), including
chylomicrons, the largest and least dense lipoprotein species.38

We used nonfluorescent polystyrene (PS) microspheres,
including Molecular Probes 0.4, 0.7, 1, and 3 μm, and
Thermo Scientific 1.87 μm, to determine LSP, FSC, and SSC
light acceptance angular ranges, as well as in actual measure-
ments together with MPs. As optical models for both reference
beads and MPs, we considered spheres and bispheres—their
characteristics and corresponding light-scattering simulation
methods are summarized in Table 1.

2.3 FSC/SSC-Based Particle Characterization

Once intrinsic technical characteristics of FCM are determined,
the scatter signals for a homogeneous spherical particle depend
only on diameter and RI. Therefore, particle characterization,
the so-called inverse Mie problem, boils down to solving the
following system of two equations

EQ-TARGET;temp:intralink-;e004;326;513IexpFSC ¼ IthFSCðd; nÞ; (4)

EQ-TARGET;temp:intralink-;e005;326;482IexpSSC ¼ IthFSCðd; nÞ; (5)

where superscripts “exp” and “th” denote experiment and
theory, respectively. However, neither existence nor the unique-
ness of the solution is guaranteed a priori. While we have not
encountered any practical problems with the existence, the
multiple solutions do exist for many values of size and RI [see
Fig. 3(a)]. Thus, we solved the system using the Levenberg–
Marquardt method in a multistart mode, which reliably finds
all existent solutions. We also estimated the uncertainties of
the obtained characteristics using the sampling method, varying
the FSC and SSC signals within the experimental errors.
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Fig. 1 (a) Standard MP gating based on FSC and SSC levels equal to that of an equivalent sphere—
gray-colored and hatched regions, respectively. Dashed lines are the FSC (black) and SSC (gray) detec-
tion limits, solid lines are upper limits, corresponding to the signal of 1-μm particle with RI of 1.47. The
experimental data to illustrate the gating are for three reference PS beads (0.4, 0.7, and 1 μm) and for a
spherical fraction of plasma particles, identified using their LSPs. (b) The same gates, but in coordinates
of RI versus diameter, computed using the Mie theory. Corresponding particle characteristics are
obtained through the solution of the ILS problem.
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2.4 Particle Characterization From Angle-Resolved
Scatter Measurements

A more advanced approach is based on simultaneous fitting of
experimental LSPs, FSC, and SSC signals by theoretical ones.
Unfortunately, the FSC and SSC amplitudes can be used only
for spherical particles, because otherwise they depend on the
azimuthal orientation angle (in addition to the polar orientation
angle β), in contrast to the LSP, which is integrated over the
azimuthal scattering angle [see Eq. (1)]. The inverse light-scat-
tering (ILS) problem was transformed into the global minimi-
zation of the following weighted sum of residual squares:

EQ-TARGET;temp:intralink-;e006;63;624SðQÞ ¼
XN
i¼1

½wðθiÞ�2
�
IexpLSPðθiÞ − αIthLSPðθi;QÞ

σLSP

�
2

þ
�
IexpSSC − IthSSCðQÞ

σSSC

�
þ
�
IexpFSC − IthFSCðQÞ

σFSC

�
2

; (6)

where Q is the vector of particle characteristics (fd; ng for
spheres and fd1; d2; n; βg for bispheres), N is a number of LSP
points, σLSP∕FSC∕SSC are the experimental uncertainties of scatter
measurements, and α is the coefficient that compensates for the
effect of the deviation of particle trajectory from the main axis in
the flow cell of the SFC.

Two global optimization algorithms were used to minimize
SðQÞ: DiRect37,39 for spheres and nearest-neighbor interpolation
using the precalculated database of LSPs for bispheres.40 Both
algorithms not only determine the best-fit characteristics or their
mathematical expectations, but also estimate their errors based
on the Bayesian method.40 Moreover, estimated uncertainties
adequately respond (by larger errors of characteristics) to
model errors, e.g., when a nonspherical particle is fitted by a
spherical model.37 Applying both shape models to each MP and
PS microsphere, we chose the best model based on goodness of
LSP fit using the Bayesian information criterion.30

Using the signals for two wavelengths is complicated by the
dispersion of RI. To keep the number of characteristics low, we
assume that RI at 488 nm is fully determined by its value at
405 nm. In particular, we assume the constant difference for PS
microspheres according to the bulk values,41 i.e., nð488 nmÞ ¼
nð405 nmÞ − 0.023. By contrast, for MP, we assume the RI
dispersion to be comparable to that of the medium, i.e.,
nð488 nmÞ ¼ 0.99554 × nð405 nmÞ, which is equivalent to
considering a constant RI relative to the medium. To allow
direct intercomparison of our results, we further report only
nð405 nmÞ, even when the originally determined characteristic
is nð488 nmÞ.

3 Results

3.1 FSC/SSC-Based Triggering and Gating

Consider the gating strategy10,42 based on setting the FSC and/or
SSC levels equal to that of a sphere with specific size and RI. We
illustrate this strategy in Fig. 1(a), assuming d ¼ 1 μm and
n ¼ 1.47, together with detection (noise) thresholds. Typically,
the values from 1.38 to 1.4 are used as RI of MPs16,17,26 with no
convincing justification. Although the distribution of MPs over
RI were obtained with the NTA,43 they are too wide (1.36–1.55)
for practical usage. Since this width is due to the uncertainty of
single measurements, even mean and mode values of the distri-
butions may be significantly biased. However, there are evidences

that in fresh platelet-rich plasma MPs are commonly accompa-
nied by LPs, which have larger RI.24 Hence, we used the value of
n ¼ 1.47 as a tentative upper limit for MPs, e.g., to separate
them from LPs.44

In the FSC/SSC [Fig. 1(a)] map, we show three reference PS
microspheres (0.4, 0.7, and 1 μm) and all spherical plasma par-
ticles, identified and characterized using their LSPs. The mea-
surements for PS beads are adequately positioned with respect to
the gates, considering the larger RI of PS. Being mapped to size/
RI coordinates [Fig. 1(b)], these gates represent curved regions
that clearly demonstrate the nonlinear (not even monotonous)
dependence of the FSC/SSC signals on particle characteristics.
For our instrument, the FSC provides a wider (than SSC) detec-
tion range with 200-nm PS microspheres and 300-nm MP at its
edge. Size/RI representation of the FSC-based gate is elongated
along RI and does not allow one to select particles in a specific
range, e.g., plasma MPs with RI<1.47 or in a particular size
range. Thus, Fig. 1(b) shows serious limitations of the standard
gating strategy, but immediately points to evident improvement,
which we name “absolute gating.” The latter operates directly in
size/RI coordinates [Fig. 2(a)] and is further transformed into the
instrument-specific scatter gates [Fig. 2(b)]. First, we con-
structed a regular coordinate grid in size/RI and transformed it
into the scatter coordinates, showing the complexity of the
underlying Mie mapping. In particular, the mapping is not injec-
tive; hence, some of the grid lines intersect. Second, we show
three exemplary gates: one for 0.4 μmmicrospheres and two RI-
based gates for the plasma constituents. As mentioned above,
the RI values of MPs and their relation to that of LPs are
known very poorly. We leave a detailed study of this interesting
issue for future research; here we specify the RI ranges
([1.37,1.47] and [1.47,1.58] for MPs and LPs, respectively)
rather arbitrarily just to illustrate the capabilities of this strategy.
Other meaningful gates can be constructed analogously if a
more detailed specification of size and RI ranges is available.
The LSP-based sizing is robust but it does not exactly conserve
FSC and SSC values, which explains why 15% of plasma com-
ponents seemingly fall into the wrong FSC/SSC gates.

Finally, the proposed gating strategy does not always require
both FSC and SSC signals to be above the noise thresholds. For
instance, a single significant signal (FSC) is sufficient to detect
a nonnoise event, and the specific SSC value (up to a noise
threshold) does not matter as long as it falls inside the gate
[as with GMP in Fig. 2(b)].

3.2 Is it Possible to Determine Size and RI from
FSC/SSC Measurements?

The natural next step is to invert the Mie mapping from size/RI
to FSC/SSC and use it to determine the former characteristics
for each measured particle. We theoretically analyzed the fea-
sibility of such a characterization approach in the range d ∈
½0.1; 1.5� μm and n ∈ ½1.35; 1.7�, covering both MPs and refer-
ence PS microspheres. We sampled this range with a 100 × 100
grid and computed the scatter signals for each grid point.
Equations (4) and (5) were then solved, and the resulting num-
ber of solutions is shown in Fig. 3(a). For the current SFC opti-
cal configuration, the solution is unique only for a limited range
of characteristics, part of which is below the instrument detec-
tion limits. Even if a solution is unique or a proper one can be
selected based on a priori information, such as a narrow size or
RI range, its usefulness is determined by estimation uncertain-
ties. The latter are plotted in Figs. 3(b) and 3(c), showing that for
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single-spherical particles with n ≥ 1.5, including silica or PS
microspheres, size, and RI could be deduced with relative stan-
dard deviation less than 10%. However, in the range of MPs,
uncertainties may exceed 30%, mostly due to the S∕N ratio
decreasing with both size and RI. There is also an inherent limi-
tation related to the Rayleigh scattering regime (particles much
smaller than the wavelength), at which all optical properties are
determined by particle polarizability.33 The latter is a function of
size and RI, which cannot be discerned individually from any
optical measurements (with a given wavelength). More specifi-
cally, the relative sensitivity of inverse mapping (uncertainties

for a constant S∕N ratio) increases approximately as d−2 (con-
sidering only the first two terms of the Mie series). Coupled with
d6 scaling of the scatter signals, it results in very unfavorable
scaling of uncertainties as d−8 for a constant noise level. While
there is no hard boundary, we calculated a tentative one corre-
sponding to 100% uncertainties of either d or RI for a noise level
104 times smaller than the current one. It is indicated by the
black color in Figs. 3(a)–3(c).

Finally, Figs. 3(d)–3(g) show typical examples correspond-
ing to different multiplicities of the solution. For instance, the
SFC cannot resolve a 0.71-μm PS microsphere and a particle of
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d ¼ 1.32 μm and n ¼ 1.515 based on FSC/SSC measurements.
However, the ambiguity can be removed if one assumes the
material to be PS (hence, restricting RI to a narrow range).
For a 0.9-μm microsphere, a second solution is closer and can-
not be easily gated out. The number of solutions generally
increases with decreasing RI; an example of a potential MP
is given with four solutions, three of them forming a single-
confidence region.

3.3 Characterization of Single Particles: FSC/SSC
versus Angle-Resolved Light Scattering

The goal of this section is to show the effect of particle shape
(nonsphericity) on the characterization results. For that, we
applied both FSC/SSC- and LSP-based approaches to character-
ize measured PS microspheres (0.4 and 0.7 μm) and plasmaMPs.
MPs are known to be present in plasma not only as spheres, but
also as dimers (doublets) of spheres and more complicated
shapes.24,25,30 Similarly, 5% of PS microspheres were in a
form of dimers, despite sonication. We show in Fig. 4 several
illustrative examples from our data that were unambiguously
identified as either monomer or dimer of spheres, based on
their LSP. For presented single-spherical particles, both FSC
and SSC signals were above the noise threshold, and the solution
of the corresponding inverse Mie problem is either unique or can
be made such by prior RI gating. Moreover, both approaches led
to similar results for size and RI within their uncertainties.

By contrast, dimers highlight the difference between the
two approaches. LSP measurements allow one to identify and

accurately characterize those dimers, while FSC/SSC approach
results in a predictable failure. For presented dimers of 0.4- and
0.7-μm PS spheres, both the resulting size and RI are wrong. In
principle, the presence of dimers of PS beads (or other mono-
disperse particles) is not an issue, since those dimers can be
easily identified and removed from consideration based on their
larger FSC and SSC intensities or on resulting characteristics
falling outside of the expected range [Figs. 4(g) and 4(h)]. The
situation is markedly different for polydisperse samples, such as
MPs. We have chosen two events, corresponding to a dimer of
MPs and a single denser spherical MP (probably, an LP one),
having almost the same FSC and SSC signals [overlapping
constant-level FSC/SSC curves in Fig. 4(i)]. Hence, FSC/SSC-
based characterization has no capabilities whatsoever to distin-
guish between those two events.

4 Discussion
We proposed a general approach to standardize FCM measure-
ments of MPs based on rigorous simulation of the measured sig-
nals. While all specific results (e.g., detection thresholds or
number of solutions of the inverse Mie problem) are related
to the particular used instrument (SFC), they do illustrate poten-
tial capabilities and limitations of the advocated approach when
applied to any flow cytometer. Also note that the FSC/SSC
collection angles are critical components of the instrument opti-
cal model. They can either be obtained from the instrument
documentation or determined independently based on measure-
ment of reference particles.10,14,16,32 However, the accuracy of
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Fig. 4 Application of FSC/SSC-based (g)–(i) and angle-resolved LSP-based (a)–(f) characterization to
single-submicron particles, including 0.7 (top) and 0.4 μm (middle) PS microspheres, and plasma MPs
(bottom). The solutions of corresponding ILS problems are demonstrated for single-spherical particles
(a)–(c) and their dimers (d)–(f). Experimental and best-fit theoretical LSPs (for sphere and dimer models),
as well as estimates of particle characteristics (mathematical expectation ± standard deviation) of the
best-fit model are also shown. (g)–(i) FSC/SSC-based solutions shown as intersections of constant-level
curves of FSC/SSC scatter intensities. In (i), those curves are almost the same for the considered
particles.
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the provided estimates and ways to improve it are important
topics for future research.

The first benefit of an instrument optical model is meaningful
scatter gates based on absolute values of size and RI (Fig. 2).
This is a natural next step compared to both “relative sizing”
(gating based on scatter signals of PS beads)17 and single-signal
analysis, in which reference beads are used to determine the cal-
ibration factors.16 The limitations of the previous approaches are
mainly related to a complex nonlinear dependence of scatter sig-
nals on both particle characteristics and FCM optical configu-
ration, as emphasized in Refs. 30 and 45. These limitations are
also evident from Fig. 1(b), while the proposed two-signal
approach is a ready-to-use solution to this longstanding prob-
lem. We have illustrated the gates with the LSP-processed data,
but these data are not used for gates construction. Therefore, this
strategy can be applied to any flow cytometer, and any region in
size/RI coordinates can be implemented as FSC/SSC gate. The
remaining limitation is poor knowledge of the RI of MPs,
including other plasma components such as LPs. However,
any new development in this direction can be immediately incor-
porated into the absolute gating strategy.

Evaluation of FSC- or SSC-based detection thresholds
should also be performed and simultaneously represented in
size/RI coordinates. For instance, FSC and SSC channels
have similar and remarkably different size sensitivities for RI
larger and smaller than 1.53, respectively [Fig. 1(b)]. SSC is
probably more sensitive for detecting 200-nm PS beads, but
obviously fails to detect MPs with a small RI. While this obser-
vation is strictly valid only for the current version of the SFC, it
raises some concerns about the validity of any design choices
based on reference microspheres (PS or silica), e.g., the conjec-
ture that SSC is more sensitive and suitable for sizing MPs than
the FS.15,16 In general, any inference from the measurement of
one class of particles to that of another class can be considered
robust only if made through the realistic optical model of the
instrument, as is done in this paper. Note also that the absolute
gates in size/RI coordinates are naturally bounded by the FSC
and SSC detection thresholds [Figs. 1(b) and 2(a)], which are
instrument-dependent. Therefore, to construct a truly standard-
ized interplatform MP gate, one should not try to detect as many
MPs as possible, but rather should set the lower-left boundary of
the size/RI gate above the detection thresholds of all considered
instruments.

Moving to characterization of MPs from scatter signals, we
first briefly reflect upon a single-scatter measurements. Awide-
spread belief that FSC is directly related to particle size and SSC
is related to granularity is a “gross oversimplification,”46 which
is also evident from Fig. 1. For spherical MPs, rough size esti-
mation can be performed based on Mie theory calculations, if
one specifies a fixed RI.18 However, the latter is poorly known
and can vary inside the sample along with MP composition.47

By contrast, simultaneous measurement of both FSC and SSC is
known to have a potential for simultaneous determination of size
and RI of spherical particles.12,14 In this paper, we applied a sim-
ilar method to submicron particles and, for the first time, directly
plotted the number of solutions versus size and RI [Fig. 3(a)].
In particular, for current optical configuration of the SFC,
the uniqueness of the inverse Mie problem is provided only
for a limited range of MPs, whereas 0.4-μm PS microspheres
are reliably characterized with no prior assumptions. We also
developed an algorithm to estimate the uncertainty of a single
solution [Figs. 3(b) and 3(c)], which may be even more

important for practical applications then the number of solutions
per se. For instance, MPs with RI > 1.42 can be uniquely char-
acterized in a wide range of sizes (up to 600 nm) with this
particular instrument, but the relative uncertainties are at least
40%. The examples in Figs. 3(d)–3(g) beautifully illustrate the
wealth of the Mie theory behind the dry numbers of Fig. 3(a),
but may become a nightmare for practitioners of this method.

Summarizing the above results, we showed that rigorous
light-scattering simulations bring the analysis of MPs to a com-
pletely new level, in terms of both extracted information and
comparability between different instruments. While we cannot
directly transfer the specific results (Figs. 1–3) to another instru-
ment, certain problems are expected for any FSC/SSC measur-
ing system, warranting a dedicated analysis. The latter can be
performed using the described theoretical framework, com-
pletely analogous to the above analysis of the FSC/SSC configu-
ration of the SFC. Moreover, this framework can also be used for
optimizing the optical configuration specifically for MP analysis
(i.e., to build a dedicated instrument).16 This is an important task
for future research, but currently it seems daunting as it is both a
multiparameter and multigoal optimization. One may wish to
have the best sensitivity,45,48,49 the smallest characterization
uncertainties, the largest range of uniqueness,12 or all of these.

Having described a procedure to greatly improve the capa-
bilities of standard FCM in MP analysis, we must admit that this
technology has its inherent limits. Part of it is described above
with respect to the nonuniqueness of the inverse Mie problem,
but can probably be somewhat alleviated by optimization of the
optical configuration. By contrast, the major limitation is that
two measured numbers can only lead to a maximum of two
determined characteristics. Thus, it is not possible to either char-
acterize nonspherical and/or inhomogeneous particles or even to
reliably detect the deviation from the simplest homogenous-
sphere model, which introduces uncontrollable errors in deter-
mined characteristics. As shown in Fig. 4, this is especially
problematic for polydisperse samples, such as MPs. Unambigu-
ous differentiation of plasma components, such as MPs and LPs,
is also very hard since the aggregation may largely distort the
determined RI (Fig. 4). Separation of larger MPs from platelets
is another problem that cannot be solved by FSC/SSC measure-
ments due to overlapping scatter signals15,42,50 in contrast to
shape-aware LSP-based analysis.29,30

Fortunately, most of the above limitations can be removed by
using the next-generation technology (SFC) to measure LSPs of
single microparticles. As shown in Figs. 4(c) and 4(f) and pre-
vious publications,29,30 it allows accurate identification and char-
acterization of MPs by shape, size, and RI with controllable
accuracy. The only hardbound limitation is related to the wave-
length-dependent Rayleigh limit. All other difficulties are tech-
nical ones, related to the complexity of the instrument and
corresponding ILS problem. Addressing these technical issues
will further enhance the capabilities of the SFC for MP analysis,
including better accuracy of RI estimates; this will be reported in
another publication.

5 Conclusion
We discussed the basic physical principles of scatter-based FCM
analysis of MPs and provided a deep insight into actual FCM
capabilities and limitations. Understanding the optical model of
an instrument and direct simulation of experimental signals is
strictly necessary both for adequate data processing using existing
instruments and for design (optimization) of future ones. In
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particular, simple gates based on fixed FSC and/or SSC levels
cannot reliably identify MPs from a specific size range. We
developed a complete theoretical framework for such analysis,
but applied it only to a single instrument. Analogous analysis of
commercial cytometers, currently used in MPs studies, should
be performed to incorporate absolute gating strategy and, hence,
to improve the robustness and reproducibility of the results. The
presented results also highlight the inherent limitation of standard
FCM for MPs, which can be removed only by measurement of
additional signals, such as angle-resolved light scattering.
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