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ABSTRACT

This study presents experimental measurements of the radiation characteristics of uni-
cellular freshwater cyanobacterium Synechocystis sp. during their exponential growth in F
medium. Their scattering phase function at 633 nm average spectral absorption and
scattering cross-sections between 400 and 750 nm were measured. In addition, an inverse
method was used for retrieving the spectral effective complex index of refraction of
overlapping or touching bispheres and quadspheres from their absorption and scattering
cross-sections. The inverse method combines a genetic algorithm and a forward model
based on Lorenz-Mie theory, treating bispheres and quadspheres as projected area and
volume-equivalent coated spheres. The inverse method was successfully validated with
numerically predicted average absorption and scattering cross-sections of suspensions
consisting of bispheres and quadspheres, with realistic size distributions, using the T-
matrix method. It was able to retrieve the monomers' complex index of refraction with
size parameter up to 11, relative refraction index less than 1.3, and absorption index less
than 0.1. Then, the inverse method was applied to retrieve the effective spectral complex
index of refraction of Synechocystis sp. approximated as randomly oriented aggregates
consisting of two overlapping homogeneous spheres. Both the measured absorption
cross-section and the retrieved absorption index featured peaks at 435 and 676 nm cor-
responding to chlorophyll a, a peak at 625 nm corresponding to phycocyanin, and a
shoulder around 485 nm corresponding to carotenoids. These results can be used to
optimize and control light transfer in photobioreactors. The inverse method and the
equivalent coated sphere model could be applied to other optically soft particles of similar
morphologies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

cosmetics, biofuels, and fertilizers [1,2]. In addition, they
can be used to treat wastewater [2] and to reduce carbon

Photosynthetic microorganisms use sunlight as their
energy source and carbon dioxide as their carbon source.
They can be cultivated to produce a variety of valuable
products such as nutritional supplements, natural dyes,
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dioxide emissions from industrial exhaust gases [3].
However, key advances in cultivation systems and biomass
harvesting methods are required to improve productivity
and make the technology cost effective [4].

The unicellular freshwater cyanobacterium Synecho-
cystis sp. PCC 6803 has been considered for biofuel pro-
duction [5]. It was the first photosynthetic organism
whose entire genome was sequenced due to the
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Fig. 1. Micrographs of (a) a free floating dumbbell-shaped Synechocystis
sp. cell with two lobes of radius rg; and rs; of about 1pm and (b)
Synechocystis sp. immediately after cell division. Reproduced with per-
mission from Prof. Yuuji Tsukii (Hosei University, http://protist.i.hosei.ac.
ip/)-

similarities between its photosynthetic apparatus and that
of higher plants [6]. It is widely used as a standard in
studies involving photosynthesis, environmental stress
response, pigment synthesis, lipid production, and other
metabolic processes [6-9]. Synechocystis sp. contain dif-
ferent photosynthetic pigments including Chlorophyll a
(Chl a), phycocyanin (PCCN), as well as photosynthetic
(PSC) and photoprotective (PPC) carotenoids [10]. Each
type of pigments possesses its own absorption spectra
enabling the microorganisms to absorb photons in the
photosynthetically active radiation (PAR) region ranging
from 400 to 700 nm [11]. This species has also been
genetically engineered with reduced light harvesting pig-
ments (particularly PCCN), to increase their energetic yield

per cell [5]. Fig. 1a shows a micrograph of dumbbell-
shaped Synechocystis sp. cells approximately 2 pm in
length and resembling overlapping bispheres. Fig. 1b
shows a micrograph of Synechocystis sp. immediately after
fission when the cell divides into two identical daughter
cells and resembling quadspheres [12].

Photosynthetic microorganisms are typically cultivated
in open or closed photobioreactor (PBR) systems. The
productivity of these systems is severely hampered by low
light energy conversion efficiencies [13]. Indeed, incident
light is rapidly attenuated in the culture due to light
absorption and scattering by the microorganisms, result-
ing in inhomogeneous light distribution. In regions of the
PBRs directly exposed to sunlight, the light intensity may
be excessively high causing photoinhibition [14]. On the
other hand, deeper in the PBR, light intensity may be too
small to drive photosynthesis or even respiration. Both
phenomena result in low photosynthetic efficiency and in
a significant decrease in the overall PBR productivity.
Therefore, PBR design and control must be improved so
that light can be utilized as efficiently as possible. In order
to do so, analytical tools modeling coupled light transfer,
hydrodynamics, and growth kinetics have been developed
[15-17]. In all these models, the spectral radiation char-
acteristics of the photosynthetic microorganisms are
essential input parameters.

The present study aims to measure the radiation char-
acteristics of Synechocystis sp. during exponential growth.
It also aims to develop an inverse method able to retrieve
the effective spectral complex index of refraction of Syne-
chocystis sp. and other particles with complex touching or
overlapping bisphere and quadsphere morphologies from
their absorption and scattering cross-sections.

2. Background
2.1. Light transfer

The spectral radiation intensity I,(r,§) (in W/m? sr nm)
along the direction § at location r and wavelength 4 in
homogeneous, absorbing, scattering, and non-emitting
microorganism suspensions satisfies the radiative trans-
fer equation (RTE) expressed as [18]

S- Vlﬁ(r,ﬁ) = —Kﬂlﬂ(r,é)—aﬂlﬂ(r,ﬁ)

+2 | 11(r8)1,(3:.3) 49 1)
where x, and o are the effective spectral absorption and
scattering coefficients of the suspension (in m™!),
respectively. In addition, the extinction coefficient is
defined as S, =k;+o0,,. The scattering phase function
&1 ,(8;,8) represents the probability that light propagating
in the solid angle d€2; along direction §; be scattered into
the solid angle d<2 along direction §. It is normalized such
that

1 A A
E[M(Dm(si,s) dgl =1. (2)

In addition, the asymmetry factor g; for an axisymmetric
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phase function is defined as [18]
gﬂ=%/ @1, (0) cos 0 sin 6dO 3
0

where @ is the scattering angle between directions §; and
S.

The average absorption Cyy; and scattering Cy, 4 Cross-
sections (in m?) of a suspension of polydisperse micro-
organism cells can be related to the spectral absorption «;
and scattering o coefficients according to [18]

Cabs,l = and Esm,A =27 (4)

where Ny is the cell number density defined as the number
of cells per m? of suspension.

2.2. Radiation characteristics of photosynthetic
microorganisms

The absorption and scattering cross-sections and the
scattering phase function of photosynthetic microorgan-
isms in the PAR region depend on wavelength as well as on
their morphologies, size, and composition. They can be
determined either experimentally or numerically. Previous
experimental studies have focused on randomly oriented
quasi-spherical microalgae [18,19] and filamentous cya-
nobacteria [20,21]. However, the experimental method
previously used by Pilon and co-workers [21-23] for var-
ious microalgae and cyanobacteria species is not limited to
any specific shape and can also be used for Synechocystis
sp., as discussed later in this paper.

Numerical predictions of the radiation characteristics of
photosynthetic microorganisms have typically treated
them as homogeneous spheres [19,24-31]. They predicted
their radiation characteristics based on their size dis-
tribution and a model or experimental estimate of their
effective complex index of refraction. Then, their radiation
characteristics can be calculated using fast analytical
solutions such as the Lorenz-Mie theory [32] or the
anomalous diffraction approximation [33]. Numerical
methods, such as the T-matrix method [34], can also
compute the radiation characteristics of scatterers with
complex shapes such as (i) unicellular photosynthetic
microorganisms with non-spherical shapes (e.g., spher-
oidal [35] and bisphere [36]), (ii) multicellular micro-
organisms (e.g., filamentous cyanobacteria [21]), and (iii)
fractal colonies of unicellular spherical microalgae [37].
However, these methods can be time-consuming, com-
putationally intensive, and limited to a certain range of
size parameters [36]. Alternatively, photosynthetic micro-
organisms of complex morphology, including many cya-
nobacteria, could be treated as equivalent scattering par-
ticles with simpler shape including infinitely long cylin-
ders and coated spheres [24,25,31,35,36] whose radiation
characteristics can be computed relatively simply [38-40].
For example, Lee and Pilon [41] reported that randomly
oriented filamentous cyanobacteria consisting of linear
chains of optically soft spheres could be modeled as ran-
domly oriented volume-equivalent infinitely long cylin-
ders for the purpose of predicting their integral radiation
characteristics, namely x,, o5;, and g,. Similarly, Heng

et al. [36] demonstrated that the integral radiation char-
acteristics of randomly oriented multicellular cyano-
bacteria with morphologies of bispheres, quadspheres, and
rings of spheres could be approximated as those of
equivalent coated spheres with identical volume and
average projected area. Kandilian et al. [37] demonstrated
that this approximation was also valid for randomly
oriented fractal colonies of spherical unicellular micro-
algae. This approximation leads to significant savings in
computational time and resources compared with
numerical predictions using the T-matrix method.

Regardless of the numerical method or approximate
formulation, the effective complex index of refraction of
microorganisms is essential to compute the radiation
characteristics. Although the cells were actually hetero-
geneous in nature, most studies have treated photo-
synthetic microorganisms as homogeneous spheres with
some effective optical properties [19,24-31,35-37,41]. Aas
[28] estimated the effective refractive index (real part) of
phytoplankton cells from their metabolite composition by
using a volume-weighted average of the refractive indices
of the various constituents including proteins, carbohy-
drates, water, and lipids. Pottier et al. [29] predicted the
spectral absorption index (imaginary part) of Chlamydo-
monas reinhardtii as a weighted sum of the absorption
indices of the major algal pigments and assumed their
refractive index to be constant and equal to 1.527. More
recently, Dauchet [42] used the same method as Pottier
et al. [29] to estimate k; but predicted n;, on a spectral
basis, using subtractive Kramers-Kronig relationship
relating n; to k;.

Alternatively, the effective complex index of refraction
of microorganisms has been retrieved from experimental
measurements of their absorption and scattering cross-
sections using inverse methods [21,26,31,43]. Here also,
treating the microorganism cells as simple equivalent
scattering particles, in order to compute their radiation
characteristics, is essential since the forward problem has
to be solved numerous times. For example, Bricaud and
Morel [26] predicted the effective complex index of
refraction of phytoplanktonic cells by treating them as
homogeneous spheres, based on the anomalous diffraction
approximation. The absorption coefficient was described
as a continuous and monotonic function of the effective
absorption index for given wavelength and particle size
distribution. Then, the spectral absorption index of the
cells was determined by iteration until the computed
spectral absorption coefficient agreed with the experi-
mentally measured value. The retrieved refractive and
absorption indices were used as input parameters into the
Lorenz-Mie theory. Subsequently, the spectral refractive
index of the cells was obtained by iteration until the
computed spectral extinction coefficient matched the
experimentally measured value. On the other hand, Lee
et al. [31] developed an inverse method combining genetic
algorithm (GA) [44] and the Lorenz-Mie theory [32] to
retrieve simultaneously the refractive and absorption
indices of various quasi-spherical microalgae. Similarly,
Heng et al. [21] combined GA with electromagnetic wave
theory for randomly oriented and infinitely long cylinders
[45,46] to retrieve the effective complex index of refraction
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of filamentous cyanobacteria Anabaena cylindrica from
their experimentally measured absorption and scattering
cross-sections.

The objective of the present study is to experimentally
measure the absorption C,, and scattering Cy.,, Cross-
sections as well as the phase function @r,($;,$) of ran-
domly oriented Synechocystis sp. under exponential
growth. It also aims to develop an inverse method to
retrieve the effective spectral complex index of refraction
of photosynthetic microorganisms with complex bisphere
and quadsphere shapes. The feasibility of the inverse
method was demonstrated using numerically predicted
absorption and scattering cross-sections of polydisperse
bispheres and quadspheres obtained by the T-matrix
method for different cell size distributions and complex
index of refraction. Then, it was applied to the measured
absorption and scattering cross-sections and size dis-
tribution of Synechocystis sp. cells approximated as two
overlapping and homogeneous spherical monomers.

3. Experimental methods
3.1. Cultivation and sample preparation

The unicellular cyanobacterium Synechocystis sp. PCC
6803 was cultivated in F medium [47] in 250 ml culture
bottles fitted with vented caps and illuminated from one
side by a continuous photosynthetic photon flux density of
91 umol,, m~2s~! provided by fluorescent light bulbs
(GroLux by Sylvania, USA). The culture was maintained at
30 °C throughout the growth and the cell number density
Ny (in /m3) was measured daily using an automatic cell
counter (Nexcelom Cellometer Auto M10). To do so, 20 pL
samples were pipetted from the cultures into disposable
haemocytometers (Nexcelom CHT4-SD100). The device
counted the number of cells per unit volume Ny using 2D
micrographs. Prior to taking a sample, the culture was
shaken manually to ensure that it was well-mixed and that
the sample was representative of the entire culture
volume.

Six days after inoculation, the cultures were observed
to be in their exponential growth phase based on cell
density measurements. Then, the suspension was thor-
oughly shaken and samples of 3 ml were collected to
measure their radiation characteristic measurements. To
prevent possible absorption and scattering by F medium,
the samples were centrifuged at 2000 rpm (1300 g) for
8 min. Then, the supernatant was replaced with non-
absorbing phosphate buffer saline (PBS) solution and the
samples were lightly vortexed to resuspend the Synecho-
cystis sp. cells.

3.2. Size distribution

In order to characterize the size distribution of Syne-
chocystis sp., micrographs of the cells were captured using
a 100 x Leica inverted microscope connected to a CCD
camera. We considered Ng,=252 cells and manually
measured (i) the radii 57 and r; of the two lobes in each
cell and (ii) the distance d,, separating the lobes' centers

using the image analysis software Image], as illustrated in
Fig. 1a. Only the cells whose dumbbell shape could be
easily discerned were selected for measurements. The
morphology of the cells was simplified to that of bispheres
consisting of two identical overlapping spherical mono-
mers of radius rs = (rs1+T7s2)/2 (Fig. 3a). These measure-
ments led to the frequency distributions f, ., (rs) and
faexp(dsp) of the bisphere approximating Synechocystis sp.

3.3. Radiation characteristics measurements

The following assumptions were made in measuring
the scattering phase function and the average spectral
absorption and scattering cross-sections of Synechocystis
sp.: (1) the suspension in the samples were well mixed
and the cells were randomly oriented. Thus, the suspen-
sion had azimuthally symmetric phase function depending
only on polar angle . (2) Single scattering prevailed due to
the low cell number densities considered. (3) The scatter-
ing phase function of Synechocystis sp. cells was assumed
to be constant over the PAR region [22], and (4) largely
forward scattering because of their large size parameters
in the PAR region.

The experimental setup, data analysis, and validation
with latex microspheres were reported in detail by Pilon
and co-workers [18,20,22,48] and need not be repeated. In
brief, the scattering phase function @r;(6) of the Syne-
chocystis sp. suspension was measured with a polar
nephelometer equipped with a laser at 633 nm. Due to
obstruction by the probe, the scattering phase function for
scattering angles € beyond 160° in the backward direction
was not reported. Normal-normal transmittance of the
microorganism suspension, denoted by T, ;, was measured
in cuvettes of pathlength t=1 cm using a UV-VIS spec-
trophotometer (Shimadzu, USA, Model UV-3103PC) from
400 to 750 nm with 1 nm spectral resolution [48]. These
measurements were calibrated using the transmittance of
the reference medium (ie., PBS), denoted by T, s, in
order to correct for reflection and refraction by the cuvette.
These measurements were used to determine the extinc-
tion coefficient f, of the suspension. The data analysis
corrected for the fact that a fraction of the light scattered
in the forward direction was captured by the detector due
to its finite acceptance angle. Similarly, normal-hemi-
spherical transmittance T, was measured with an inte-
grating sphere (ISR-3100 by Shimadzu, USA) and the
above-mentioned spectrophotometer. Here also, the mea-
surements were calibrated with the normal-hemispherical
transmittance of the reference medium T}, , ;. They were
used to determine the absorption coefficient x; of the
suspension. The data analysis corrected for imperfect
reflections in the inner surface of the integrating sphere
and the geometry of the setup resulting in a fraction of the
scattered and transmitted light being unable to reach the
detector.

Prior to all transmission measurements, the samples
were manually shaken to ensure a well-mixed suspension
with randomly oriented Synechocystis sp. cells. In addition,
the measurements were performed for two different cell
number densities by diluting the samples with PBS. For
each sample, the normal-normal and normal-
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Fig. 2. Schematics of (a) a bisphere, (b) a quadsphere, and (c¢) an average
projected area and volume-equivalent coated sphere with inner radius
Teqi and outer radius reqo. The monomers and the coating of the coated
sphere had the same complex index of refraction ms,. The surrounding
medium and the core of the coated sphere were non-absorbing with
refractive index ny ;.

hemispherical transmittances were measured three times
and the results were averaged. Absorption x; and scatter-
ing o, coefficients were normalized by the measured cell
number density Nr according to Eq. (4) to obtain the
average absorption Cgs,; and scattering Cge,, Cross-
sections of the microorganisms. It was established that
single and independent scattering prevailed by verifying
that the cross-sections Cgpsy and Cy, for different values
of cell densities Ny collapsed onto a single line [33].
Finally, note that radiation characteristics of micro-
organisms may vary with time in response to changes in
light and nutrient availability [23,48]. However, it was
established that light transfer in PBRs can be accurately
predicted throughout the PBR operation, except under
nutrient limitations, based on the radiation characteristics
measured during the exponential growth phase [48].

4. Analysis
4.1. Aggregates and their equivalent coated spheres

Figs. 2a and 2b show schematics of a bisphere and a
quadsphere, respectively. The number of spherical mono-
mers in each aggregate was denoted by N;, e.g., Ny=2 for
bispheres and N;=4 for quadspheres. In addition, the
radius of the monomers was denoted by r; and the
monomer size parameter was defined as y, = 2zrs/A. The

monomers had effective spectral complex index of
refraction m,,;=n,, + ik;, where n,; and k,, denote the
spectral refractive and absorption indices, respectively. The
surrounding medium was non-absorbing and had spectral
refractive index n,, ;. Then, the relative refractive n; and
absorption k, indices of the monomers can be defined as
. ks,ﬂ

nizm and k'l_"m,,{ (5)

Fig. 2c shows a schematic of the average projected area
and volume-equivalent coated sphere whose coating has
the same complex index of refraction m,; as the mono-
mers while its core consists of the surrounding medium of
refractive index n,,,. Its equivalent inner r.; and outer
Teqo Tadii are expressed as [36]

> (6)

where V and A, are the volume and average projected area
of the monomer aggregates, respectively. In particular, the
volume of bisphere V, and of quadsphere V; can be
expressed as

Viyq =32 7Nsr?. %)

The average projected area of bispheres A,p and quad-
spheres A, 4 can be computed numerically and have been
related to the monomer radius rs according to [36]

App=535r and A,q=9.70r2. ®)

Fig. 3a shows a schematic of two overlapping spheres of
radius r; whose centers are separated by a distance dsp
such that ry < ds, < 2rs. This morphology is analogous to
actual Synechocystis cells (Fig. 1). Its volume can be
expressed as [49]

8
Vsyn = §77,'T‘2 - %(4rs + dsp) (2rs— dsp)z 9

Fig. 3b shows the ratio of the computed average projected
area Apsyn of randomly oriented overlapping bispheres to
the projected area zr? of a monomer as a function of
dsp/2rs for different monomer radius r; ranging from 1 to
9 um. The results were obtained using the numerical
method described in Ref. [36]. It is interesting to note that
the plots of Ep,syn /7r? vs. dsp /215 collapsed on a single line
for all values of r; considered. Least square fitting of the
data yielded

n 2
A;[”Sy" =1+0.872 (@> ~0.169 (di> (10)

2 2rs 2rs
S

Note that the expression Ap s,y gives the projected area of
(i) a single sphere when ds, =0 pm and (ii) Zp,b given by
Eq. (8) for bispheres when ds, =2r;. Also, the average
projected area of Synechocystis can be measured from two-

dimensional micrographs of randomly oriented cells [50].
4.2. Inverse method algorithm
4.2.1. Methodology

Fig. 4 shows the block diagram of the inverse method
used to retrieve the refractive ny; and absorption ki,
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Fig. 3. (a) Schematic of overlapping spheres of radius r; whose centers
are separated by a distance ds,, (b) ratio of the average projected area
/Tp,sy,, and the project area zr2 of a single sphere as a function of dsp,/2rs
for different values of rs.

indices of the monomers of polydisperse bispheres and
quadspheres at each wavelength A from (i) the spectral
refractive index n,,; of the medium, (ii) the equivalent
coated sphere radii distributions f;(req;) and f,(req0), and
(iii) the measured average spectral absorption Cgs; and
(iv) scattering Cy, cross-sections. The Lorenz-Mie theory
for coated spheres [38,46] was used in the forward model
to calculate the predicted average absorption Cops 1 preq and
scattering Cscq preq Cross-sections. Then, the general pur-
pose genetic algorithm PIKAIA [44] was used to simulta-
neously retrieve the values of (ng,, k) or (n,, k;) that
minimized the difference between the measured average
absorption Cp 4 and scattering Cy,; cross-sections of the
aggregates and those predicted using the equivalent
coated sphere approximation Cgps preq and Cieq s preg- The
choice of genetic algorithm was arbitrary and other opti-
mization methods could have been used. However, it
provides a reliable method for minimizing the objective
function &, defined, at each wavelength 4, as

51 _ (Cabs,i.;ged - Cabs.zl) + <Csca,i,;ged - CSCﬂ,A) . (‘1 1)
abs,A sca,A

The genetic algorithm used a maximum of 500 generations
and a population of 100 individuals per generation. Each
individual consists of a pair (ng, k). In the case when a
generation featured an individual producing a value of §,
smaller than 10~ 4, the corresponding values of n; ; and k;
were reported as the retrieved refractive and absorption
indices of the monomer at wavelength A. Then, this pro-
cedure was repeated for another wavelength. The inverse
method was implemented on a single dual core 2.53 GHz
CPU with 4.00 GB RAM.

Input
A, 0y
Inverse method Experiments
P individugls in Lorenz-Mie éabs’ ot A o WA i )
generation ] theory =l C
(555 Ksp)1<icp (coated sphere) ee2iiued
Genetic algorithm
Y
Generate No Cabs, A
i 5,< 10742 > -
new generation Coos
Yes
Output
Optical properties
of aggregates

ns,)\ﬁ ks,k

Fig. 4. Block diagram of the procedure used to retrieve the refractive index ns, and absorption index k;, from the measured average spectral absorption
and scattering cross-sections Cgps, and Csq, and the volume and average projected area equivalent coated sphere radii distribution f(req;, reqo)- Here,
P=100 individuals per generation for a maximum of 500 generations. The objective function §; to be minimized for each wavelength is defined in Eq. (11).
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4.2.2. Validation

In order to assess the validity of the inverse method for
a broad range of suspensions and monomer relative
complex index of refraction m; =n,+ik;, we considered
two different suspensions of bispheres and quadspheres
with various size distributions. The average absorption
Capsy and scattering Cy,, cross-sections of these suspen-
sions were computed using the T-matrix method [34].
These results were then used in the inverse method to
retrieve the relative refractive and absorption indices
denoted by n yreq and k; preq, respectively.

Suspension 1 consisted of N,=1000 bispheres composed
of two identical spherical monomers of radius frequency
distribution f,(rs). Suspension 2 was a mixture of aggregates
consisting of N,=1000 bispheres from Suspension 1 and
Ny=200 quadspheres with monodisperse spherical mono-
mers of radius frequency distribution f(rs). The values of N,
and N; were chosen arbitrarily as an upper estimate of the
number of Synechocystis sp. cells undergoing cell division. In
practice, only a few dividing cells could be observed at any
given time under a microscope. Fig. 5a and b shows the his-
tograms of the monomer radius frequency distributions f,(rs)
and f(rs) used for the bispheres and quadspheres, respec-
tively. These distributions were constructed using random

a .
Suspension 1

0.125
Mean =0.86 pm
S 10 | 514 dev=0085 pm 9
S . - —
& N, = 1000
[
g 0.075
=}
=]
=
.g 0.050 -
=
g 0025
St
i | I
0.000 . 'I. i . I".'
05 06 07 08 09 10 1.1 12
Monomer radius, r  (1m)
C
F 0.125
‘b_q req,i rcq,(, Suspension 1
[T
= 0.100 - L@IN,
By ¥
= 0.075 - floNb
.
&
S 0.050-
g o
=
=
é 0.025 -
E (NI
? 0.000 - . 'Il - -l'l'.
= 0.3 0.6 0.9 1.2 1.5 1.8

Equivalent radius, r , (1Lm)

numbers generated by Matlab from a normal distribution
with specified mean and standard deviation such that the
largest size parameter did not exceed 10, corresponding to the
upper limit for using the T-matrix code. They were then
converted into the equivalent coated sphere radii frequency
distributions f1 j(Feq,i), f1,0(Feqo) and f (Teqi), f2,0(Teq.0), USING
Egs. (6) and (8), as shown in Fig. 5c and d for Suspensions
1 and 2, respectively. The wavelength of the incident light was
taken as constant and equal to 676 nm, corresponding to the
in vivo absorption peak of Chl a [11]. This resulted in mono-
mer size parameters ys of the bispheres and quadspheres
ranging from 5 to 11. In addition, the monomers were
assigned a relative refractive index n, ranging from 1.03 to
2.0 and a relative absorption index k; ranging from 0.004
to 2.0.

For each combination of n; and k,, the absorption Cgps , j
and scattering Cs,; cross-sections of an individual ran-
domly oriented bisphere or quadsphere “j” were computed
using the T-matrix method [34]. The average absorption
Cups; and scattering C,, cross-sections of the entire
suspension were defined as

_ 1
Cabs/sca,A = N Z Cabs/sca,ﬂj- (12)
j=1
oL Suspension 2
. Mean=0.86 pm
~ Std dev=0.087 pm
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Fig. 5. Histograms of the bisphere and quadsphere monomer radius frequency distribution and the equivalent coated sphere radii frequency distributions

of Suspensions 1 and 2, respectively.
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1 for Suspensions 1 and 2, respectively.

where N is the total number of cells in the suspension, i.e.,
N =N, for Suspension 1 and N = N, + Ny for Suspension 2.

Finally, the equivalent coated sphere radii frequency
distributions f; 5 j(req) and fy 5 4(Teq.0) for suspensions 1 or
2 and their average absorption Cg; and scattering Cqqq
cross-sections were used in conjunction with the inverse
method to retrieve the relative refractive and absorption
indices. These retrieved values n,p,.q and k;,.q were
compared with the values originally assigned to the
monomers based on the sum of their absolute relative
errors defined as

|n/1,pred - n/1|

€, = + kﬂ,pred - ki | )
| om

kﬂ

13)

Figs. 6a and 6b plot the average absorption cross-
sections Cgp; as a function of the relative refractive
index n, for absorption index k; equal to 0.01, 0.1, and 1 for
Suspensions 1 and 2, consisting of bispheres and of

bispheres and quadspheres, respectively. Similarly, Figs. 6¢
and 6d show the average scattering cross-sections Cs, ; Of
Suspensions 1 and 2, respectively. These figures compare
the cross-sections predicted by the T-matrix method with
those corresponding to the average projected area and
volume-equivalent coated spheres computed using the
Lorenz-Mie theory and the size distributions fi;(req;),
f10(Teqo)s f2i(Teqi), and f;i(Teqo). Fig. 6 indicates that, for
given n, and k;, Suspension 2 had slightly larger C;; and
Cscq than Suspension 1 due to the fact that quadspheres
were larger than bispheres and were responsible for
additional absorption and scattering. It was also evident
that C,, increased as k; increased from 0.01 to 0.1.
However, when k; increased from 0.1 to 1, Cps; was not
significantly larger than for smaller values of k; and was
even smaller for some values of n,. This can be attributed
to the fact that the monomers scattered more strongly for
large values of k;, as also observed for aggregates with
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more complex shapes [51]. Then, the incident EM wave
was unable to penetrate the monomers where absorption
takes place. In addition, for a given value of k;, increasing
n, led to a slight increase in C, ;. This could be attributed
to the fact that the larger index mismatch across the
interface between the monomers and the surrounding
medium caused EM waves entering the monomers to be
confined in the monomers due to total internal reflection.
For a given value of k;, Cs,; was observed to oscillate with
increasing n,;. These oscillations were caused by inter-
ferences and diffraction and are typical of dielectric scat-
terers [52,53]. The oscillations in Cy,, became increas-
ingly damped as k, increased. For both Suspensions 1 and

O]

e
—
|

0.01

Relative absorption index, k

1.2 1.4 1.6

Relative refractive index, n,

0.01 5

Relative absorption index, k, ©
=]
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2, the predictions of Cgp; and Cy,; by the equivalent
coated sphere approximation increasingly deviated from
the predictions by the T-matrix method with increasing
values of n; and/or k;. This was also observed in our pre-
vious study [36]. However, it remains unclear how these
discrepancies affect the values of effective optical proper-
ties of bispheres and quadspheres retrieved by the inverse
method based on the equivalent coated sphere model.
The average absorption C;; and scattering Cy, ; Cross-
sections computed by the T-matrix method were used to
retrieve 1y ,q and k; . by approximating Suspensions
1 and 2 as suspensions of average projected area and
volume-equivalent coated spheres with size distributions

Suspension 1

Sum of relative
errors, €,
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Fig. 7. Contour plots of the cumulative relative errors ¢, between the input and retrieved refractive and absorption indices as a function of relative
refractive n, and absorption k; indices of the monomers in (a) Suspensions 1 and (b) Suspension 2, respectively. The dots on the contour plots represent the

location of the computed data points.
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F1i(reqi) f1o(reqo) and foi(Feqi), f20(Teqo), respectively
(Fig. 5). Figs. 7a and 7b show contour plots of the relative
cumulative error ¢, defined by Eq. (13), as a function of
the input relative refractive n; and absorption k; indices
for Suspensions 1 and 2, respectively. In both cases, the
contour plots showed similar trends. The error €; was less
than 10% for most of the domain defined by 1<n; <
1.3 and 0 < k; <0.1. More importantly, it was less than 1%
in the region relevant to microalgae featuring n; < 1.1 and
<k, <0.01 [21,23,24,31]. In fact, in this range, for both
suspensions 1 and 2, the maximum absolute error in n,
and k, was 0.003 and 9 x10~>, respectively. This can be
explained by the fact that, in this region, the coated sphere
approximation gave excellent predictions of the T-matrix
results, as illustrated in Fig. 6. Therefore, using the inverse
method for photosynthetic microorganisms whose
morphologies resemble that of bispheres and quadspheres,
such as Synechocystis sp. is appropriate. In addition, the
error €, did not exceed 20% when n; was between 1.3 and
1.4 and k; was less than 0.1. In this range of n, and kj,
corresponding to optically soft scatterers, the relative
errors were considered acceptable and the inverse method
was valid. Note that these results are consistent with
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analysis of the forward problem indicating that approx-
imations of bispheres and quadspheres by volume and
average projected area equivalent coated spheres were
valid for n; <12 and k; <0.1 for monomer size para-
meters y, ranging from 0.01 to 10 [36].

Finally, note that the complex index of refraction of
cells in Suspensions 1 and 2 was also retrieved for an
average Synechocystis cell with average radius determined
from the size distribution and approximated as a single
coated sphere. The error in the retrieved values of n; and
k; increased only slightly compared with those retrieved
using the actual size distribution. This suggests that the
latter did not have a significant effect on the retrieved
values of n; and k;.

5. Results and discussions
5.1. Radiation characteristics of Synechocystis sp.
5.1.1. Size distribution

Fig. 8a shows the histogram of the radius frequency
distribution fj ., (rs) measured experimentally, with bin
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Fig. 8. Histograms of the measured Synechocystis sp. (a) radius distribution f, ., (rs), (b) separation distance distribution f,,(dsp) and of the equivalent

coated sphere radii distributions (c) fexi(Teq.;) and (d) fexp o(Teq.o)-
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size of 0.05 pm, for Synechocystis sp. grown according to
the experimental procedure previously described and
featuring mean radius of 1.02 pm. For each of these cells,
the radii ry; and r,; of the two lobes were found to fall
within 20% of each other. Hence, treating the cells as
bispheres with identical monomers of radius r; taken as
the average of ry; and r;; was reasonably accurate. Here,
the monomer size parameter ranged from 6.3 to 18.8 over
the PAR region. Fig. 6b shows the measured distribution
faexp(dsp) for the distance ds, separating the centers of the
two lobes of Synechocystis cells treated as overlapping
spheres (see Fig. 3a). Finally, Figs. 8c and 8d show histo-
grams of the equivalent coated sphere radii distributions
fexp,i(req,i) and fexp,o(reqvo) converted from fb,exp(rs) and
Saexp(dsp) using Egs. (9) and (10).

5.1.2. Scattering phase function
Fig. 9 shows the scattering phase function ®rg33(6) of
Synechocystis sp. measured at 633 nm. As expected,
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Fig. 10. Measured (a) absorption coefficient «;, (b) scattering coefficient o5, (c) average absorption cross-section Cgps, = «;/Nr, and (d) average scattering
cross-section Cyeq, = 05, /N1 of Synechocystis sp. as functions of wavelength A from 400 to 750 nm for cell number densities Nr; = 1.89 x 1013 cells/m? and

Nra =8.16 x 10" cells/m3.
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scattering was strongly in the forward direction due to the
large size parameters of the cells. In addition, the asym-
metry factor gg33 at wavelength of 633 nm was estimated
to be 0.993.

5.1.3. Spectral absorption and scattering cross-sections

Figs. 10a and 10b, respectively, show the spectral
absorption k, and scattering o, coefficients measured in
the spectral range from 400 to 750 nm for randomly orien-
ted Synechocystis sp. collected after 6 days during the expo-
nential growth phase for cell number densities Nt ; = 1.89 x
10" cells/m® and Nr,=8.16 x 10" cells/m3. Each data
point represents the arithmetic mean of x, and o,; mea-
sured three times for each cell number density while the
error bars correspond to 95% confidence interval. It is evi-
dent that the sample with the largest cell number density
Nr 1 had the largest absorption and scattering coefficients
and oy ;.

Fig. 10c and d shows the average absorption C,, and
scattering C,,,; cross-sections in the spectral range from
400 to 750 nm after normalizing «; and o, [Fig. 10a and
b] by their respective cell number density Ny, according to
Eq. (4). Both datasets collapse on a single line confirming
that single and independent scattering prevailed and that
the absorption and scattering coefficients were directly
proportional to the cell number density. Moreover, both
the absorption coefficient x; and the cross-section Cgps ; of
Synechocystis sp. featured (i) peaks at 435 and 676 nm
corresponding to the absorption peaks of Chl a [11], (ii) a
peak at 625 nm corresponding to PCCN [54], and (iii) a
shoulder around 485 nm corresponding to absorption by
PSC and PPC [11]. The scattering coefficient o, and the
scattering cross-section Cy,, featured resonance peaks
and dips around wavelengths corresponding to the
absorption peaks.

5.2. Effective spectral optical properties of Synechocystis sp.

Synechocystis sp. cells were approximated as overlapping
and homogeneous bispheres with some effective complex
index of refraction. In addition, the spectral optical prop-
erties of Synechocystis sp. were retrieved using the inverse
method illustrated in Fig. 4 from (i) the equivalent coated
sphere radii distributions fy, i(Feqi) and fey, o(Teqo), (ii) the
experimentally measured average absorption and scattering
cross-sections Cp,y and Cy 4, and (iii) the spectral refrac-
tive index of PBS reported as [55]

0.0026 0.00005
FRT
where the wavelength A is expressed in pm.

Fig. 11 shows the average effective (a) refractive index
n,, and (b) the effective absorption index k,, of Synecho-
cystis sp. between 400 and 750 nm retrieved by the pre-
viously validated inverse method from six different
experimental measurements of the absorption and scat-
tering cross-sections. The error bars were estimated as two
times the standard deviation of the retrieved values of n;
and k; corresponding to 95% confidence interval. They
were relatively small since the cross-section measure-
ments featured small experimental uncertainty and the

My = 132711+ (14)
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Fig. 11. Retrieved effective (a) refractive ns, and (b) absorption ks,
indices of Synechocystis sp. as functions of wavelength A from 400 to
750 nm using (i) the inverse method (Fig. 4) with (ii) distributions
Fexpi(Teq.i) and fey, o(Teqo) (Fig. 8), and (iii) the cross-sections fﬂm and
Ciscas (Fig. 10).

inverse method was able to accurately and repeatedly
retrieve these effective optical properties. Although each
pair (ng, k) was retrieved independently for each indi-
vidual wavelength, the inverse method resulted in n,; and
ks , being continuous functions of wavelength. In addition,
the absorption index k,, featured the same absorption
peaks as those observed in k; and Cy;; corresponding to
Chl a, PCCN, and carotenoids, as previously discussed. The
refractive index n,, featured resonance peaks and dips
around wavelengths corresponding to the peaks in k.
The values of the retrieved absorption index k;, were
consistent with those found for other photosynthetic
microorganisms [21,31] and was such that k; =k;,;/n,;
was less than 0.011. The retrieved refractive index ng,
ranged between 1.4 and 1.44, corresponding to a relative
refractive index n;=ng,/n,,; between 1.04 and 1.08.
These values fell within the range of validity of the inverse
method established earlier.
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Moreover, n,, was slightly larger than those reported
for cyanobacteria [21,56] and several hydrogen and lipid
producing microalgae [31] ranging between 1.35 and 1.39.
By contrast, it was smaller than the reported refractive
index of coccolithophonds [28] ranging between 1.53 and
1.56. The difference in n; can be attributed to the differ-
ence in cell composition among these microorganisms. For
example, cells with higher water content would feature
lower values of n,; while those with large lipid, protein,
calcium, and/or carbohydrate contents would result in
larger effective refractive index [28].

6. Conclusion

This paper reported, for the first time, the scattering
phase function, the average spectral absorption and scat-
tering cross-sections of randomly oriented dumbbell-
shaped Synechocystis sp. measured experimentally from
400 to 750 nm during the exponential growth phase in F
medium. Moreover, an inverse method was developed to
retrieve the spectral refractive and absorption indices from
the spectral absorption and scattering cross-sections. It
was first validated using the average absorption and
scattering cross-sections computed by the T-matrix
method for two different suspensions of polydisperse
randomly oriented bispheres and quadspheres. The
inverse method was able to accurately retrieve the
monomer complex index of refraction for relative refrac-
tive index less than 1.3 and relative absorption index less
than 0.1. Then, it was used to retrieve spectral effective
complex index of refraction of Synechocystis sp. cells
approximated as equivalent coated spheres with identical
average projected area and volume. Both the absorption
cross-section and the absorption index featured distinct
peaks corresponding to chlorophyll a and phycocyanin and
a shoulder around 485 nm corresponding to carotenoids.
These results can be used for predicting light distribution
in photobioreactors cultivating Synechocystis sp. under
optimal conditions. In addition, the inverse method can be
applied to other optically soft absorbing and scattering
particles of similar morphologies.
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