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ABSTRACT

This study elucidates the effect of colony formation on light absorption by Botryococcus braunii microalgae cells.
The spectral average mass absorption cross-section of suspensions of B. braunii cultures with free-floating cells or
colonies was measured experimentally across the photosynthetically active radiation region. The average mass
absorption cross-section was found to decrease significantly across the spectrum in the presence of colonies. This
observation could be attributed to (i) reduced pigment concentrations due to nutrient limitations, (ii) mutual
shading of the aggregated cells, and/or (iii) the presence of the colonies' extracellular matrix. The Monte Carlo
ray tracing method was used to elucidate the contribution of each of these phenomena on the mass absorption
cross-section of cells in colonies. Colonies were modeled either as fractal aggregates of monodisperse cells or as
an ensemble of monodisperse cells regularly arranged at the periphery of a hollow sphere embedded in a
spherical extracellular matrix or as a volume and average projected area equivalent coated sphere. The change in
pigment concentrations due to nutrient limitation was found to be the most important factor. In addition, the
mass absorption cross-section of cells in colonies was found to decrease due to mutual shading among cells. This
effect was stronger with increasing number of cells in the colony and increasing cell absorption index. The effect
of extracellular matrix on the mass absorption cross-section was found to be negligible. Finally, good agreement
was found between the equivalent coated sphere approximation and the colonies modeled as fractal aggregates
comprised of monodisperse cells. This study also established that the Monte Carlo ray tracing method can be
used for a variety of microalgae species and colony configurations, whose absorption cross-section are not
readily calculated by standard methods due to their complex geometry, inhomogeneous nature, and large size
compared to the wavelength of the incident light.

1. Introduction

hydrocarbons and the cells, and (iii) an extracellular polysaccharide
(EPS) sheath surrounding the exterior of the colony [9,14]. Fig. 1 shows

Botryococcus braunii is a colony forming microalgae that has been
widely studied for its potential integration into waste water treatment
[1,2], its capacity to produce antibacterial and antioxidant extracts
[3-51, and its superior ability to produce hydrocarbons [1,6-13]. In-
deed, B. braunii can achieve up to 75% of its dry weight in hydro-
carbons, mainly located outside the cells in the colony extracellular
matrix (ECM) [6,8]. In particular, the B race of B. braunii produces
hydrocarbon botryococcenes of the general formula C,H,,_1o where n
ranges from 30 to 37 [10]. The ECM is a complex structure consisting of
(i) rigid hydrocarbon polymers holding the cells in place, (ii) liquid
hydrocarbons filling the intermediate space between the rigid
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two micrographs of B. braunii race B cells from cultures grown for the
present study featuring (a) single cells and (b) colonies.

In the above mentioned applications, B. braunii can be grown in
various types of raceway ponds or photobioreactors (PBRs) exposed to
sunlight, as the energy source, and fed with carbon dioxide, as the
carbon source, while the medium contains nutrients (e.g., nitrates and
phosphates) necessary to the growth of the microorganisms [15]. The
raceway ponds and PBRs operated in the light-limited regime are not
limited by any other operational parameters such as nutrients, pH, and
temperature. Then, productivity depends only on the amount and dis-
tribution of photons absorbed in the culture [16-18]. This is
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(b)

Fig. 1. Micrographs of B. braunii grown for this study as (a) single cells (Culture
A) and (b) colonies resembling fractal aggregates (Culture B).

represented by the local rate of photon absorption (LRPA) at a given
location in the culture expressed in ymoly,,/kgs [16,19]. Predicting and
controlling the LRPA in raceway ponds and PBRs is essential in order to
maximize the growth rate and/or the production rate of the desired
value-added product(s) [16]. Due to their large size compared with the
wavelength of sunlight in the photosynthetically active radiation (PAR)
region, microalgae cells and colonies are strongly forward scattering.
Then, for a given culture configuration and biomass concentration, the
LRPA depends entirely on the average mass absorption cross-section
Aups, and on the incoming solar radiation flux [20,21]. This has been
demonstrated theoretically and numerically for various PBR geometries
[18]. Thus, measuring or predicting the mass absorption cross-section
Agps s for the culture is sufficient to design and control raceway ponds
and PBRs [16,21].

Moreover, the formation of B. braunii colonies may significantly
affect light transfer in the culture via changes in the spectral mass ab-
sorption cross-section A, ; [22-24]. Indeed, Kandilian et al. [24] used
the T-matrix method in the PAR region to simulate the effects of mul-
tiple scattering and shading among constituent monomers on the ab-
sorption and scattering cross-sections and asymmetry factor of fractal
aggregates consisting of up to 1000 monomers with size parameter x
between 0.01 and 20 defined as x=2nr/A where r is the monomer ra-
dius and A is the radiation wavelength. In particular, mutual shading
was found to cause the normalized absorption cross-section, defined as
the ratio of the aggregate's absorption cross-section to the product of
the number of individual particles in the aggregate and their absorption
cross-section, to decrease monotonically with increasing number of

strongly absorbing monomers. Similarly, Mulholland et al. [25] used
the coupled electric and magnetic dipole method to study absorption
and scattering by soot and silica particle agglomerates. For monomer
size parameter x > 0.25 the authors observed a decrease in the nor-
malized absorption cross-section as monomer size parameter increased.
This was attributed to the “shielding effect” among the constituent
monomers. Liu and Mishchenko [26] used the superposition T-matrix
method to study the optical cross-sections of soot and soot-containing
aggregates. Polydisperse aggregates were comprised of soot, dust, and
sulfate particles of size parameters 10, 1.5, and 3, respectively. The
optical cross-sections of such aggregates were smaller than their ex-
ternally mixed values (i.e. widely separated with negligible particle
interaction). The authors suggested that this decrease may be attributed
to “mutual shadowing”. Liu et al. [27,28] employed the generalized
multi-sphere Mie-solution method (GMM) to study the effect of fractal
prefactor and fractal dimension on the optical properties of soot ag-
gregates. Here also, the authors observed a non-linear decrease in the
normalized absorption cross-section of aggregates as a function of the
number of monomers. This was attributed to the “shielding effect” and
was found to be more pronounced for more compact aggregates char-
acterized by large fractal prefactor and/or fractal dimension. Un-
fortunately, the size parameter of B. braunii cells in colonies over the
PAR region is larger than 20, which is greater than that of the particles
used in previous studies. Then, applying the T-matrix or GMM method
to such colonies is prohibitively time consuming and computationally
intensive. Thus, a different approach is necessary to predict the ab-
sorption cross-section of B. braunii colonies.

The present study reports experimental measurements of the spec-
tral average mass absorption cross-section of B. braunii in the PAR re-
gion, growing either as free-floating single cells or as colonies. To in-
terpret the experimental results, a Monte Carlo ray tracing algorithm
was developed and used to assess the effects of pigment concentrations,
colony spatial configuration, and colony extracellular matrix on the
spectral average mass absorption cross-section of B. braunii cells.

2. Experiments
2.1. Species and cultivation

The B. braunii race B strain 761 was obtained from Algobank (Caen,
France) [29]. The B. braunii microalgae were cultivated in a flat panel
airlift photobioreactor with a working volume of 270 mL, thickness of
2 cm, and illuminated surface area of 135 cm?. The PBR was designed
to reduce the hydrodynamic stresses on the cells during cultivation
[12]. A photon flux density of 300 ymoly,,/m?s from warm white LEDs
was delivered normally incident onto the PBR surface. Fresh medium
was fed continuously into the PBR to maintain constant nutrient levels
under chemostat operation [7]. Culture A was nutrient-replete and
consisted mostly of free-floating cells (Fig. 1a). By contrast, Culture B
was nitrogen-limited and contained mostly colonies (Fig. 1b). This can
be explained by changes in EPS production, which is a main driver of
colony formation and has been shown to increase in B. braunii under
nitrogen starvation [6,30,31]. Culture A was cultivated in modified Chu
13 medium with the following composition (in g/L): KNO3 (0.2),
K>HPO, (0.04), MgSO, - 7H50 (0.1), CaCl, - 6H,O (0.08), Fe citrate
(0.01), citric acid (0.1); micro elements: B, Mn (both at 0.5 ppm), Zn
(0.05 ppm), Cu, Co, Mo (0.02 ppm). The medium was sterilized by
autoclaving at 121 °C for 25 min. Nutrient limitation in Culture B was
achieved by cultivation in Chul3 medium without KNO3 [32]. For both
Cultures A and B, the PBR dilution rate was set to 0.015 1/h. The
culture medium pH was continuously monitored using a pH sensor
(Mettler Toledo SG 3253) and was maintained at 7.5 by automatic in-
jection of gaseous CO via the pH-transmitter (Mettler Toledo M300).
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2.2. Biomass concentration

The dry biomass concentration X (in kg/m®) was measured by fil-
tering 5 mL of culture through a pre-dried and pre-weighed 0.45 ym
pore size cellulose filter. The filters were dried for a minimum of 24 h in
an oven at 105 °C and weighed after being cooled in a desiccator for
30 min. Each sample was analyzed in triplicates and the mean value of
the dry biomass concentration was reported.

2.3. Pigment concentrations

Photosynthetic pigments chlorophyll a and b and photoprotective
carotenoids were extracted in pure methanol and quantified spectro-
photometrically. First, a volume of 0.5 mL of the continuous airlift PBR
culture at steady state was centrifuged at 13,400 rpm (12,100 g) for
10 min. The medium was then discarded and the cells were re-
suspended in 1.5 mL of pure methanol and sonicated for 20 s. The
samples were placed in an oven at 45 °C for 1 h. The extract was then
centrifuged again. Measurements of the spectral optical density OD, of
the supernatant were taken at wavelengths 750, 665, 652, and 480 nm
using a UV-vis spectrophotometer (Jasco V-730 Easton, MD). Here also,
all extractions were performed in triplicates. Chlorophyll a and b con-
centrations, denoted by Ccp, and Ccpp, Were estimated according to
[33]

Cchia[mg/L] = —8.0962(0ODgs, — OD750) + 16.5169(0ODgss — OD750)
Ccnip [mg/L] = 27.4405(0Dgs, — OD750) — 12.1688(0Dgg5s — OD750).

(€))
Finally, B. braunii has no photosynthetic carotenoids [34,35]. Thus, the

concentration of photoprotective carotenoids Cppc was estimated ac-
cording to [36]

Crpc [mg/L] = 4(ODygy — OD7s). 2

2.4. Size distribution

A cell count of Culture A was conducted using a 200 yum deep
Malassez cell. The major a and minor b Ferret diameters of individual
cells were measured using a Zeiss microscope and ImageJ software for
the single cell Culture A. Then, the cell aspect ratio ¢ was calculated as
e = a/b. The radius of a surface-area equivalent sphere r. ., was cal-
culated as [37]

1 \L/2
Teeq = l(2(12 + 2abw) where e = (52_71)1/2
4 e 3 (3)
The frequency distribution f(r..,;) of a given equivalent radius . q;
was estimated according to [38]

N(rc,eq,i) _ N(rc,eq,i)

f(rc,eq,i) = .
NT % N(rc,eq,i)
i=1

4

Here, N(r..q;) is the number of cells per unit volume of culture with
equivalent radius between r..q; and rc.q; + Ar. ., and Ny is the total
number density of cells per unit volume of culture (in cells/m3). A
minimum of 450 cells were counted for single cell Culture A, with a bin
size Ar;q of 0.05 ym and M= 78 bins.

For Culture B, the number of cells per colony N, was estimated
manually. A total of 207 colonies containing more than 4000 cells were
characterized. Due to the difficulty associated with counting cells in
three-dimensional colonies from two-dimensional images the results are
not considered a rigorous characterization of the colony size distribu-
tion. Instead, the count was performed to give a qualitative under-
standing of the range of colony sizes present in Culture B.
Approximately 35% of the characterized cells were free-floating cells
while 65% were in colonies of 2 or more cells. The vast majority of

colonies had a number of cells N. < 100. Yet, colonies with a number of
cells N, larger than 200 were observed.

2.5. Microalgae radiation characteristics

The procedure for measuring the radiation characteristics of mi-
croalgae has been described in previous references [39-41], and need
not be repeated here. In brief, the normal-normal transmittance Ty,
and normal-hemispherical transmittance T4, of a 10 mm pathlength
quartz cuvette containing a dilute suspension of microalgae in phos-
phate buffer saline (PBS) were measured at wavelengths A between 400
and 750 nm in 1 nm increments using a UV-vis-NIR spectrophotometer
(Agilent Cary 5000, Santa Clara, CA) and an integrating sphere at-
tachment (Agilent Cary DRA-2500, Santa Clara, CA). The scattering
phase function &,(0) for single cell B. braunii reported in Ref. [41] was
used to estimate the correction factor ¢, for Culture A using a detector
with half acceptance angle of ©, = 3" such that ¢ = 0.37. The cor-
rection factor for Culture B was taken as ¥ = 0.63. It was estimated
using a volume and average projected area equivalent coated sphere
approximation demonstrated by Kandilian et al. [24] and the complex
refractive index data for B. braunii reported in Ref. [42]. The values of
g2 and ¢ for each culture were assumed to be constant over the PAR
region [43,44]. The spectral absorption ) and scattering o, coeffi-
cients were calculated for different biomass concentrations to ensure
that single scattering through the dilute suspension prevailed [41].
Then, the spectral average mass absorption Ay, ; and scattering Sgqa
cross-sections (in mz/kg) were estimated according to [39]

Aabs,ﬂ = x;2/X and Ssca,i =01/ X %)

where X is the dry biomass concentration in each culture (in kg/rnS).
3. Modeling
3.1. Problem statement

Let us consider a spherical cell of B. braunii with radius r ., and
spectral effective complex index of refraction m, . The cell can be ap-
proximated as optically homogeneous, as demonstrated by Bhowmik
et al. [45]. The cell is surrounded by a non-absorbing PBS solution
whose spectral refractive index is given by the Cauchy dispersion re-
lation [46]

B C
nm’l=A+ﬁ+P. )
Here, the wavelength A is expressed in ym and the coefficients for PBS
are A = 1.32711,B = 2.6 x 10 *ym? and C = 5 x 10~ ° um* [47].

In addition to simulating light absorption by a single B. braunii cell,
colonies were simulated as either fractal aggregates of monodisperse
cells embedded (or not) in a spherical ECM or as ordered monodisperse
cells at the periphery of a hollow spherical colony embedded (or not) in
a spherical ECM. The former configuration was chosen to approxi-
mately represent the colonies observed in Fig. 1b. The latter config-
uration was chosen to approximately represent the quasi-spherical
hollow colony configuration observed by Weiss et al. [14] for a dif-
ferent strain of B. braunii. Fig. 2 illustrates the four different colony
configurations simulated. Each colony was exposed to collimated
visible photons of wavelength A. The latter was considered to be much
smaller than the cell radius r.., such that the cell size parameter
Xc = 27rceq/A > 1 and geometric optics prevailed. Then, photons were
(a) reflected or refracted at the cell/medium interface, at the medium/
ECM interface, and at the ECM/cell interface, (b) transmitted through
the cell(s) and/or ECM, or (c) absorbed within the cell volume.

3.2. Optical properties

First, the spectral complex index of refraction mz; = nfy + ikZ; of B.
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braunii cells in Culture A was determined experimentally. To do so, the
cell size distribution as well as the spectral average absorption Cpps ; and
scattering Cy 2 cross-sections of Culture A over the PAR region were
obtained experimentally. This information was used to retrieve the cell
spectral refractive nZ; and absorption k¢ indices via an inverse method
developed in Ref. [42] based on Lorenz-Mie theory and assuming that
the scatterers were spherical and polydisperse [48].

For Culture B, the refractive index nfﬂ of the cells in the colonies
was assumed to be identical to that of the single cells in Culture A, i.e.,
n =np,. On the other hand, a general expression for the cell ab-
sorption index k. can be written as [20]

A
kc,/l = — Z CanlJ-
4 %)

w@sn

Here, C; (in kg/m®) is the concentration of pigment “j” in the cell and
Eayj (in m?/kg) is the spectral mass absorption cross-section of pigment
“j”. The pigment mass fraction can be defined as x; = C;/Cp;g where Cy;q
is the total pigment concentration in the cell (in kg/m®) i.e., Cie = Y, C;.

j
Then, Eq. (7) can be written as

A
kc,l =

A
1 P D xEa; = EcpigEal,eff
j

(8)

where Eay ¢4 (in mz/kg) is the effective mass absorption cross-section
for a kg of pigment with a given combination of pigment mass fractions
Xj.

Assuming that the pigment mass fractions Xcpi, Xcnp, and Xppc in
Cultures A and B are identical, then Ea, .4 can be retrieved from kcf‘,l.
This assumption was verified in Cultures A and B, as discussed later.
Then, assuming equal dry biomass densities and cell water fractions
between Cultures A and B the absorption index k2, of the cells in the
colonies of Culture B can be estimated using k¢ and the total pigment
concentrations in Cultures A and B such that [38]

B B

KB = Cpigk,q _ xpigkA
AT 4 ted T 4 Med
pig Xpig ©

where fo}g and xlﬁg are the pigment mass fractions of Cultures A and B,

Fig. 2. Simulated configurations of B. braunii co-
lonies as (a) a fractal colony of N. = 100 cells with
radius r..q, refractive index m.j in surroundings
with refractive index n,,, (b) a fractal colony of N,
= 100 cells in a non-absorbing, spherical extra-
cellular matrix (ECM) of radius rgcy and refractive
index ngcy, section view of (c) a spherical colony of
N, = 100 cells, and (d) a spherical colony of N, =
100 cells in a spherical ECM illustrating the hollow
spherical shape.

respectively. Note that in the case of dissimilar pigment mass fractions
between the two cultures, Eq. (7) can be used to estimate the cell ab-
sorption index k., based on the pigment spectral mass absorption cross-
section Eay, ; reported in the literature [49].

3.3. Computational colony generation

As previously discussed, the B. braunii colonies were modeled as
either fractal aggregates (Figs. 2a and 2b) or ordered spherical colonies
where the cells were arranged on the surface of a sphere (Figs. 2c and
2d). These two configurations were chosen to approximately represent
the colony structures observed in Fig. 1b and in Ref. [14], respectively.
All computationally generated colonies were comprised of mono-
disperse spheres of radius %, = 3.71 pum corresponding to the
equivalent average radius of the cells in polydisperse Culture A.

Fractal colonies of N, monodisperse cells of radius 7, ., satisfied the
expression [23]

¢ ! Teq (10)

where R, is the radius of gyration defined as the mean-squared of the
distances between the aggregate center of mass and the centers of the
cells, Dyis the fractal dimension, and kyis the fractal prefactor. Here, the
fractal dimension was prescribed as Dy = 2.3 corresponding to phyto-
plankton [50]. The prescribed fractal prefactor was ks = 1.6. Colonies
were generated using a ballistic fractal aggregate technique [51]. To
generate aggregates, cells were added to the simulation domain one at a
time and set on a random walk. The domain initially contained two
touching cells. The marching cell stopped when the distance between
the closest cell in the aggregate and the new cell was less than the
maximum allowed distance imposed as 1% of the cell radius i.e., 4 nm.
No cell overlap was permitted. If the radius of gyration R, of the new
aggregate satisfied Eq. (10) to within + 1% using the prescribed values
of Drand kg, the cell was permitted to stay in the aggregate. Otherwise it
was removed. This process was repeated until the desired number of
cells N, was attained. This technique yielded aggregates with average
fractal dimension Dy and prefactor ks within + 1% of their prescribed
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values.

Ordered spherical colonies were generated using an algorithm that
uniformly distributes a given number of points on the surface of a
sphere [52]. These points were taken as the geometric center of
monodisperse spherical cells of radius 7. in the colonies. The
minimum allowed distance between the center of two adjacent cells
was 27 ., corresponding to point contact.

Finally, to assess the effects of ECM on light absorption by colonies,
the previously generated fractal or ordered spherical colonies were
placed at the center of a spherical non-absorbing ECM of refractive
index ngcyr = 1.48 [53]. Absorption by the colony ECM was assumed to
be negligible compared to that by the strongly absorbing pigmented
cells over the PAR region and based on the transparent appearance of
the ECM in Fig. 1b. The center of the ECM was located at the center of
mass of the cell ensemble. The ECM thickness was defined as the
minimum distance between the cell/ECM interface and the ECM/
medium interface and taken as one tenth of the cell radius, i.e.,
tecm = Tceq/10 = 371 nm. This morphological model can lead to areas
where ECM in fractal colonies is unrealistically thick (see Fig. 2b).
However, this simplification was used to determine if the effect of ECM
on the mass absorption cross-section A ; of cells in a colony was
significant enough to warrant a more refined geometric representation
of a colony in its ECM.

3.4. Monte Carlo ray tracing method

In order to predict the spectral average mass absorption cross-sec-
tion A, of B. braunii cells in the form of a single cell or a colony, a
Monte Carlo ray tracing (MCRT) method similar to that used by Zhu
et al. [54,55] was employed. A large number of discrete collimated
photon bundles or “rays” emanating from randomized locations on a
square plane of area A; were launched at the different colony config-
urations under investigation. At each interface, the probability of re-
flection or refraction was determined by Fresnel's equations and the
eventual outcome was decided by a random number between 0 and 1
selected from a uniform distribution. The new ray direction was gov-
erned by specular reflection for reflected rays and Snell's law for re-
fracted rays [56]. The location of the next interface the ray encountered
was calculated from the new ray direction and the geometry of the cell
or colony. Throughout the lifespan of the ray, its total pathlength
through the single cell or the cells in the colony was recorded. This
process continued until the ray was either reflected away from or
transmitted through the cell or colony. Then, the transmissivity asso-
ciated with its pathlength, 7,(l,) was calculated using Beer-Lambert's
law given by [56]

() = e, 1n

Here, the cell absorption coefficient «.; (in m~') was expressed as
kep = 4mke/A where k. is the cell absorption index retrieved from
experimental data using the inverse method previously discussed [42]
or predicted by Eq. (9) [56]. A random number between 0 and 1 was
then chosen from the uniform distribution and compared with the value
of 7). If the random number was greater than r,, the ray was counted
towards the total number of rays absorbed Ny 1. Otherwise the ray was
considered transmitted or reflected and was counted towards the total
number of rays scattered by the cell or colony Ny4,. Once the fate of all
rays was determined, the spectral absorption efficiency factor of the
single cell (superscript “sc”) or colony (superscript “co”) was calculated
as the ratio of the number of rays absorbed N, to the total number of
rays attenuated Neey = Nycan + Napsa, i€,

Naps 2

Quins = 22
P Nowa 12)

For each type of colony comprised of N, cells, N,,= 100 different co-
lonies were generated. The number of cells present in the colony N,

ranged from 10 to 900 cells. Then, for each one of these colonies, the
computation of Q) was repeated for N,=10 different colony or-
ientations with respect to the incident collimated photons. For a given
colony and colony orientation, 10* rays were simulated to predict the
value of Qgsa. Then, the N, X N, values of Qg5 were averaged to
obtain the orientation-averaged absorption efficiency factor. Note that
increasing by one order of magnitude the number of rays simulated
resulted in a change of less than 0.1% in Qg for any value of N, at
680 nm which approximately corresponds to one of the absorption
peaks of chlorophyll a. Thus, simulating 10* rays was deemed sufficient
to achieve numerical convergence (see Supplementary Material).
Spectral simulations were performed in 10 nm increments between 400
and 750 nm.

Furthermore, the results from the Monte Carlo ray tracing simula-
tions were not extended to the scattering efficiency factor
Qscar. = Nscap/Nexep. Indeed, the MCRT method ignored diffraction and
interference effects and could not capture the associated enhancement
or suppression of the scattering field. Thus, the total number of rays
attenuated N,,.) was always equal to the total number of incident rays
so that the value of the extinction efficiency factor Q.. was always
equal to unity, i.e., Qexta = 1 = Qapsa + Qscqn- The MCRT method is
valid in the limiting case of the geometric optics approximation i.e.,
when x, > 1 and |m), — 1|x. > 1, where x. = 2nr, .¢/A is the cell size
parameter and my, = n, + ik;, is the relative complex index of refraction
my, = mc)/Nm). However, due to the optically soft nature of microalgae
cells, the condition [m, — 1|x.> 1 was not satisfied in the PAR region.
Nonetheless, the MCRT method remains capable of predicting the ab-
sorption efficiency factor of microalgae cells and colonies, as demon-
strated later for both single cells and aggregates of cells.

The spectral absorption cross-section of a single spherical cell Cyj ;
(in m?) is a function of (i) the cell size parameter x., (ii) the cell relative
complex index of refraction m,, and (iii) the cell equivalent radius r. .,
and can be expressed as [48]

C;gs,/l (xc 5 ml) = Q;zs,l (xC 5 ml)ﬂrcz,eq' (1 3)

For a suspension of polydisperse single cells, the average absorption
cross-section Cgp, 1 can be expressed as a weighted sum of the absorp-
tion cross-sections of all simulated cells according to

abs 1= f Cabs 2 (e, m)f () dxe (14)

where f(x,) is the fraction of cells having size parameter between x, and
X, + dx.. For Culture A, the average absorption cross-section can be
estimated according to

abs/l - Cabs/l(xch m/l)f(rce l)
IZ; ’ (1s)

Similarly, the spectral orientation-averaged absorption cross-section
chs’ 4 (in m®) of colonies with a given number of cells N, can be ex-
pressed as

Neo No

étfgs,/l N N Z Z Qabs /IjkAka
0 k=1 j=1 (16)

Here, Qg1 and Apj, are the absorption efﬁc1ency factor and pro-
jected area of colony “k” with orientation “” (in m?). As described
previously, N,,= 100 different colonies were generated and N, = 10
random orientations were simulation for each colony. The orientation-
averaged absorption cross-section C,y,; not only depends on the cell
size parameter x, and relative complex index of refraction m, but also
the number of cells and their arrangement as well as the presence, size,
and optical properties of the ECM. For colonies with spherical ECM, the
projected area A7 was readily calculated from the colony ECM radius
TEcMks 1-€, Aply = ﬂrécM,k. Otherwise, the colony projected area for
colony “k” and orientation “j” was estimated from the surface area A of
the plane from which the collimated incident photons emanated, the
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number of photons absorbed or scattered Nexjx = Napsjk + Nscajk, and
the total number of collimated photons Ny, i.e€.,

o _ ZVextJ,kA
Pk T N, d 17
total ( )

Finally, to enable comparison between experimental measurements
and numerical simulations for both single cells and colonies, the
average absorption cross-section on a unit mass basis A, ; (in m*/kg)
of single cells can be estimated from the predicted average absorption
cross-section Cy, ; according to [42]

—s —se N
A% =C% =L

abs,A Caba,/l X (18)
where Nr is the cell density (in cells/m®) of Culture A and X is the
corresponding dry biomass concentration (in kg/m®). Similarly, the
predicted average mass absorption cross-section AS, ; (in m®/kg) of
cells in computationally generated colonies of N, monodisperse cells is
given by
—co =co Nr 1

abs,A abs,A X M (19)

3.5. Validation

In order to validate the Monte Carlo ray tracing algorithm and
confirm that the geometric optics approximation can be used to predict
the absorption cross-section of optically soft microalgae, we considered
Chlamydomonas reinhardtii strain CC125 whose spectral complex index
of refraction in the PAR region (400-750 nm) was retrieved by Lee et al.
[42] from measurements of their absorption and scattering cross-sec-
tions and size distribution f(r..q). Note that for the reported values of
cell equivalent radius r.., and complex index of refraction m,, the
geometric optics requirement |m, — 1|x. > 1 was not satisfied. To
validate the MCRT algorithm, the absorption cross-section Cy 2 of the
polydisperse cells over the PAR region was calculated using both the
Lorenz-Mie theory and the MCRT method. The cell size parameter x
ranged from 19 to 99, while the relative refractive m, and absorption
index k;, ranged from 1.008 to 1.024 and 10~ to 0.006, respectively.
Fig. 3a compares Cy obtained from both methods as a function of
wavelength A. It indicates that excellent agreement was found between
Lorenz-Mie theory and the MCRT method confirming that the geo-
metric optics approximation is appropriate for predicting the spectral
absorption cross-section of a single optically soft microalgae cell.
However, as a result of neglecting diffraction effects, the predicted
values of the spectral scattering cross-section Cy,; from the MCRT
method differed significantly from the values predicted using Lorenz-
Mie theory (not shown).

Furthermore, Fig. 3b compares the average absorption cross-section
C,p of aggregates of large monodisperse spheres as a function of the
number of spheres N, predicted by the MCRT method and by the su-
perposition T-matrix method reported in Ref. [24]. The superposition T-
matrix method numerically solves Maxwell's equations for aggregates
by summing the contribution of each sphere to the electromagnetic
field at any given location [57]. Unlike the MCRT method which ac-
counts only for reflection and refraction, the superposition T-matrix
method accounts for all phenomena contributing to scattering including
reflection, refraction, diffraction, and interferences [57]. Aggregates
with up to 25 large spheres of size parameter x of 10 or 20 and complex
index of refraction of m = 1.0165 + i0.003 were simulated. The fractal
prefactor and dimension was ks = 1.6 and Dy = 2.3, respectively. Here
also, excellent agreement was observed between the values of Cgp,
predicted by the T-matrix method and the MCRT method. This indicates
that the MCRT method is capable of accurately predicting the absorp-
tion cross-section of aggregates of large and optically soft cells such as
microalgae colonies.
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Fig. 3. (a) Spectral average absorption cross-section Cys; for Chlamydomonas
reinhardtii strain CC125 over the photosynthetically active radiation (PAR) re-
gion using experimental size distribution and spectral optical properties re-
ported in Ref. [42] and (b) average absorption cross-section Cy, of fractal ag-
gregates (ky = 1.6 and Dy = 2.3) as a function of the number of spheres N, of
size parameter x of 10 and 20 predicted by the T-matrix method and obtained
from Ref. [24] and the present Monte Carlo ray tracing (MCRT) algorithm.
Error bars correspond to 95% confidence intervals.

4. Results and discussion
4.1. Experiments

Table 1 summarizes the growth conditions and the corresponding
biomass concentration, pigment concentrations, and pigment mass
fractions of both cultures considered. Culture A was grown under nu-
trient-replete conditions and contained free-floating single cells. Cul-
ture B was grown under nutrient-limited conditions and contained co-
lonies. Under steady-state continuous operation, Cultures A and B
achieved a dry biomass concentration X of 1.78 kg/m® and 1.29 kg/m?,
respectively. Table 1 indicates that the pigment mass fractions Xcpja,
Xcnws and Xxppc remained nearly unchanged between Cultures A and B.
These results confirm the assumption of constant pigment mass frac-
tions made in estimating the cell absorption index k”, using Eq. (8).
Table 1 also indicates that total pigment concentration Cp;; was lower in
the nutrient-limited Culture B. Indeed, under nutrient-replete condi-
tions, B. braunii tends to synthesize more photosynthetic pigments
namely chlorophyll a and b [6,30]. However, under the stress of
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Table 1

Experimental conditions of Botryococcus braunii cultures A and B including photon flux density (PFD), nutrient status, dilution rate, biomass concentration (X), and
pigment mass fractions of chlorophyll a, b, photoprotective carotenoids, and total pigment mass fraction designated by Xchia, Xcnis, Xppc and X, respectively.

Culture PFD (umol/m?s) Nutrient status Dilution rate (1/h) X (kg/m%) Xchle (Wt %) Xcnip (Wt %) Xppc (Wt %) Xpig (Wt %) Colonies
A 300 Replete 0.015 1.78 58.5 23.1 18.0 4.8 No
B 300 N limited 0.015 1.29 59.3 20.3 20.3 1.9 Yes
0.055 T T T T T T T T T T T (a) ;b; 500 . . . . .
0.050 1 1 > 450 £ Culture A - single cells
. L i \E/ —— Culture B - colonies
0045 - Arg, = 0.05pum < 400 ]
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Fig. 4. Experimentally measured size distribution f(r. .q) of single-cell Culture
A.

nutrient-limited conditions less pigments are synthesized and more li-
pids and hydrocarbons are produced [6,30]. Fig. 4 shows the experi-
mentally measured cell size distribution f(r..,) in Culture A. The
average equivalent radius of cells was 7 ., = 3.71 um.

Figs. 5a and 5b show the spectral average mass absorption A 1 and
scattering Sy, 1 cross-sections measured over the PAR region, respec-
tively for Culture A and B. For both cultures, the spectral average mass
absorption cross-section A, exhibited several peaks including (i) at
437 and 678 nm corresponding to the absorption peaks of in vivo
chlorophyll a and (ii) at 475 nm and 653 nm corresponding to in vivo
chlorophyll b [49]. Moreover, Au;, decreased significantly across the
PAR region for the colony containing Culture B compared to Culture A.
This change could be attributed to (i) the lower pigment concentrations,
(ii) the morphology of the colonies leading to shading effects and/or
(iii) the presence of ECM. Unlike A, the spectral average mass
scattering cross-section S,; did not change significantly between
Cultures A and B. Since Sy, depends strongly on the cell refractive
index, this observation supported the assumption that the cells in both
cultures had the same refractive index, i.e., n; = n%. For both cul-
tures, the spectral average mass scattering cross-section Sy, ; exhibited
several troughs at wavelengths corresponding to the absorption peaks
observed in Ay ;. This phenomenon has also been observed in other
microalgae species [43,44,58].

Fig. 6a shows the refractive index nZ; over the PAR region for cells
in Culture A retrieved via the inverse method previously discussed [42].
Fig. 6a shows that cell refractive index varied only slightly over the PAR
region. Additionally, Fig. 6a indicates that the refractive index retrieved
for the current study was similar to that reported in Ref. [42] even
though the two B. braunii strains were sourced from different suppliers,
cultivated in different conditions, and had different cell sizes. Similarly,
Fig. 6b plots the absorption index k% over the PAR region for cells in
Culture A retrieved via the same inverse method [42]. Here, the cell

=
el
(=}
(=}

T T T T T

(b)

Culture A - single cells

?/kg)

950 +

Culture B - colonies
900 £ ]

850 -

Scattering cross-section, S, ; (m

800 -

750 4

650 -

600 + E

550 + E

500 } t } t t t
400 450 500 550 600 650 700 750

Wavelength, 1 (nm)

Fig. 5. Experimentally measured spectral average mass (a) absorption Ay
and (b) scattering Sy, 2 cross-sections over the photosynthetically active ra-
diation (PAR) region for Culture A featuring single cells and Culture B con-
sisting of colonies of B. braunii race B.

absorption index k% exhibited peaks corresponding to the in vivo ab-
sorption peaks of chlorophyll a and b, as observed in Fig. 5a. These
values of n; and k% were used to estimate n®; and k2 necessary for
the MCRT method to predict the spectral orientation-averaged mass
absorption cross-section Ay, of the four colony configurations in-
vestigated.

4.2. Simulations

4.2.1. Effect of colony morphology and ECM

In order to assess the effect of colony morphology and of the pre-
sence of ECM on the mass absorption cross-section of B. braunii cells,
the different colony configurations of Fig. 2 were simulated at wave-
length A = 680 nm with cell relative complex index of refraction
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Fig. 6. Spectral (a) refractive nZ} and (b) absorption k% index for single cell B.
braunii Culture A obtained from the measured average absorption Cys, and
scattering Cy, 2 cross-sections and an inverse method from Ref. [42].

m® = 1.026 + i0.0035 for a number of cells N, in the colony ranging
from 10 to 900. The wavelength of 680 nm was selected because it
approximately corresponds to one of the absorption peaks of chlor-
ophyll a [49]. Fig. 7 plots the orientation-averaged absorption cross-
section of colonies C,p, predicted by the MCRT method, normalized by
the product of the absorption cross-section of a single cell of radius 7
and the number of cells N, in the colony Cyp, (N.)/N.CS%; as a function of
N, for the four different colony configurations considered (see Fig. 2).
Fig. 7 also plots the normalized absorption cross-section Cyp, (N.)/ N, CS5,
of colonies simulated using Lorenz-Mie Theory based on the volume
and average projected area equivalent coated sphere approximation
suggested in Ref. [24]. The core and shell of the equivalent coated
sphere had a complex index of refraction equal to that of the sur-
rounding medium and of the cells, respectively. In addition, the outer
shell radius r, and inner core radius r; for a given number of N, of cells
in the colony were given by [24]

= (Ap (Ne)

1/2
3 =3
= ) and L= (ro - Mrc,eq)1/3

(20)

where A’ is the average projected area of the fractal aggregate with N,
cells. The error bars correspond to two standard deviations or 95%
confidence intervals among the N, X N, colonies and orientations si-
mulated. Fig. 7 indicates that the value of the normalized absorption

1.2 T T T T T T T

Equivalent coated sphere
1161 O Fractal colonies ]
m  Fractal colonies with ECM
1.0 A Spherical colonies
— ' Spherical colonies with ECM
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Fig. 7. Normalized orientation-averaged absorption cross-section of colonies
Cops (N.)/N,C% as a function of the number of cells in the colony N, for an
equivalent coated sphere approximation and colonies consisting of fractal ag-
gregates or ordered cells at the periphery of a sphere, with and without an
extracellular matrix (ECM) (see Fig. 2). The equivalent coated sphere was si-
mulated using Lorenz-Mie theory while the fractal and spherical colonies were
simulated using the Monte Carlo ray tracing (MCRT) method. The cell complex
index of refraction was m# = 1.026 + i0.0035. Error bars correspond to 95%
confidence intervals.

cross-section varied less for spherical colonies as evidenced by the
smaller error bars compared to those of fractal colonies. This was due to
the fact that the structure of fractal colonies varies widely from one
colony and/or orientation to another, unlike for spherical colonies.

Moreover, a ratio of Cyp, (N:)/N, C5, independent of N, and equal to
unity would indicate that the absorption cross-section of a colony is
equal to the sum of the contributions of each constitutive cell, i.e., the
spatial arrangement of cells in colonies would not matter. However,
Fig. 7 indicates that for all colony configurations considered, the ratio
of Cp, (N.)/N.CS, was less than 1.0 and decreased monotonically as the
number of cells N, in the colonies increased. This was due to the
shading effects among the cells as their number N, in the colony grew.
Good agreement was found between the volume and average projected
area equivalent coated sphere approximation and the normalized ab-
sorption cross-sections of fractal colonies predicted by the MCRT.
However, assuming Cy, (N,) = N, CS5, would overestimate C,p, (N) as it
neglects shading effects which can be significant for large values of N,
and increasing values of k.. In practice however, the absorption cross-
section of colonies with less than 10 cells can be approximated as
Cape (N,) = N,CS. within ~10% error for the absorption index used
here.

Furthermore, Fig. 7 suggests that the effect of ECM on the colonies'
absorption cross-section was twofold. In the presence of ECM, photons
were (i) reflected at the ECM/cell interface and (ii) internally reflected
at the ECM/surrounding medium interface due to the index mismatch
between ECM (ngcyr = 1.48) and the cells (n, = 1.366) as well as be-
tween ECM and the surrounding medium (n,, = 1.333). Internal re-
flection at the ECM/medium interface caused photons to be reflected
back into the ECM thus increasing the probability that they are even-
tually absorbed by the cells. This was particularly true in fractal co-
lonies where the spherical ECM geometry exaggerated the increase in
projected area (see Fig. 2b). This caused more photons to be internally
reflected at the ECM/medium interface and slightly increased the ab-
sorption cross-section of cells. Unlike fractal colonies, the presence of
ECM did not significantly increase the projected area of spherical
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Fig. 8. Experimental measurement and Monte Carlo ray tracing (MCRT) pre-
dictions of the spectral average mass absorption cross-section Ag; over the
photosynthetically active radiation (PAR) region for cells in Cultures A and B.
The simulation results were plotted for (i) single cells using pigment con-
centrations measured from Culture A and Culture B, (ii) fractal colonies without
extracellular matrix (ECM), and (iii) spherical colonies without ECM. All colony
configurations were simulated using N, = 41 and pigment concentrations from
Culture B.

colonies (see Fig. 2d). Instead, Fig. 7 indicates a decrease in the nor-
malized absorption cross-section of cells in spherical colonies with ECM
due to increased reflection at the ECM/cell boundary. Similar results
were obtained at other wavelengths. Despite these nuances, the overall
effect of ECM was minor compared to the decrease in absorption cross-
section due to changes in pigment concentration and mutual shading.
Thus, the effect of the ECM can be considered negligible for most
practical situations.

4.2.2. Effect of pigment concentrations

Fig. 8 plots the spectral average mass absorption cross-section Agps 2
as a function of wavelength over the PAR region obtained experimen-
tally and predicted by the MCRT method for (i) single cells using pig-
ment concentrations of Culture A, (ii) single cells using pigment con-
centrations of Culture B, (iii) fractal colonies without ECM, and (iv)
spherical colonies without ECM. Since ECM had a negligible effect on
Aups.; as discussed previously, colonies with ECM are only shown in
Supplementary Materials. All simulated colonies had total pigment
concentration Gy, equal to that of Culture B and consisted of N, = 41
monodisperse cells. This value of N, was calculated by matching the
average projected area of the colonies in Culture B with that of the
simulated fractal aggregates. To do so, the average projected area of
colonies in Culture B was estimated from microscope images of co-
lonies. In addition, a power law fit of the projected area of the nu-
merically generated fractal aggregates was performed as a function of
N, (see Supplementary Material). First, Fig. 8 indicates that good
agreement was obtained between the experimental measurements and
model predictions of the spectral average mass absorption cross-section
A_ps 2 for single cells in Culture A. This served as further validation that
the MCRT method can predict the absorption cross-section of a poly-
disperse suspension of single microalgae cells.

Moreover, Fig. 8 shows a notable decrease in the model predictions
of Ay, obtained for single cells using the total pigment concentration
Cpig of Culture B compared with predictions using C,; of Culture A.
Nonetheless, the decrease observed in the experimental data of Ay

between Culture A and Culture B was not entirely captured by the si-
mulations considering the reduction in pigment concentration alone.
However, for all colony configurations simulated with pigment con-
centrations of Culture B, predictions of A, ; were smaller than for
single cells. This establishes that, in addition to pigment concentrations,
the physical arrangement of cells in the colonies contributed sig-
nificantly to the reduction in their spectral orientation-averaged mass
absorption cross-section Agp, ;. This was due to mutual shading between
the cells. As discussed previously, the difference between the predicted
values of Ay, for single cells and for cells in colonies was larger at
wavelengths where the cell absorption index k., , was larger. However,
the difference in Ag) ; between the cells in the fractal colonies and
those in the spherical shell colonies was minor at all wavelengths. Then,
a detailed geometric description of the cell spatial distribution in the
colonies is not essential.

5. Conclusion

This study provided a qualitative understanding and a quantitative
assessment of the effect of pigment concentrations, colony spatial ar-
rangement, and colony extracellular matrix (ECM) on the spectral or-
ientation-averaged mass absorption cross-section Ag ; of B. braunii
cells in colonies. First, experimental measurements established that

colony formation can significantly decrease A ; across the PAR re-

gion. Then, simulations showed that a large part of the observed de-
crease was readily explained by a decrease in pigment concentrations.
Additionally, the arrangement of cells in colonies was found to sig-
nificantly contribute to the reduction of the spectral average mass ab-
sorption cross-section of B. braunii cells due to mutual shading among
cells. Good agreement was found between predictions of A, ; by the
Monte Carlo ray tracing method for computationally generated fractal
colonies and the volume and average projected area equivalent coated
sphere approximation. Finally, the presence of ECM and the cell spatial
distribution in the colony had negligible effects on the mass absorption
cross-section Ay ; of cells in colonies.
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