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Abstract: A methodology is developed to derive the backscattering cross
section of individual particles as measured with the CytoSense (CytoBuoy
b.v.,, NL). This in situ flow cytometer detects light scatter in forward and
sideward directions and fluorescence in various spectral bands for a wide
range of particles. First, the weighting functions are determined for the
forward and sideward detectors to take into account their instrumental
response as a function of the scattering angle. The CytoSense values
are converted into forward and sideward scattering cross sections. The
CytoSense estimates of uniform polystyrene microspheres from 1 to 90
um are compared with Mie computations. The mean absolute relative
differences AE are around 33.7% and 23.9% for forward and sideward
scattering, respectively. Then, a theoretical relationship is developed to
convert sideward scattering into backscattering cross section, from a
synthetic database of 495,900 simulations including homogeneous and
multi-layered spheres. The relationship follows a power law with a co-
efficient of determination of 0.95. To test the methodology, a laboratory
experiment is carried out on a suspension of silica beads to compare
backscattering cross section as measured by the WET Labs ECO-BB9 and
derived from CytoSense. Relative differences are between 35% and 60%.
They are of the same order of magnitude as the instrumental variability.
Differences can be partly explained by the fact that the two instruments
do not measure exactly the same parameter: the cross section of individ-
ual particles for the CytoSense and the bulk cross section for the ECO-BB9.
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1. Introduction

Seawater constituents (pure water molecules, suspended particles, dissolved substances and air
bubbles) impact the propagation of light through absorption and scattering processes. Absorb-
ing and scattering characteristics of water constituents are described by the inherent optical
properties (IOPs) ( [1]), that do not depend on the radiance distribution. The most fundamental
IOPs are the absorption coefficient a(A) and the volume scattering function (A) with A the
wavelength of the radiation. From a(A) and (4), three other IOPs can be defined: the back-
scattering coefficient b,(A ), the total scattering coefficient b(A ), and the attenuation coefficient
defined as c¢(A) = a(A)+b(1).

Since a few years now, optical instruments, such as optical backscattering sensors (Hobil-
abs Hydroscat, WET Labs ECO-BB or ECO-VSF) or flow-through attenuation and absorption
meter (WET Labs AC-9), are dedicated to routine in situ measurements of IOPs. These in-
struments can be deployed on a large variety of platforms at different time and space scales,
relevant to the sediment or phytoplankton dynamics. However, such instruments are not able to
efficiently isolate and monitor the individual effects of particles on IOPs. For this reason, the
particle community is treated in bulk, and the bulk IOPs of a water body result from additive
contributions of all indivitual constituents that absorb or scatter light [2]. Note that the contribu-
tion of the dissolved matter to the scattering signal is supposed to be negligible and is therefore
omitted. The dominant ecological role of phytoplankton in both open and coastal waters and
the great impact on litogenic particles in coastal waters requires that the relative contribution of
the particle community on the IOPs has to be well characterized.

Although a complete optical model incorporating each and every individual component of
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seawater is a very difficult task, some previous studies furthered our understanding of how
the planktonic community influences the IOPs. As radiative transfer simulations provide an al-
ternative to direct measurements, many studies were based on Mie theory assuming particles
as homogeneous spheres [2—6]. These studies modeled IOPs on a detailed composition of the
phytoplanktonic community, considering also non-algal particles, as viruses and heterotrophic
bacteria, and non-living particles as detritus, sediments and air bubbles. Findings showed that,
the relative contribution of planktonic microorganisms to light scattering is smaller than of non-
living particles as detritus and sediments. However, while the absorption, attenuation and total
scattering of algal cells are correctly described using the Mie theory, direct measurements real-
ized on the volume scattering function of algal cells showed that Mie theory is less appropriate
to model the backscattering [7-10]. Whitmire et al., 2010 showed from a laboratory analysis of
thirteen phytoplankton species that phytoplankton cells may backscatter light at significantly
higher efficiencies that what is predicted by Mie theory. Unfortunately, bulk measurements
did not allow to determine precisely the individual contribution of phytoplankton, bacteria and
detritus compartments.

Radiative transfer simulations realized for heterogeneous particles as coated spheres produce
higher backscattering coefficient than for homogenous spheres [11, 12]. Kitchen and Zaneveld,
1992 showed that when heterogenous particles are considered, it is not necessary to have a high
percentage of mineral-like particles or very high concentrations of submicron particles to match
the observed IOPs. Bernard et al., 2009 confirmed that algal backcattering coefficients associ-
ated with coated spheres are between 5 and 25 times higher than their homogeneous volume
equivalent counterparts. Cell shape can also impact the backscattering signal, more particu-
larly for large particles as compared to the wavelength [13]. Comparisons of computations for
monodispersion of randomly oriented spheroids to the computations obtained for monodisper-
sion of volume equivalent spheres showed a strong dependence of the biases in the IOPs on
particle size and shape. Biases on IOPs for polydispersions of spheroids are greater and can be
higher than a factor two when the population is enriched with large particles. All these studies
based on simulations or in situ bulk measurements resulted in controversial results. In many
papers, the authors agree that further studies are required to better characterize the impact of
individual cells on IOPs [13, 14].

Flow cytometry is one of the few tools used to analyse the optical properties of individ-
ual particles. A particle can be enumerated, identified and classified by analysing the scattered
signals and also the fluorescence emitted by the intracellular pigments. Few approaches were
developped in the past to retrieve particles properties from cytometry [15-17] . One of the more
recent methods developed by Green et al., 2003 allows estimates of size and complex refractive
index (real (m,) and imaginary part (m;)) of particles from forward and sideward scattering, and
chlorophyll fluorescence combined with Mie theory. This method was used to realize particle
budgets including phytoplankton, detritus and minerals from in situ measurements in New Eng-
land continental shelf waters [18]. They showed that the summed contributions of individual
particles to phytoplankton absorption and particle scattering were close to values derived from
bulk measurements. Their findings highlighted that minerals contribute an important amount
in the backscattering signal and detritus have a significant contribution in summer because of
their high concentration at submicron sizes. In their conclusions, the authors suggest to conduct
more studies to determine how their results apply in broader conditions and for some other wa-
ter types, as waters with bloom conditions, new approaches will be needed because Mie theory
leads to ambiguous estimates [18]. They also tested their method by comparing results from
a large variety of phytoplankton cultures with Coulter Counter estimates of cell diameter and
estimates of m, and m; resulting from inversions (using Mie theory) of bulk measurements [17].
Comparisons showed that flow cytometric estimates of m; were well correlated with intracellu-
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lar chlorophyll concentration, whereas flow cytometric estimates of m, were not correlated with
bulk estimates but stay within the range of expected values for phytoplankton cells. Dupouy et
al., 2003 showed from in situ measurements performed in the Equatorial Pacific using FACScan
flow cytometer, that while they were able to close the budget for particulate absorption, this was
not the case for the particulate backscattering coefficient [19]. Green et al., 2003 concluded that
their methodology is useful for distinguishing between organic and mineral particles but the
accurate determination of the real part of the refractive index using flow cytometry requires
some additional information about cell shape and internal heterogeneity. They indicated clearly
that there is a need for new particle approaches that overcome the limitations of Mie Theory.

In this study, we developed a new methodology to derive the backscattering cross section
of individual particles from measurements conducted with the benchtop and in situ deployable
flow cytometer CytoSense (CytoBuoy b. v.). Opposed to single datapoints in conventional flow
cytometers the CytoSense continuously digitizes and stores the running detector outputs while
a particle flows at constant velocity through the sharply focused laser beam. Additional descrip-
tors (length, total, maximum, average, inertia, center of gravity, fill Factor, asymmetry, number
of cells, time of flight) are calculated based on pulse shapes. They allow for a better classifica-
tion of particles, and detection of the location of specific internal cell structures [20]. Although,
the proposed approach derives only the backscattering signal and does not go further the parti-
cle characterization, it is valid for homogeneous and heterogeneous spherical particles contrary
to previous methodologies deriving particle diameter and complex refractive index but assum-
ing particles as homogeneous spheres. In a first step, weighting functions were determined for
the forward and sideward detectors to take into account their instrumental response as function
of the scattering angle and cytometer channel values are converted into forward or sideward
scattering cross section. In a second step, a theoretical relationship is developed, based on 495,
900 radiative transfer simulations for homogeneous and heteregeneous phytoplankton cells, to
convert the sideward scattering cross section as measured by CytoSense into backscattering
cross section. Finally, cytometric measurements on bead suspensions have been compared to
bulk measurements realized with a WET Labs ECO-BB9 backscattering sensor.

2. Flow cytometry

top view
SWS
total intensity ( a ) ( b )
light intensity
fow cell
FWs
particle f ow
A
left 45° polarized right 45° polarized (c)
- < > H
—D f
laser beam
-« w > cylindrical lense
fow cell
cross section of laser focus inside f ow cell . .
side view

Fig. 1. CytoSense design: (a) beam shaping and light intensity distribution; (b) and (c)
principle of flow cytometry.

In this study, we use the Cytosense of the PRECYM flow cytometry platform of the MIO
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(http://precym.mio.univ-amu.fr). The CytoSense benchtop flow cytometer (Cytobuoy b.v., NL)
was designed for the observation of phytoplankton cells. It measures optical properties (for-
ward and sideward scattering, FWS and SWS, respectively) and fluorescence of their natural
pigments. The practical detection level used is ca. 1 um (smaller for higher refractive index
particles). The maximum cell size is determined by the smallest orifice in the fluid system (0.8
mm for standard CytoSenses). Digital data acquisition is initiated as each particle enters the
laser beam and is terminated when the particle leaves the laser beam. The light scatter and flu-
orescence from each particle are collected by digitizing the data from all sensors every 0.5 pm.
These digitized pulse shapes can be analyzed, giving additional information on size and inter-
nal structure. The fluorescence emitted by photosynthetic pigments in algal cells are detected at
three different spectral bands. The resulting signatures are displayed as red, orange and yellow
fluorescence respectively, which assist in determining the pigment type of each particle.

The sample is dosed by a peristaltic pump set at a rate of 2.47 ul s~! (selectable range 0.1 -
20 uls~1). In the flow cell, the sample stream is surrounded by the sheath fluid (saline or pure
water), which fixes the final velocity of the line of particles passing through the laser (about 2 m
g~ ). The flow cell has an internal fluid channel of 1x1 mm. The material of the flat, transparent
walls is quartz glass (refractive index of 1.46).

The laser is a Coherent Inc. Saphyre, 488 nm, with a power of 15 mW, a beam diameter of 0.7
mm, vertically polarized. The CytoSense beam shaping, converts the single beam in two hori-
zontally displaced beams with polarization of +45° and -45° relative to the original polarisation
of the laser beam. The superposition of these two Gaussian beams, with partly overlapping light
distributions provides a flat light distribution over the sensing zone of the detectors. Thus, in the
plane of the particle flow path, the resulting laser beam height (H) is reduced to 5 um, and the
resulting beam width (W) is about 600 ptm to encompass the suspension stream and the sheath
fluid (Fig. 1(a)). The suspension stream has a width of ca. 20-200 um depending on the dos-
ing rate and flows in the middle of the light distribution, where the intensity is constant. Thus,
particles flowing through the intersection volume outside the middle receive the same light in-
tensity. With this double beam solution, particles are illuminated by radiation coming from the
+45° and —45° polarized beams. If a particle is flowing in the middle of the flow cell, the light
scattered by the particle contains equal amounts of both polarization states. If a particle is flow-
ing through the combined irradiance profile of both laser beams at some distance D away from
the middle, the scattered light will contain proportionally more light from one beam than from
the other one with the other polarization state. The forward scattered light (FWS) is collimated
and directed onto two PIN photodiode detectors, one with a +45° angle polarizer in front of the
photodiode and one with a -45° angle polarizer (Fig. 1(b)). In the analysis software, the signals
from the two detectors are summed together to provide the forward scattering (FWS) of each
particle. Their separate outputs yield the illumination ratio (and therewith the value of D) of the
particle. The laser beam exiting the flow cell is absorbed in a beam stop (Fig. 1(b)). Therefore
the collection solid angle of the forward scatter detectors starts at ca. 2°, going up to ca. 15°.
The sideward scattered light (SWS), together with the fluorescence emission, is collected at 90°
(solid angle between 45° and 135°) by a N.A.=1 objective and is directed to a series of PMT’s,
using a set of dichroic mirrors and band pass filters (Fig. 1(b)).

The proprietary Cytoclus software (CytoBuoy b.v., NL) was used to manually analyse the
data collected by the CytoSense [21]. It enables the clustering of data points representing cells
having similar optical properties, constituted by their forward and sideward scattering, and
their various fluorescence signals. The clustering uses up to 10 simple mathematical signal
descriptors of each available detector signal (for example, length, height, centre of gravity,
assymetry, number of humps...). The various clusters are selected manually by drawing gates
in correlated bivariate scatter plots. This combines objective factors from the cytograms and
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subjective considerations linked to the experience of the observer. The data of the various types
of beads used could be easily discriminated in this way. A minimum detection threshold of
16mV was selected for the SWS to avoid instrumental noise and optimize the detection of
calibration beads.

3. Theoretical considerations

Light scattering is produced by the presence of an object (such as a particle) with a refractive
index different from that of the surrounding medium. The refractive index is expressed in com-
plex form as m(Ad) = m,(A) + i m;(A), where A is the wavelength of the radiation. The real
part determines the phase velocity of the wave (v(1) = ¢/m,(A)) with ¢ the speed of light in
a vacuum. The imaginary part represents the absorption of light as it propagates through the
particle with a.,(A) the absorption coefficient of the cellular material equal to 47w m;(1)/A.
The angular distribution and polarization of the scattered field depend on the polarization, di-
rectional characteristics of the incident field, and on the properties of the particle as its size
parameter (x(A) = md /A with d its diameter), its shape, composition, structure and orientation.
The single scattering of light by an object is described by the scattering cross section Cyeq(A)
(units, m?) and the phase matrix A (A, Nyeq, e ) With 0y, and nye, the direction of the incident
and scattered radiation. The scattering cross section is defined by [22]:

72

Caca (2’) - Iinc(zf’ninc) 4n

dnsca Isca()nnsca) (1)

with r? the distance from the particle. The scattered intensity Iy, is defined from the incident
Stokes vector as follows:

1
Lo = ﬁ (lelinc +Z12 Qinc +Z13Uine +Z14 Vinc); (2)

Note that, in Eq. (2), the spectral and directional dependency are omitted for clarity. For a
spherical particle, we assume that the incident light propagates along the positive z-axis of the
laboratory reference frame (L(x,y,z)) and that the xz-plane with x > 0 is the meridional plane
of the incident beam. In this case, the Stokes vector of the scattered beam can be computed with
respect to its own reference plane and the phase matrix can be written as:

Z<z’ansca7ninc) = F(A»G)L(d)) (3)
F11(2.79) F12()y76)0082¢ —Flz(l,e)SiHZ(P 0
o Fn(l,@) F22()~79)0052¢ —FQQ(A,Q)SiHZ(P 0
B 0 F33(k,9)sin2¢ F33(/1, )COSZ(]) F34(ﬂ,,9)
0 —F34(A,0)sin2¢ —F34(A,0)cos2¢ Fus(A,0)

with 8 and ¢ the zenith and azimuthal angle of the scattered radiation and Z(¢) the rotation
matrix (see Fig. 4.6 p. 96 in [22]). The scattering matrix F (A, 8) describing the light scattering
is independent on the particle orientation and is constant with respect to the azimuth. Combining
Eq. (1-3), the backscattering cross section can be written as follows:

Cit(A) =2m /ﬂ F11(A,0)sin(06)d6 (4)
/2

In marine optics, most of the commercial instruments do not measure the scattering of in-
dividual particles, so the particle community is treated in bulk. Consequently, modelling ap-
proaches have to take into account the particulate size distribution (PSD) (units, number of
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particles per unit volume) that describes how particulate concentration varies with size. The
ensemble-averaged quantities are defined as:

d’nax
<X >— /d n(d) x X(d) dd, 5)

min

with X standing for F(2,0), Cyeq(A) and C?2 (1). In theoretical modelling, the integration of
the PSD over the size range is often set to unity so that radiative tansfer computations are in-
dependent on the particle concentration. It results that the backscattering coefficient (b, units
m~!) and the volume scattering function (VSF, units m~'sr~!), commonly used in the formal-

ism of marine optics, are defined from ensemble-average quantities as follows:

B(A,0) =< Fii(,0) > xg ©)

and
byp(A) =< C%

sca

N
A) > xX—, 7
(A)> x5, @)
with N/V the particle concentration (particles per cubic meter).

4. In situ measurements of backscattering

In seawater, b, and 8 can be partitioned into their water and particulate components: (f,, and
bpy) and (B, and by),), respectively. Measurements of the VSF involve performing a very large
number of measurements at discrete angles over the full angular range (from 0° to 180°). In-
struments satisfaying this requirement exist but are not commercially available [23, 24]. For
twenty years, by, has been retrieved using a single VSF measure or a couple of VSF measures
in the backward direction. For example, the WET Labs ECO-VSF measures f3(0) at three cen-
troid angles (104°, 130° and 151°) and one wavelength, whereas the WET Labs ECO-BB or
the HOBI Labs Hydroscat realize multi-wavelength measurements at a single angle (6,=124°
for ECO-VSF and 6,=140° for Hydroscat).

For multiple angle measurements, the VSF is simply integrated assuming a constant angular
shape whatever the oceanic environments. Sullivan and Twardowski, 2009 found a remarkable
consistency in shape of particulate VSF in the backward directions using a large dataset of three
millions VSF measurements over oceanic and coastal waters. As only a few measurements are
made, by, is integrated over a polynomial fit to the available data.

For a single measurement of the VSF, b, can be estimated using a conversion coefficient,
named the y factor. VSF shape analysis from Mie calculations or in situ measurements demon-
strated that 3(0) at a single angle 6, greater than 90° provides a good proxy for b, ( [25-30]):

by =27 x(65) B(6;) ®)

Similar nondimensional variables (x,,(6;) and x,(6;)) can be introduced for each constituents
(pure water and particles) to derive by,, and by, from B,,(6;) and f8,(6;). In the vicinity of 6;
of 117°-120°, x(6s), Xxp(6s) and x(6;) are equal and errors in backscattering estimates are
reduced to a few percent. For measurements at other angles than 117, Boss and Pegau, 2001
suggested that the contribution of pure water (i.e., B,,(6;)) to the total VSF should be removed
before the conversion to yield more accurate estimates:

byp =21 Y, [B(65) — B (65)] )

Values of B, (6y) and by,,, obtained from Zhang et al., 2009, are expected to be the most accurate
at this time with an accuracy around 2%. Values of f,,(6,) and by, depend on temperature and
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salinity and are obtained for depolarization factor of 0.039. Sullivan et al., 2013, who examined
the values of y, as a function of 6; showed that y, has the lowest uncertainty in the range
110°-120°: mean value of y), is around 1.0 and the standard deviation is around 0.03%.

5. Bead method calibration

Our objective is to convert FWS and SWS magnitudes, measured by a CytoSense at 488 nm,
into scattering cross sections (CEWS and C3%S, respectively). For this purpose, we calculated the
forward (Wrws) and sideward (Wsy s) weighting functions, used to describe the optical response
of the two detectors, as a function of the scattering angle 0. Light is scattered from each particle
through the flow cell walls onto the forward and sideward collection lens and then reaches the
forward or sideward dectector. The optical response of the forward detector is proportional to
the area enclosed by a circle corresponding to the projection, onto the collection lense, of a
cone of light, with a major half-angle of 8. Moreover, the FWS weighting function accounts
for the refraction of light through the water-quartz glass interface and then through the quartz
glass-air interface. Real refractive indices are myg=1.46 and m,,=1.34 for the quartz glass and

water, respectively. This leads to:

Wrws(0) = 1 x [dy tan(0) + da tan(B) + dz tan(y))? (10)
with
B= sin! <mw sine) (11)
mgs
Y= sinfl(mw sin Q) (12)

The distance d is the distance from the particle to the flow cell wall (= 0.0005 m); d; is the
thickness of the flow cell wall, (= 0.002 m); and d3 is the distance between the cuvette to
the collection lens (= 0.017 m). As the sideward scattering is too complex, a sine function
was chosen to represent the weighting function as previously done by Green et al., 2003. The
following relationship gave the best agreements between cytometric measurements and Mie
theory:

Wsws(0) = sin g —sin~!(m,,sin 0) (13)

For each detector, each weight W (60) is normalized so the sum of all W(0) is equal to unity.

Considering the CytoSense design, ignoring a multiplication factor, the Stokes parameters
of the incident light are defined by (1,0,(2cc — 1) 1,0) with o the fraction of light coming
from the beam with a +45° polarization. As the forward detected signal is the sum of the
intensity of the two forward detectors, it is proportional to: Zy1(0)I + (2a — 1)Z13(60)I with
Z11(0) and Z;3(0) the elements of the phase matrix (Eq. (3)). For the sideward detector with
no polarizer, the detecting signal (SWS) is also proportional to Z;;(0)I + (2a — 1)Z;3(6)1.
For spherical particles, the integration of Z13(0) = —Fj2(4, 0)sin2¢ over the azimuth angle is
null and consequently the forward or sideward signal is only a function of Z;1(0)I (= F11(0)I,
according to Eq. (3)). It means that for spherical particles, the FWS and SWS detected signals
do not depend on the polarization state of the incident light.

For a given particle, the phase function is computed from Mie theory considering the particle
size and refractive index. The phase function and the weighting function are computed in 0.1°
increments and their product is then numerically integrated across 2°-15° (Eq. (14)) and 45°-
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135° (Eq. (15)) to calculate the theoretical forward and sideward cross sections:
6=15°
FWSumie =Y Wrws(6)F11(6)sin(6)d6 (14)
6=20
0=135°
SWSyie =Y, Wsws(6)F11(8)sin(6)d6 (15)
6=450
The upper and lower limits (2°-15?) and (45°-135°) correspond to the field of view of the
forward and sideward detectors. These estimates include the refraction at exiting the quartz.
Polystyrene (PS) beads of several sizes (1.0, 1.5, 3.0, 4.5, 6.0, 10.0, 20.0, 25.0, 45.0, 75.0,
90.0 um) (Polysciences Inc., cat. 07310-15, 17133-15, 17134-15, 17135-5, 07312-5, 17136-5,
18329-5, 07313-5, 07314-5, 24049-5, 07315-5) are used to compare the theory-based estimates
(FWSpie and SWSy.) (Eqgs. (14) and (15)). and the CytoSense measurements (FWS,y;, and
SWS¢y10) for forward and sideward scattering. For a bead with a diameter d, the signal as meas-
ured by the CytoSense FW S, (in numerical counts, NC) is convert into forward or sideward
Cross section (,umz) using a reference bead (RF):

 FWSui(RF)
FWSeyi0(RF)

The same equation can be written for the sideward scattering with SWS instead of FWS. The
refractive index of polystyrene is 1.20 relative to pure water at 488 nm. Beads are supposed
to be non-absorbing. Images obtained from scanning electron microscopy (SEM LEO 438VP,
accelerating voltage of 15 keV with a beam current of 10 pA) show that PS beads are uni-
form spheres. For each size samples, diameters of a hundred of beads randomly chosen were
measured from micrographs. Results show that the measured mean diameter is close to the
diameter indicated by the manufacturer and the coefficients of variation range between 1 and
10% according to the bead size.

For each detected particles, the CytoSense records the complete pulse shape, as opposed to
single datapoints in conventional flow cytometers. By integrating the complete pulse shape, we
can reconstruct the entire signal scattered by the particle in the forward and sideward directions.
The integrated FWS and SWS are then reported on cytograms. Eleven clusters corresponding
to the eleven samples of different bead sizes were selected from cytograms using CytoClus
software. For each cluster, we calculated the mean FWS and SWS signals and their coefficients
of variation. For the PRECYM CytoSense, coefficients of variations range between 1.6% and
8.4% for forward scatter and between 0.7% and 20.2% for sideward scatter. Figure 2 compares
the forward and sideward scattering cross section as predicted by Mie theory and measured
by the PRECYM CytoSense, as a function of the particle diameter. Microspheres of 10 um
diameter were selected as reference particles as they were in the middle of the distribution in
particle size. For forward scattering, the linear regression between Mie estimates and cytometric
measurements gives a coefficient of determination R? of 0.88. Absolute relative differences
AE, between Mie and CytoSense estimates, are between 4.8% and 88.1% with a mean value
of 27.9%. AE of 88.1% is obtained for beads with a diameter of 3 um. If we disregarded 3
Um beads, AE are between 4.8% and 48.7%, and the mean value decreases (= 21.3%). For
sideward scattering, AE are between 10.5% and 87.5% with a mean value of 41.8%. Highest
AFE are obtained for largest particles. Good agreements are observed especially in the size range
of 1 to 20 um. If we considered only particles less than 25 pum, the mean AE decreases from
41.8% to 20.1% for SWS. Note that mean absolute relative differences have the same order of
magnitude as values previously observed by Ackleson and Spinrad, 1988 on a similar exercise
realized from measurements of the Coulter EPICS V flow cytometer. The authors found mean
AE of 16.9% for FWS and 30.1% for SWS considering beads between 1.5 and 32 pum.

FWS(d) X FW Seyo(d). (16)
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The PRECYM CytoSense tends to underestimate the scattered for large particles, especially
in the sideward direction. It is due to the saturation of the photomultipliers (PMT’s) used for
the detection of sideward scattering. To test this hypothesis, measurements on polystyrene
beads were realized with another CytoSense belonging to the LOG laboratory (http://log.univ-
littoral.fr/). The LOG CytoSense is quasi-identical to the PRECYM CytoSense, except that it is
equiped with two different sets of photomultiplier tubes with low and high sensitivity (instead
of one single PMT’s set for the PRECYM CytoSense). As expected, Figure 3 shows that the
signal saturation of SWS detectors is less pronounced for the LOG instrument. It results that the
LOG instruments give better estimates for large particles. For FWS, AE range between 11% and
76% with a mean relative difference (AE) of 33.7%. For SWS, AE range between 0.2 and 55%,
with a mean value of to 23.9%. For particles with diameters below 60 pm, the maximum AE
value is equal to 35%. Over the vertical height of 5 (tm the initial light distribution of the result-
ing laser beams remains approximately more or less Gaussian. Consequently, the assumption
of Mie theory considering the spatial distribution of incident radiation as homogeneous, can
be a source of errors. This point has already been discussed by Ackleson and Spinrad, 1988.
As the differences between predicted and observed cross sections did not increase with particle
size, Ackleson and Spinrad, 1988 concluded that errors due to Mie assumption were probably
small because the horizontal dimension of the laser beam was large relative to the size of the
particles. When we considered the LOG CytoSense and particles between 1 and 40 um (no
light saturation of the FWS and SWS detectors), we did not observe a increase of errors with
the particle size. As microspheres are smaller than the horizontal dimension of the beam, we
assume, as in Ackleson and Spinrad, 1988, that the Mie theory can be used in this calibration
exercise.

6. Backscattering estimates from CytoSense

Table 1. Statistical relationship between the sideward and the backward cross sections,
CPb (488nm) = 108 x [CSWS(488nm)]4, calculated from theoretical computations for ho-

sca
mogeneous and two or three-layered spheres.

Model* A B R?
100% 1.16 -0.77 0.96
80%-20% 1.10 -0.52 0.98
70%-30% 1.12 -0.59 0.98
60%-40% 1.14 -0.62 0.98
80%-10%-10% 1.11 -0.51 0.95
80%-18.63%-1.37% 1.09 -0.51 0.87

*Percentages are the relative proportions of the cytoplasm, chloroplast and silica wall. 100% represents an homo-
geneous sphere.

The angular dependence of phase functions, observed from literature, seems to present a
constant proportionality between the sideward scattering and the backscattering. The objective
of this section is to develop a theoretical relationship to convert C5%S into C2, from radiative
transfer simulations.

The Meerhoff Mie program, version 3.0, [33] and the Scattnlay algorithm [34, 35] were
used to simulate the scattering and absorbing properties of homogeneous and multi-layered
spheres, respectively. The Mie code is mainly used to simulate scattering properties of reference

beads (polystyrene and silica beads), whereas the Scattnlay algorithm is dedicated to model
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Fig. 4. Backscattering cross section as a function of sideward scattering cross section. Color
lines corresponds to regression slopes performed for the whole dataset (black), homoge-
neous spheres (yellow), two-layered spheres (red and green) and three-layered spheres
(light blue)

phytoplankton cells. The phase function is simulated, from 0° to 180, in 0.2° increments. The
0.2 increments are required to obtain accurate numerical integrations. The theoretical phase
function will be integrated later over 6 to calculate theoretical sideward scattering cross section
(CS¥5) as measured by a CytoSense and the theoretical backscattering cross section (C22).

In marine optics, suspended particulate matter includes particles with sizes ranging between
0.2 and 200 pum in diameter ( [36]). The lower bound is an operational cutoff value between
dissolved and particulate material, corresponding to the pore size of a polycarbonate membrane
filter. The upper bound stands for the upper bound of particles that can still be assumed to be
distributed as a continuum in operational optical measurements. Although contemporary Cy-
toSenses and other flow cytometers can analyse smaller particles, radiative transfer simulations
were limited to particles with diameters larger than 1 pm for practical reasons. Moreover, due
to the saturation of PMT’s, C3WS estimates are correct for particles with a diameter up to 20
pum and 40 pum, for PRECYM and LOG CytoSense, respectively. Consequently, simulations
are carried for diameters between 1 to 40 um.

Firstly, phytoplankton cells are considered as homogeneous spheres. Values of m,., from 1.03
to 1.09, corresponds to cells with a high water content. The imaginary part m; spans from
0.001 to 0.015 with a upper limit associated with strongly absorbing bands of photosynthetic
pigments ( [2, 3, 12]). Secondly, the morphology of phytoplankton cells is modeled as a two
or three-layered sphere. The inner layer stands for the cytoplasm, which dominates the cell
volume and is considered weakly absorbing as it is mostly composed of water. For two-layered
spheres, the outer layer represents the chloroplast containing highly-absorbing pigment-protein,

responsible for photosynthesis. For three-layer spheres, the chloroplast is the middle layer and
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the outer layer is the frustule, a silica wall. An exhaustive review of appropriate relative volume
and refractive index ranges for cellular chloroplast, cytoplasm and frustule were realized by
Bernard et al., 2009, from the available literature. In our computations, for the three-layered
sphere model, the relative proportions of cytoplasm/chloroplast/silica wall are 80%-18.63%-
1.37% and 80%-10%-10%. For the two-layered spheres model, the relative proportions of cy-
toplasm/chloroplast are: 80%-20%, 70%-30% and 60%-40%. The complex refractive indices
of cytoplasm (m,(cyto) + i m;(cyto)) and silica wall (m,(wall) +i m;(wall)) are set equal to
1.02 + i 2.07E10~* and 1.07 4 i 0.0001, respectively. Concerning the chloroplast, m,(chloro)
and m;(chloro) are chosen so that the equivalent m, and m; of the phytoplankton cell are be-
tween values of m, and m; selected for homogeneous spheres. Volume equivalent m, and m; are
calculated from the Gladstone-Dale relationship [37]:

Y miv; :m,):vj (17)
J

J

where the subscript j (=1,2 or 1,2,3) refers to the j-th component and V; is the respective volume
of the j-th layer. In the same way, Eq.(17) can be written for m;. Note that m,(chloro) and
m;(chloro) as calculated from the Gladstone-Dale formula range between published values of
chloroplast refractive indices [38].

From the synthetic database made up of 495,900 computations realized at 488 nm, the rela-
tionship between C3%S and C2” is examined. Figure 4 suggests that the theoretical relationship
follows a power law:

Chb

sca

(488nm) = 108 x [C3WS (488nm)]*, (18)

sca

with A and B the slope and the intercept of the regression calculated from data in log space.
For the whole dataset, A = 1.16 and B = -0.60, and the coefficient of determination R? is of
0.95. If we consider the different models independently, the regression slope varies between
1.09 and 1.16 and the intercept varies between -0.51 and -0.77 (Fig. 4 and Table 1). It shows
that the model (homogeneous or heterogeneous with two or three layers) impacts the scattering
of data around the mean relationship calculated over the whole dataset. As expected homoge-
neous particles have a smaller C?2, for a given C35 (due to the weaker intercept) confirming
that homogeneous particles backscatter less than heterogeneous particles. Particle diameter, re-
fractive index (real and imaginary part) impacts the scattering of data and their influence varies
according the considered model (Figs. 5, 6, 7). For homogeneous particles, the scattering of
data seems to be more impacted by the real refractive index than by the particle size. Data
corresponding to particles with d ranging between [1-10[ um, [10-20[ um, [20-40] pum, are
dispersed along the slope (Fig. 5(a)) (with small C3%S and C? corresponding to small sizes),
whereas data corresponding to particles with m, between [1.03-1.05], ]1.05-1.07], ]1.07-1.09]
are dispersed from either side of the regression (Fig. 6(a)). Similar observations can be done for
the two-layered particles corresponding to the 60%-40% model. However, this is not the case,
for example, for the 80%-18.63%-1.37% or 80%-20% model where data corresponding to d
between 1-10 um and 10-20 um overlap data corresponding to different ranges of m, and m;
(Figs. 5-7(b) and Figs. 5-7(d)). In these cases, the scattering of data results from a combination
of the influence of d, m, and m;. Smallest R? values are observed for three-layered spheres with
R? around 0.9. The refractive index greatly influences the scattering of heterogenous particles
when the relative proportions of the peripheral layers is greater. It is consistent with Bernard
et al., 2009’s findings who showed that the real refractive index of any peripheral layer can be
considered as one of the most important parameters causing variations on backscattering. For
applications in a natural environment, it is obvious that C5%S will be converted into C2, using
the regression performed on the whole dataset (Eq. (18), with A = 1.16 and B = -0.60) as in
natural environmements the morphology of particles is unknown in most cases.
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Fig. 5. Backscattering cross section as a function of sideward scattering cross section. (a)
homogenous spheres (b)-(c) heterogenous spheres with 80%-20% and 60%-40% of rela-
tive proportions of cytoplasm and chloroplast (d) heterogenous spheres with 80%-18.63%-
1.37% of relative proportions of cytoplasm, chloroplast and silica wall. A distinction is
made between data corresponding to different diameters: 1 < d < 10 um (grey dots),
10 <d <20 um (red dots), 20 < d <40 um (blue dots).
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Fig. 6. Same as Fig. 5. A distinction is made between data corresponding to different vol-
ume equivalent refractive indices (real part): 1.03 < m, < 1.05 (grey dots); 1.05 < m, <
1.07 (red dots) and 1.07 < m, < 1.09 (blue dots).
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Fig. 7. Same as Fig. 5. A distinction is made between data corresponding to different differ-
ent volume equivalent refractive indices (imaginary part) : 0.001 < m; < 0.005 (grey dots);
0.006 < m; < 0.01 (red dots) and 0.01 < m; < 0.015 (blue dots).
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7. Comparison

This section is dedicated to the comparison of the backscattering cross-section C2%, as estimated

from cytometric measurements and the backscattering coefficient of particles by, as measured
by the WET Labs ECO-BB9 backscattering sensor (at 440, 488, 510, 530, 595, 650, 676, 715,
865 nm). The backscattering coefficient of particles is related to the backscattering coefficient
cross-section C?2 of a single particle using N/V the particulate concentration (particles per
cubic meter) as shown in Eq. (7). Measurements of the VSF were conducted in a cylindri-
cal polyethylene black tank (20.0 cm in diameter and 40.6 cm deep). The inside walls of the
tank have a minimally reflective surface as they are black and flat. The tank was filled with 20
liters of Milli-Q water and measurements were performed to check for reflections in the tank.
The instrument was handled vertically and lowered into the container until its face (with op-
tical windows) was about 5 cm from the bottom. The instrument was then raised in steps and
measurements were performed until no further changes in the raw signal, due to reflection on
the walls of the tank, were observed. The backscattering remains constant when the instrument
face is about 15 cm from the bottom. In this study, all measurements were realized with the in-
strument face immersed approximatively 10 cm below the air-water interface (20 cm from the
bottom of the tank). The experiment was conducted under dark conditions to prevent extraneous
light entering the tank.

Comparisons between C2° (cyto) and C?% (BB9) were realized on dilutions of silica micro-
spheres (Bangs Laboratories, Inc.) of 3 (L020503D-5412) and 5 (L100218C-9601) um in di-
ameter (Fig. 8). Beads were sonicated prior to use as recommended by the manufacturer. First,
a steady clean-seawater baseline was measured to estimate the backscattering of pure water and
if the Milli-Q water is contaminated, the backscattering of bacteria. The acquisition time was
approximately 2 minutes with a sampling rate of 1Hz for the ECO-BB9 at 488 nm. The mean
dark offset was calculated for each sensor over the corresponding time period. Then 1 or 2 ml
of bead suspension were, several times, put into the tank to perform measurements on different
bead concentrations. For each bead addition, the suspension was mixed up manually for aprox-
imately 3 minutes to obtain a homogeneous concentration. Measurements were performed with
the ECO-BB9 and a water sample is taken for cytometric analysis. The raw signal was aver-
aged over the acquisition time and the standard deviation was calculated. The mean signal was
converted into B,(6;) by first substracting the mean dark offset, and then by multipliying the
resulting value by the scaling factor as provided by WET Labs. Note that the last calibration of
the instrument was realized December 18, 2013 and the experiment was conducted less than 4
months after this date (April, 2014). The ECO-BB9 single measurement f3,(6;) was converted
into backscattering coefficient of particles as explained in section 4 using a y, factor. The ECO-
BBY9 measurements show a linear response of the backscattering signal to the bead addition (not
shown here). It highlights that no tank effects and no multiple scattering occured.

The yx,, factors, based on average phase functions from natural and poly-dispersed particle
population, are not valid for monodispersions of beads. The phase function of a quasi monodis-
persed population is not smooth but exihibits a sequence of maxima and minima in the back-
ward direction [22], contrary to the phase function for natural populations. The y, values for
quasi monodispersed particles as reference bead were examined using Mie computations. As
the real refractive index of silica beads is between 1.07 and 1.09 according to Bang Laboratories
Inc., Mie computations were conducted for m, of 1.07, 1.08 and 1.09. Mie computations were
realized for silica beads modeling the particle size distribution (PSD) according to a Gaussian
shape with a mean diameter of 3 or 5 um and using a coefficient of variation (CV) of 30 %.
The bead supplier indicated a coefficient of variation of 15% but measurements of bead di-
ameters from scanning electron micrographs showed a higher coefficient of variation, around
30%. A non-negligible fraction of smaller or larger beads is observed. Larger beads are mainly
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Table 2. Estimates from CytoSense - Silica beads of 3um

Volume of the bead  Sample Number of Mean
bead suspension (ml) ID particle x 10" perm® SWS x107'2 (m?)

3.0 M3a 1.3122 0.097
3.0 M3b 1.5010 0.097
5.0 M5a 4.5519 0.100
5.0 M5b 5.0954 0.100
7.0 M7a 7.2906 0.101
7.0 MT7b 8.3442 0.0102

Table 3. Estimates from CytoSense - Silica beads of Sum

Volume of the bead ~ Sample Number of Mean
bead suspension (ml) ID particle x 10" perm® SWSx 10712 (m?)

1.0 Mla 0.0404 0.444
1.0 M1b 0.1735 0.434
3.0 M3a 1.1878 0.439
3.0 M3b 0.8768 0.446
5.0 MS5a 2.1565 0.442
5.0 MS5b 1.6367 0.442

due to two beads fused together. The angular weighting function of the ECO-BB9, W/%(6),
is defined according to Sullivan et al., 2013 to account for the precise angular response of the
sensor. Simulated values of 3,(6) are multiplied by W22°(6) and then integrated over the field
of view of the sensor to simulate the signal measured by the ECO-BB9 named f3,(124°) as the
weighting function is centered around 124°.

The y,, value is obtained according to Eq. (8) from the simulated values of 8,(124°) and b,
The y, factor increases with the refractive index and decreases with the particle size. It is due
to the position of angular minima and extrema which slightly changes with size and refractive
index. To convert f3,(124°) into by, two x,, values are considered for a given diameter. For 3
um beads, a x, value, equal to 1.26 or 1.33, corresponds to m, of 1.07 and 1.09, respectively.
For 5 pum beads, a x, equal to 1.10 and 1.27 corresponds to m, of 1.07 and 1.09, respectively.

Cytometric measurements (abundance and sideward scattering) were realized twice on the
same water sample to examine the reproducibility of the measurements, particularly in particle
counting. Table 2 and 3 display the particle concentration and the mean SWS converted into
Cffgs as explained in Section 5. Samples are named M1, M3, M5 with 1,3, and 5 corresponding
to the volume of bead suspension in the container (named V in the following) and with letters
(a) or (b) distinguishing the duplicates.

The variability of particulate abundance is larger when the concentration of particles de-
creases. It is due to variability of particle counting CV),, which follows a Poisson’s law and
is inversely proportional to 1/n, where n is the number of counted particles in a given sample
volume per unit time. In addition to CV,,, the instrument variability (CV,) has to be considered.
The instrument variability (CV,) is determined from repeated measurements (5-15 times) on the
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same sample and is defined as the ratio of the mean abundance to the standard deviation. From
analysis of 3 um and 10 um bead suspensions, Thyssen et al., 2008 showed that if the number
of particles is large enough within the analyzed volume (>1000), the reproducibility of particle
counting was achieved with (CV, + CV,,) < 3%. Comparisons of bead counts with a CytoSense
(CytoBuoy b.v.), a Moflo (Dako) and a Cytoron (Cytoron Absolute ORTHO Diagnostic Sys-
tems) cytometer were performed by Thyssen et al., 2008. Results showed similar counts within
the experimental uncertainties with no systematic bias for the CytoSense [39].

For a given bead size, the sideward cross section C3 is relatively constant whatever the
sample ID (Table 2 and 3). The mean C5%S is 0.0998E-12 m? and 0.4413E-12 m? for beads of
3 um and 5 pum, respectively. These values are relatively close to values calculated from Mie
theory (0.082E-12 m? and 0.367E-12 m?) for monodisperse silica beads considering m, equal
to 1.07 and no bead absorption.

The backscattering cross sections C22 (BB9) derived from the ECO-BB9 at 488 nm are
shown in Figs 9 and 10 and are compared with Mie computations. Error bars represent the
associated standard deviations due to the instrumental variability of the ECO-BB9. Cytometric
estimates were obtained by converting the measured C3%S into C2 (cyto) using the theoretical
relationship developed in Section 6 with the slope and the intercept calculated over the whole
dataset (A = 1.16 and B = -0.60). For a given volume of bead suspension (1, 3, 5 or 7 ml), by,
as measured by the ECO-BB9 leads to two values of C?2,(BB9) as it is divided by the particle
abundance quantified from the (a) or (b) duplicates. Results corresponding to M1a sample are
not displayed on Fig. 9 because the measured abundance was too low and hence unreliable.

For 5 um beads, values of C22 (BB9) at 488 nm range between 0.115E-12 and 0.319E-12
m? for Xp of 1.10 (Fig. 9(a), black dots) and between 0.133E-12 and 0.368E-12 m? for Xp of
1.27 (Fig. 9(b), black dots). For 3 pm beads, values of Cffa (BB9) are between 0.033E-12 and
0.042E-12 m? for Xp of 1.26 (Fig. 10(a)) and between 0.035E-12 and 0.044E-12 m? for Xp
of 1.33 (Fig. 10(b)). Note that the variability of C2 (BB9) is due to variability of particulate
abundance as measured by the CytoSense. These values range between C22 values computed
with Mie theory considering a Gaussian PSD and a CV of 30%. The mean value of C22,(cyto) is
0.097E-12+ 0.0011E-12 for 5 um beads and 0.021E-12+ 0.0005E-12 for 3 um beads. Relative

differences are defined as follows:

(%) = CP’ (BB9)

sca

19)

For 5 pm beads, relative differences between C?2 (cyto) and C2,(BB9) range between 15% and
70% with a y, of 1.1 and between 27% and 74% for a x,, of 1.27. Note that these differences
are smaller than the instrumental variability. If M 1b is not considered, the upper values of AE
becomes 43% with a x, of 1.1 and 50% for a y, of 1.27. For 3 um beads, relative differences
AE are more important than the instrumental variabilty. They are between 35% and 48% with
a ), of 1.26 and between 49% and 59% with a x,, of 1.33.

The bead supplier indicates that an antibacterial agent is added in bead suspensions to avoid
bacteria growth. Nevertheless, silica bead suspensions of 3 and 5 um were examined using
scanning electron microscopy to check the absence of such a particle background. No bacte-
ria or other contaminating particles were detected from SEM micrographs. Consequently, dis-
crepancies cannot be explained by a background particle contamination in bead suspensions.
Differences between C22 (cyto) and C?2 (BB9) can be partly explained by the impact of the
particule size distribution on the measured signal. As the CytoSense measures the scattering of
individual particles, its measurement is not influenced by the particle size distribution contrary
to ECO-BB9 measurements. Mie computations show that C?% increases when a Gaussian PSD
is considered and increases with the coefficient of variation. For example, considering 5 um
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beads and m, of 1.07, C?, increases from 0.088E-12 for a perfect monodispersion to 0.110E-12
for a CV of 30%. For 3 um beads, this values becomes 0.0230E-12 for a perfect monodisper-
sion and 0.028E-12 for a CV of 30%. It implies that the minimum relative difference between
CytoSense and ECO-BB9 measurements is around 20-25% and can not be attributed to uncer-
tainties in calibrating the CytoSense, or inaccuracies introduced by the theoretical relationship
used to convert C3%S into C2% . Such differences are due to the measured parameter itself which
is the scattering of individual particles for CytoSense and the bulk scattering for ECO-BBO.
Notice that, for 3 m beads, the mean C%2,(cyto) (= 0.115E-12 m?) is very close to the Mie
value (=0.110E-12 m?).

Note that C3"S have been converted into C2% using the general relationship established from
the 495,900 computations considering homogeneous and heterogeneous spheres. If we consider
only computations corresponding to silica beads with m; null, m, of 1.07, 1.08 and 1.09, d
between 1 and 40 um (708 computations), the slope and the intercept are equal to 1.11 and
-0.39, respectively. As these values are relatively close to A and B as previously calculated
for the whole dataset, relative differences between CytoSense and VSF measurements are very

close to previous AE values.

8. Concluding remarks

A very simple methodology has been developed to derive the backscattering cross section of
individual particles from cytometric measurements. Possible sources of errors are firstly instru-
mental limitations and calibration errors or inaccuracies in the modelling of weighting func-
tions. Comparisons were realized between CytoSense measurements and Mie theory on sus-
pensions of polystyrene microspheres. Comparisons show mean absolute relative differences
between 27.9% (FWS) and 41.8% (SWS). The larger relative differences have been observed
on the sideward signal for large particles (above 20 um in diameter) caused by light saturation
of detectors which is more important for PMTs (sideward detectors) than for PIN photodiodes
(forward detectors). For the LOG CytoSense less affected by the light saturation, the mean
absolute relative differences are 33.7% (FWS) and 23.9% (SWS).

In a second step, a power law was used to convert the sideward cross section as measured
by the CytoSense into the backscattering cross section. The scattering of data around the mean
relationship, built from the whole dataset, introduces inaccuracies on backscattering estimates
and constitutes a second source of errors. Particle diameter, refractive index (real and imaginary
part) impacts the scattering of data, around the mean relationship and deviations from the mean
relationship varies according the considered model (homogeneous spheres or heterogeneous
spheres with two or three layers). More particularly, data points are more variable when the
thickness of the outer layers is more important. Quantifying errors introduced by the use of a
such mean relationship, is quite challenging as the structure and the refractive index of particles
are unknown in the natural environment. Information on particle diameter could be obtained
from the CytoSense measurements but cytometric estimates of particle diameter are, in some
cases, inaccurate (for example diameter/length estimates from pulse shapes of small particles
< 5 um become increasingly inaccurate with decreasing particle size).

To test the accuracy of the proposed methodology, a laboratory experiment was carried out
on a suspension of silica beads to compare the backscattering cross section as measured by the
ECO-BB9 backscattering sensor and the CytoSense flow cytometer. As the ECO-BB9 mea-
sures the VSF at one single angle, a conversion factor is required to derive the backscattering
coefficient. As the x,, factor defined by Sullivan et al., 2013 is valid only for natural polydis-
persed populations, a x,, factor for quasi monodispersed silica beads was calculated using Mie
computations. Comparisons showed relative differences of the same order of magnitude as in-
strumental variability. Relative differences can be quite large but they can partly be explained

#237025 Received 4 Jun 2015; revised 8 Jun 2015; accepted 28 Jul 2015; published 24 Nov 2015
©2015 OSA 30 Nov 2015 | Vol. 23, No. 24 | DOI:10.1364/0OE.23.031510 | OPTICS EXPRESS 31532



by the fact that the CytoSense measures the cross section of individual particles, whereas the
ECO-BB9 measures the bulk cross section.

The choice of bead suspensions instead of phytoplankton cultures was motivated by the fact
that a population made up of spherical particles of known sizes can be more easily charac-
terized. Scanning electron micrographs, realized in the framework of this study, did not show
evidence for background particle contamination from submicron particle as bacteria in bead
suspension. For phytoplankton cultures, the absence of non algal submicron particles as bacte-
ria could not be guaranteed (even for axenic cultures) and submicron detritus also might have
been present. In this case, direct comparison of bulk measurements and measurements on in-
dividual particles will be less obvious. Differences between the backscattering cross section as
estimated by the ECO-BB9 and the CytoSense could be attributed to a “bulk effect” instead
of inaccuracies coming from the proposed methodology. In future studies, it could be helpful
to identify separately the impact of submicron particles as bacteria, which can impact greatly
the bulk backscattering. A possible method is to perform measurements of bulk backscattering
before and after filtration. Another option would be to use a CytoSense with high sensitivity
performance (the trigger level of 16 mV on side scatter might be low enough to detect certain
submicron particles or larger bacteria) or a dedicated cytometer to measure the bacterial abun-
dance. Then, the bacterial backscattering cross section could be simulated from the bacterial
abundance using Mie theory and the backscattering signal could be estimated by adding the
bacterial contribution to the contribution of phytoplankton cells and non-living particles.

In phytoplankton cultures, particles can be non-spherical. For oriented non-spherical parti-
cles, the signal measured by CytoSense can depend on the first element of the scattering matrix
Z11 but also on the element Z;3. Indeed, the scattering matrix (and so the phase matrix) becomes
a function of the zenith and azimuth angles of the incident and scattered radiation and the Z;3
element is not null. In this case, the CytoSense signal cannot be converted in terms of backscat-
tering coefficient and comparisons with the ECO-BBY signal are not valid. However, first radia-
tive transfer simulations with the T-matrix code dedicated to non spherical particles in a fixed
orientation [40], show that for small oriented spheroids with a weak aspect ratio, Z;3 is negligi-
ble and particles can be considered as spherical. Consequently, the proposed methodology will
be still valid. These results should be confirmed with a large database of study cases, including
also computations for spheroids with a large aspect ratio and also computations of the T-matrix
code dedicated to externally aggregated multi-sphere clusters in fixed orientations [41]. Note
that, even if the theoretical relationship is not valid for oriented particles/aggregates with a high
aspect ratio, the sideward scattering as measured by CytoSense can be still used in addition
with measurements of backscattering sensors.
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