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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Marine microalgae N. oculata were
grown under white or red LEDs with
different irradiances.

« Their absorption and scattering cross-
sections were measured in the PAR
region.

« Cross-sections and retrieved
refraction index did not depend on
incident spectra and irradiance.

« Absorption cross-section and
absorption index decreased under
nutrient limited conditions.
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This paper reports accurate measurements of the radiation characteristics and optical properties of
Nannochloropsis oculata in the photosynthetically active radiation (PAR) region. These marine microalgae
were grown in 2 cm thick culture bottles with vented caps exposed, on one side, to either white fluorescent
light bulbs or red LEDs emitting at 630 nm. The illuminance varied from 2000 to 10,000 lux. The microal-
gae average equivalent diameter ranged from 2.52 to 2.63 pm. Their radiation characteristics and optical
properties were statistically identical over most of the PAR region. Other N. oculata grown with 2 vol.% CO,
injection in 1 cm thick flat bottles exposed to light from both sides reached a significantly larger mass con-
centration and featured lower pigment concentration and smaller absorption cross-sections. This was due
to nutrient limited growth conditions. The refraction index was independent of illuminance, spectrum, and
growth conditions and featured resonance at wavelengths corresponding to absorption peaks.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

and sugar cane (Chisti, 2007). Cultivating these plants to produce
fuels have proved controversial due to the use of food crops requir-

The vast majority of the energy demand in the world is supplied
by fossil fuels which has led to pollution and climate change (Inter-
governmental Panel on Climate Change, 2007). Photosynthetic
microalgae could be cultivated for producing liquid biofuels in a
renewable and sustainable manner (Chisti, 2007). Currently, biofu-
els are mainly produced from higher plants such as soybean, corn,
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ing large amounts of freshwater and large surface area of arable
land (Chisti, 2007). Microalgae, on the other hand, are single cell
organisms that have 10-100 times higher photosynthetic effi-
ciency than higher plants (Ke, 2001). They use water as their elec-
tron source, sunlight as their energy source, and CO, as their
carbon source. In turn, they produce oxygen, carbohydrates, pro-
teins, and lipids (Ke, 2001). Nannochloropsis oculata are marine
eustigmatophyceae containing up to 30-70% lipid by dry weight
(Hodgson et al., 1991; Rodolfi et al., 2009). Additionally, N. oculata
has a high biomass productivity reaching up to 3 g/L/day resulting
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in large lipid productivity (Briassoulis et al., 2010; Chen et al.,
2011; Chisti, 2007). The lipids produced by microalgae are ex-
tracted and converted to biofuels such as biodiesel (Chisti, 2007).

Photosynthethic microalgae are typically cultivated in open
ponds or enclosed photobioreactors (PBRs) (Chisti, 2007; Briassou-
lis et al., 2010). Light utilization efficiency of these PBRs is arguably
the most important parameter affecting the overall efficiency of
the biofuel production process. Thus, careful light transfer analysis
must be conducted to design and optimize the light availability in
PBRs and to operate them efficiently (Pilon et al., 2011). To do so,
the spectral radiation characteristics of microalgae are necessary
(Pilon et al., 2011).

This study specifically aims to measure the average absorption
and scattering cross-sections and the total scattering phase func-
tion of N. oculata along with their complex index of refraction in
the photosynthetically active radiation (PAR) region. It also aims
to assess their dependency on the spectral distribution and the
amplitude of the illuminance provided to the PBR during the mic-
roalgae growth.

1.1. Radiation harvesting pigments

Chlorophylls (chl) a,b, and ¢ molecules are the primary pig-
ments responsible for absorbing visible photons and transferring
the charges to the reaction center. Carotenoids, on the other hand,
can be divided into xanthophylls and carotenes (Ke, 2001). Caro-
tenes are photosynthetic and absorb photons with wavelength cor-
responding to green and yellow colors and transfer the charges to
chlorophyll molecules (Ke, 2001). Xanthophylls, on the other hand,
act to protect the photosynthetic apparatus against excessive light
(Ke, 2001). These photoprotective carotenoids quench poisonous
free radicals and convert excess radiant energy into heat (Dubinsky
and Stambler, 2000; Lubian et al., 2000; Gentile and Blanch, 2001).
N. oculata contain the pigments chlorophyll a, g-carotene, and the
xanthophylls violaxanthin and vaucherxanthin but lack chloro-
phyll b (Cohen, 1999).

Microalgae experience photoacclimation and chromatic accli-
mation in response to different incident irradiance and spectrum,
respectively (Dubinsky and Stambler, 2000; Fisher et al., 1996;
Gentile and Blanch, 2001). For example, they tend to increase their
pigment concentrations in light-limited conditions. However, this
may not lead to significant changes in their radiation characteris-
tics as increasing the concentration of chlorophylls also decreases
their in vivo specific absorption coefficient due to mutual shading
of pigment molecules (Dubinsky and Stambler, 2000). The latter
is partially responsible for what is known as the package effect cor-
responding to the non-linear relationship between cell pigment
concentrations and cell absorption cross-section (Jonasz and Four-
nier, 2007). In addition, microalgae increase their photoprotective
carotenoid concentration in response to large irradiance while
reducing the amount of photosynthetic carotenoids through the
so-called xanthophyll cycle (Dubinsky and Stambler, 2000; Lubian
et al., 2000; Gentile and Blanch, 2001). The latter does not usually
lead to changes in the overall carotenoid concentration as changes
in the two types of carotenoids compensate each other (Dubinsky
and Stambler, 2000; Lubian et al., 2000).

Moreover, photoacclimation and chromatic acclimation depend
on the microalgae species. Even among Nannochloropsis species
large difference in pigment expression exists. For example, Gentile
and Blanch (2001) observed an 80% and 60% decrease in chla and
vioxanthin, respectively, in batch grown Nannochloropsis gaditana
when the incident irradiance on a 250 ml flask was increased from
70 umol/m?s to 880 umol/m?s. Fisher et al. (1996) found that
Nannochloropsis sp. grown under 30 pmol/m?s, in continuous cul-
tures, had a steady-state chlorophyll concentration 4.5 times larger
than when grown under 650 pmol/m?s. The low light-acclimated

cells increased their number of photosynthetic units while the size
of individual PSU remained constant. Lubian et al. (2000) demon-
strated that N. oculata had lower concentrations of carotenoids
canthaxanthin and astaxanthin and larger chlorophyll a concentra-
tion per cell compared with N. gaditana and N. salina for cultures
grown under the same conditions. The pigment concentrations of
Nannochloropsis sp. depend also on the PBR thickness and the ini-
tial cell concentration (Fisher et al, 1996; Zou and Richmond,
2000). Zou and Richmond (2000) showed that Nannochloropsis sp.
had an order of magnitude larger steady-state chla concentration
per cell in cultures grown in 3 cm thick PBRs compared with those
grown in 1 cm thick PBRs both exposed to 3000 pwmol/m?s. How-
ever, cells grown in 1 cm thick PBR had a larger carotenoid to chla
ratio. In addition, batch cultures of Nannochloropsis sp. with low
initial cell density experienced a 5 day growth lag time while cul-
tures with high initial cell concentration experienced no lag upon
transfer to a PBR exposed to a photon flux density of 3500 pumol/
m?s.

1.2. Light transfer through microorganisms suspensions

Light transfer within absorbing, scattering, and non-emitting
microalgal suspension in photobioreactors is governed by the radi-
ative transport equation (RTE) expressed on a spectral basis as
(Modest, 2003)

Os

§-VI, = —k,I,(1,5) — o5, I,(1,5) + ar |,

L(F,8)®r,(5,8)dQ (1)

where I, (7, 8) is the spectral radiation intensity in direction § at loca-
tion 7 (in W/m?.nm-sr) while , and o, are the effective absorption
and scattering coefficients of the suspension (in 1/m). The total
scattering phase function of the suspension &r;(5;,5) represents
the probability that radiation traveling in the solid angle dQ; around
direction §; is scattered into the solid angle dQ around the direction
§ and is normalized such that

= [ o550 =1 @)
The backward scattering ratio, denoted by b;, and the asymmetry
factor, denoted by g,, for an axisymmetric phase function are de-
fined as (Pilon et al., 2011)

T
b;.=1 &r,(0)sin@dO and
2 m/2
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0

where @ is the scattering angle between directions §; and . The
effective absorption coefficient x; of a polydisperse microorganism
suspension is related to the average absorption cross-sections, de-
noted by Cys;, as (Pilon et al., 2011)

K, = / Cass, (ds)N(ds)dd, = Cops Ny @)
0

where N(d;) is the number of cells per unit volume of suspension
having diameter between d; and d; + dd; and Cqp; ; (ds) is the absorp-
tion cross-section of a single spherical scatterer of diameter d;.
Here, Nr is the cell density defined as the total number of cells
per m? of suspension. Similarly, the effective scattering coefficient
can be written as

05, = / Cscu,/‘.(ds)N(ds)dds = Esca,zNT (5)
0
where Cyq;(ds) is the scattering cross-section of a single spherical

scatterer of diameter d; and C,. ; is the average scattering cross-sec-
tion. Alternatively, the absorption and scattering coefficients can be
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expressed as the product of the average specific (or mass) absorp-
tion and scattering cross-sections A, and Se,, (in m?/kg) and
the microorganism mass concentration X (in kg/m3) so that
K; = Aas,X and oy, = Sy, X. Finally, the extinction coefficient ,
(in 1/m) is given by 8, = K, + 05 ;.

The total scattering phase function of polydisperse microalgae
cells ¢r,(O) can be estimated by averaging the scattering phase
function of individual cells of diameter d;, denoted by ®;(d;, @),
according to (Modest, 2003)

_ fm CSCG.),(dS)@Z(dP, @)N(ds)dds
Ori() =2 Jo° Coca s (ds)N(ds)dd

(6)

Axisymmetric spheroidal microalgae with major and minor
diameters a and b can be approximated as spheres with equivalent
diameter d; such that the surface area of the spheroid is equal to
that of the equivalent sphere. Then, the equivalent diameter is ex-
pressed as (Lee et al., 2013)

L1\ 172 2 13172
ds = % <2a2 + 2ab smee> where e = % (7)

Here, € is the spheroid aspect ratio defined as € = a/b. The scatterer
frequency distribution is denoted by f(d;) and defined as
Jo N(ds)dd Ny~

fds)

Bidigare et al. (1987) and Pottier et al. (2005) used a predictive
method for estimating the spectral absorption coefficient x; by
expressing it as a weighted sum of in vivo pigment specific absorp-
tion cross-sections Ea,; (in m?/kg) according to

n

K= Eac 9)
i-1

where (ci),.;., are the mass concentrations (in kg/m?) of the cell’s

pigments. The specific absorption coefficient Ea;; (in m?/kg) of chla,
b, and c, and p-carotene have been reported in the literature in the
spectral range from 400 to 750 nm (Bidigare et al., 1990).

Gitelson et al. (2000) reported the average “specific mass
absorption coefficient” (in m?/kg) of Nannochloropsis sp. expressed
as the ratio of the absorption coefficient x; to the chlorophyll con-
centration c.,. The authors used high density microalgae cultures
with mass concentration X ranging from 1 to 8 kg/m> to measure
the absorption coefficient in the spectral region from 400 to
750 nm. The microalgae were grown outdoors in 1-20 cm thick
vertical flat panel photobioreactors using artificial seawater med-
ium. The absorption coefficient x; measurements were performed
using an integrating sphere and were corrected for scattering er-
rors according to the procedure outlined by Davies-Colley et al.
(1986). Unlike what was expected, the specific absorption coeffi-
cient reported was not a linear function of chla concentration for
most wavelengths considered. The authors cited incomplete cor-
rection of the measurements for scattering errors and large noise
as the cause for the non-linearity (Gitelson et al., 2000). We

speculate that multiple scattering through such dense suspensions
was also in part responsible for these observations.

The present study reports the radiation characteristics of N.
oculata consisting of the total scattering phase function &r,(©)
at 633 nm, the average absorption and scattering cross-sections
Caps;, and Cyq, between 350 and 750 nm of microalgae grown
using white fluorescent light or red LEDs under various illumi-
nances. The corresponding spectral complex index of refraction
was also retrieved from the measured average absorption and
scattering cross-sections and size distribution. Finally, the mea-
sured spectral absorption coefficient was compared with that
predicted by Eq. (9) using the experimentally measured pigment
concentrations.

2. Methods
2.1. Microalgae cultivation and sample preparation

Microalgae species N. oculata UTEX 2164 was purchased from
UTEX Austin, TX. Table 1 summarizes the experimental and growth
conditions used to cultivate the microalgae to measure their radi-
ation characteristics. The microalgae were cultivated in Erdshri-
ber’s medium in 2.0 cm thick, 200 ml flat culture bottles fitted
with vented caps exposed to (i) an illuminance of 2000 lux pro-
vided by fluorescent light bulbs (GroLux by Sylvania, USA) or to
(ii) an illuminance of 2000, 5000, or 10,000 lux provided by red
LEDs (C503B-RAN Cree, USA) with peak wavelength at 630 nm
and spectral bandwidth of 30 nm. The conversion between photon
flux density and illuminance for the red LEDs and the white fluo-
rescent light source were 47.5 and 33 lux per 1 pmol photon/m?s,
respectively. Mixing of the suspension was performed manually
twice a day. The Erdshriber medium had the following composition
(per liter of pasteurized seawater): NaNO;5 0.2 g, Na,HPO, 0.02 g,
Na,EDTA-2H,0 7.5 mg, CoCl,-6H,0 0.02 mg, FeCl;-6H,0 0.97 mg,
ZnCl, 0.05 mg, MnCl,-4H,0 0.41 mg, Na,Mo,4-2H,0 0.04 mg, and
vitamin B12 0.135 mg, and 50 ml soil water: GR+ medium.

Some microalgae were also grown in 1 cm pathlength PBRs in
artificial seawater medium. The PBR was exposed from both sides
to red LEDs with illuminance of 2 x 2500 or 2 x 5000 lux. The arti-
ficial seawater medium (ASWM) used had the following composi-
tion (per liter of deionized water): NaCl 18 g, MgS0,4-7H,0 2.6 g,
KCl 0.6g, NaNOs; 1g, CaCl,:2H,0 0.3 g, KH,PO, 0.05g, NH4CI
0.027 g, Na,EDTA-2H,0 0.03g, H3BO3; 0.0114g, FeCl3-6H,0
2.11 mg, MnSO4-H,0 1.64 mg, ZnSO4-7H,0 0.22 mg, CoCl,-6H,0
0.048 mg, and vitamin B12 0.135 mg. These cultures were contin-
uously injected with 2 vol.% air/CO, at 7 ml/min at STP and were
placed on an orbital shaker rotating at 95 rpm. Fig. 1 shows the
normalized emission spectrum of both light sources. It also shows
the mass absorption cross-sections Ea,; of photosynthetic pigment
chla as well as carotenoids (Bidigare et al., 1990).

Samples used to perform the measurements were taken during
the exponential growth phase. Additionally, to avoid absorption
and scattering by the growth medium, the microalgae were centri-
fuged at 10,000 rpm (6500 g) for 2 min and washed twice with
phosphate buffer saline (PBS) solution and suspended in PBS. The

Table 1

Summary of experimental conditions used to measure the radiation characteristics of N. oculata after 6 days of growth with initial concentration X = 0.01 kg/m>.
Light source [lluminance (lux)  Medium Aeration Reactor thickness (cm)  Concentration (kg/m®)  Mixing
White fluorescent 2000 Erdshriber Vented caps 20 0.158 Manually twice a day
Red LEDs 2000 Erdshriber Vented caps 2.0 0.159 Manually twice a day
Red LEDs 5000 Erdshriber Vented caps 2.0 0.084 Manually twice a day
Red LEDs 10,000 Erdshriber Vented caps 20 0.090 Manually twice a day
Red LEDs 2 x 2500 Artificial seawater 2% v/v air/CO, 1.00 133 Orbital shaker (95 rpm)
Red LEDs 2 x 5000 Artificial seawater 2% v/v air/CO, 1.00 1.23 Orbital shaker (95 rpm)
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Fig. 1. Normalized emission spectrum of Sylvania GroLux white fluorescent light source and Cree red LEDs used for N. oculata cultivation along with in vivo absorption cross-
sections (in m?/mg) of chlorophyll a, carotenoids (Bidigare et al., 1990). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

cell size distribution was measured using 2D microscope images
captured using a Leica LMIL microscope (Leica Microsystems, USA)
connected to a CCD camera (Spot Insight model 4.2, USA). The image
analysis software image] was used to manually measure the major
and minor diameters of individual cells approximated as axisym-
metric spheroids. The data was used to determine the equivalent
diameter d; and the size and frequency distributions N(d,) and f(d;).
Microorganism mass concentration X and cell density Ny were
determined using calibration curves relating them to the optical
density (OD) of the microalgae suspension at 750 nm. The nor-
mal-normal transmittance T, and the OD; = —InT, were measured
for several concentrations of microalgae at 750 nm in disposable
polystyrene cuvettes with pathlength 1 cm using a Fourier trans-
form infrared spectrometer (FTIR) (ThermoNicolet Magna-IR
560). The mass concentration X for five different microalgae dilu-
tions was obtained by filtering the cells through washed and dried
0.45 nm pore size cellulose membrane filters (HAWP-04700 by
Millipore, USA) followed by drying at 60 °C in a vacuum oven over-
night. The dried filters with the dry cells were weighted immedi-
ately after being removed from the oven using a precision
balance (model AT261 by Delta Range Factory, USA) with a
0.01 mg precision. The cell density Ny in each dilution was counted
using a 20 um deep Petroff-Hausser counting chamber (Hausser
Scientific model 3400, USA). The resulting calibration curves were
X = 0.2070D;50 and Ny = 1.72 x 10'*0D;s5, with correlation coeffi-
cient R? of 0.99 for both calibrations. Here, X and Ny are expressed
in dry kg/m> and number of cells/m> of suspension, respectively.

2.2. Experiments

2.2.1. Assumptions

The following assumptions were made when estimating the
average absorption and scattering cross-sections as well as the
effective optical properties of the microalgae: (1) The microorgan-
isms were well mixed and randomly oriented. (2) The microalgae
were assumed to be homogeneous with an effective complex index
of refraction m; = n; + ik;.(3) They were also assumed to be axi-
symmetric spheroids and treated as spheres. (4) Single scattering
prevailed since we considered low concentration suspensions. (5)

The total scattering phase function of the suspension had azi-
muthal symmetry and was only a function of the polar angle ©.
(6) As a first order approximation, the scattering phase function
was assumed to be constant over the PAR region.

2.2.2. Scattering phase function

The total scattering phase function was measured at 633 nm by
a polar nephelometer. The experimental setup and data analysis
have previously been reported by Berberoglu et al. (2008) and need
not be repeated. Due to probe interference with the incident laser
beam, it was only possible to collect measurements for scattering
angles ® up to 170°. Thus, in order to accurately determine b;, it
was computed based on the following expression (Modest, 2003)

/2
b,—,:l—%/ ®1,(0)sin OO (10)
0

The apparatus and data analysis were validated by successfully com-
paring the measured scattering phase function of monodispersed la-
tex spheres of 5 um diameter and predictions from Lorentz-Mie
theory using the complex index of refraction of latex at 633 nm as
Me33 = 1.5823 +i4.5 x 10~* (Ma et al., 2003) (not shown).

2.2.3. Absorption and scattering cross-sections

The extinction coefficient 8, was estimated from normal-
normal transmittance measurements between 350 and 750 nm
using UV-vis-NIR spectrophotometer (Shimadzu, USA, model
UV-3101PC). The microalgae suspensions were diluted to ensure
single scattering. The absorption coefficient x; was determined
from normal-hemispherical measurements performed between
350 and 750 nm using an integrating sphere (Shimadzu ISR-
3100) attached to the UV-vis-NIR spectrophotometer (Berberoglu
et al.,, 2008). The results for both measurements were corrected
for scattering errors and the setup and data analysis was validated
according to the analysis presented by Berberoglu et al. (2008).
Measurements were performed for three different concentrations
to assess their repeatability and the validity of Egs. (4)—(6) as well
as to estimate the average cross-sections Cg,, and Cq, and the
associated experimental uncertainty.
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2.3. Retrieving the microalgae effective complex index of refraction

An inverse method combined with Lorentz-Mie theory was
used to retrieve the complex index of refraction from (i) the mea-
sured average absorption and scattering cross-sections Cgps; and
Cscai» (ii) the cell equivalent diameter distribution N(d;), and (iii)
the spectral refraction index of PBS reported by Zhernovaya et al.
(2011). General purpose genetic algorithm code PIKIA (Charbon-
neau, 1995) was used with a maximum of 30 generations each
with a population of 120 individuals to retrieve the refraction
and absorption indices for 41 wavelengths between 350 and
750 nm in 10 nm increments. This method was recently developed
and described in detail by Lee et al. (2013).

2.4. Pigment concentrations

Chlorophyll a and total carotenoid contents were determined
spectrophotometrically using 24 h extraction in methanol as it is
most efficient at extracting pigments from microalgae (Wellburn,
1994). Note that this method estimates the total carotenoid
concentration in the cells and not that of a specific carotenoid. A
2 ml sample of microalgae culture was centrifuged for 2 min at
10,000 rpm (6500 g) and the medium discarded. Then, 3 ml of pure
methanol was added to the cell pellets and vortexed for 1 min. The
samples were left in a dark room for 24 h at approximately 22 °C to
ensure maximum pigment extraction. The samples were then cen-
trifuged and the supernatant collected and transferred to 1.cm
pathlength polystyrene cuvettes for OD measurements at 480,
666, and 750 nm. The pigment extractions were performed in
duplicates and the measurements were repeated three times and
averaged. The cell pellets were checked for complete extraction
by performing double extractions.

The chlorophyll a concentration (in ug/m> of suspension) was
calculated using the correlation (Wellburn, 1994)

Cehla = ]565(OD666 — OD750)7//VI (11)

where V is the microalgae sample volume (in m?), zis the volume of
solvent (in m3), and [ is the cuvette pathlength (in cm). Similarly,
the total carotenoid concentration (in pg/m>) was calculated
according to (Strickland and Parsons, 1968)

Cxyc = 4(OD480 — 0D750)Z)/Vl (12)

Pigment mass fraction (in kg of pigment/kg of dry cell) was esti-
mated as the ratio of pigment concentration to dry mass concentra-
tion X, i.e., Wenig = Cenia/X and wy c = ¢xic/X (Andersen, 2005).

3. Results and discussion
3.1. Mass concentration

All measurements were performed after 6 days of growth in
batch mode with an initial mass concentration of 0.01 kg/m>. The
mass concentrations of microalgae at the time the optical measure-
ments were performed are reported in Table 1. The microalgae in
PBRs injected with 2 vol.% CO, showed the largest increase in mass
concentration, after 6 days, reaching X = 1.33 kg/m? for microalgae
in PBRs exposed to 2500 lux red LEDs from both sides. On the other
hand, the microalgae grown in vented caps (i.e., without CO,
injection) exposed to light from a single side showed an order of
magnitude lower mass concentration. For example, X reached
0.158 kg/m> for microalgae grown under 2000 lux of red LEDs or
white fluorescent light, after 6 days. It fell to 0.084 and 0.090 kg/m>
when grown under 5000 and 10,000 lux, respectively.

3.2. Size distribution

Fig. 2 shows a histogram of the equivalent diameter frequency
distribution f(d;) of the microalgae calculated using Eq. (7) with
bins 0.1 pm in width. This distribution was estimated from at least
300 cells for each microalgae suspension grown with six different
incident spectra or illuminances. The equivalent cell diameter and
the cell aspect ratio did not vary appreciably for the different illu-
mination conditions considered. In all cases, the average equiva-
lent diameter was between 2.52 and 2.63 um and the standard
deviation was 0.35-0.45 pm.

3.3. Scattering phase function

Fig. 3 shows the measured total scattering phase functions at
633 nm of N. oculata suspension grown under 2000 lux white
and red light sources. As expected, given the large equivalent cell
diameter compared with the wavelength, scattering was mainly
in the forward direction with asymmetry factor found to be
Z633 = 0.986 at 633 nm for microalgae grown under either light
sources. Furthermore, the backward scattering ratio was very small
and equal to be33 = 0.0013 and bg3; = 0.0019 for microalgae grown
using white light and red LEDs, respectively.

3.4. Absorption and scattering cross-sections

Figs. 4a and b show the measured absorption and scattering
cross-sections, in the spectral region from 350 to 750 nm, for N.
oculata grown under (i) white light with an illuminance of 2000
lux, (ii) red LEDs with an illuminance of 2000, 5000, and 10,000
lux on one side of a 2 cm thick flat culture bottles and (iii) red LEDs
with 2500 and 5000 lux on both sides of the 1 cm thick PBR. The
results for Cyys; and Cyq, shown in Fig. 4 represent the arithmetic
mean of the cross-sections measured three times for each of the
three different concentrations considered. The error bars corre-
spond to 95% confidence interval. The relatively small error bars
established that the absorption and scattering cross-sections were
independent of microorganism cell density as assumed in Eqs. (4)
and (5). It also confirms that multiple scattering was negligible for
the cell densities considered. Furthermore, it is evident that scat-
tering dominated over absorption for all wavelengths in the PAR
region, i.e., Cscq, > Cups,- The absorption peaks for in vivo chla were
apparent at 436 nm, 630 nm, and 676 nm (Ke, 2001) while that of
carotenoids was observed at 480 nm (Ke, 2001). Note that the chla
peak at 630 nm is usually concealed by absorption peak of chlb in
green microalgae (Berberoglu et al., 2008, 2009) which is lacking in
N. oculata.

The absorption and scattering cross-sections for N. oculata
grown under 2000 lux of white and red light sources fell within
their experimental uncertainty ranges for all wavelengths consid-
ered. This indicates that no chromatic adaptation occurred in the
cells despite the different emission spectra of the fluorescent white
light and the red LEDs (Fig. 1). In addition, the absorption and scat-
tering cross-sections of N. oculata grown under red LEDs providing
illuminance of 2000, 5000, and 10,000 lux featured slight varia-
tions that fell within their experimental error bars for most wave-
lengths considered. The slight differences could be attributed to
small variation in pigment concentrations, in particular around
480 nm corresponding to absorption peaks of photoprotective
carotenoids (Bidigare et al., 1990).

By contrast, N. oculata grown in PBR exposed to red light from
both sides and injected with 2 vol.% CO,/air mixture featured smal-
ler absorption cross-sections than those grown in the thicker bio-
reactors exposed to light from only one side. This may be
explained by the fact that the microalgae had reached significantly
larger concentration and may have depleted a significant amount
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Fig. 2. Histogram of frequency distribution f(d;) of the equivalent diameter d, of N. oculata grown under (a) white light at 2000 lux and red LEDs at (b) 2000 lux, (c) 5000 lux,
(d) 10,000 lux, (e) 2500 lux from two side, and (f) 5000 lux from two sides. The equivalent diameter was calculated from the measured major and minor diameters using Eq.
(7). At least 300 cells were measured for each batch. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of nutrients initially available in the medium. In fact, nitrate lim-
ited conditions can stunt biomass production in Nannochloropsis
sp. and cause a decrease in cell pigment concentrations leading
to reduced absorption cross-section Cg,, (Cohen, 1999). Further-
more, the microalgae exposed to an illuminance of 5000 lux from
both sides featured larger absorption cross-sections than those ex-
posed to 2500 lux from both sides. This could be attributed to the

fact that microalgae grown with the 2 x 2500 lux were harvested
at a later stage of their growth and their mass concentration X
had reached 1.33 kg/m>® compared with 1.23 kg/m? for N. oculata
grown under 2 x 5000 lux. In fact, nutrient availability in the med-
ium can be estimated by stoichiometric calculation. The exact ele-
mental composition of N. oculata was not available in the
literature. However, microalgae elemental composition does not
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Fig. 3. Total scattering phase function ®r33(©) of N. oculata at 633 nm measured experimentally using a polar nephelometer for microalgae grown under white light and red
LEDs with illuminance of 2000 lux. The experimental phase functions were compared with predictions by Eq. (6) using (i) Lorentz-Mie theory, (ii) the measured equivalent
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figure legend, the reader is referred to the web version of this article.)

vary appreciably between different species and has been reported
to be composed of 8-12% nitrogen (N) and 0.8-1.5% phosphorus (P)
by weight (Parsons et al., 1961; Williams and Laurens, 2010; Van
Vooren et al., 2012). Assuming a 10% N and 1% P composition by
weight for N. oculata cells suggests that the culture experienced a
phosphate limitation at a biomass concentration of 1.14 g/L and a
nitrogen limitation around 1.52 g/L. In addition, the average scat-
tering cross-section Cy,, of the microalgae grown with 2 x 2500
lux was larger than that of microalgae grown with 2 x 5000 lux.
This may be due to their larger mean equivalent diameter of
2.63 um instead of 2.53 pm (Jonasz and Fournier, 2007). Indeed,
Lorentz-Mie theory estimates that the scattering cross-section
Cscasso Of cells (msso=1.37 +i2 x 10~4) with diameter 2.53 and
2.63um suspended in PBS were 3.17 x1072m? and
3.68 x 1072 m?, respectively. In other words, the scattering
cross-section increased by 14% as the cell radius increased by 4%.

Finally, the average scattering cross-section Cy, of N. oculata
was two orders of magnitude smaller than those of significantly
larger green microalgae such as Botryococcus braunii (ds=
9-15 um) and Chlorococcum littorale (ds =6-12 um) (Berberoglu
et al., 2009). This is consistent with light scattering theory suggest-
ing that the scattering cross-section increases with the size param-
eter y = nd;// (Jonasz and Fournier, 2007).

3.5. Real and imaginary parts of the complex index of refraction

Figs. 5a and b show the retrieved refraction and absorption indi-
ces of N. oculata grown under (i) white light with illuminance of
2000 lux, (ii) red LEDs with illuminance of 2000, 5000, and
10,000 lux on one side of a 2 cm thick flat culture bottles and
(iii) red LEDs with 2 x 2500 and 2 x 5000 lux on both sides of
the 1 cm thick PBR with CO, injection. The effective refractive in-
dex was nearly identical for microalgae grown with white and
red light under any illuminance delivered on one or both sides of

the PBR. In fact, the relative difference in the effective refraction in-
dex n, was less than 0.1% for all growth conditions and wave-
lengths considered. These observations confirm that differences
in scattering cross-section Cy,, previously discussed, were likely
due to differences in size. In addition, the refraction index n; ran-
ged from 1.365 to 1.376 and was comparable to the effective
refraction indices reported for other microalgae (Lee et al., 2013;
Jonasz and Fournier, 2007). Here also, n; featured dips at wave-
lengths corresponding to peaks observed in the effective absorp-
tion index k;. These dips can be attributed to oscillator resonance
around the peak absorption wavelengths as predicted by the Helm-
holtz-Kettler theory describing the relationship between n; and k;
(Jonasz and Fournier, 2007). Note that the amplitude of the reso-
nance in n; decreased as the absorption peaks in k;, weakened.
Fig. 5b indicates that the effective absorption index k; ranged
from 0 to 4.32 x 1073 with peaks at 436, 480, 630, and 676 nm. It
was identical for N. oculata grown in culture bottles with vented
caps under white light and red LEDs with illuminance of 2000 lux
and under red LEDs with 5000 and 10,000 lux. In addition, the
absorption index of microalgae grown in the 1 cm thick PBRs with
2 x 2500 lux red LEDs and CO, sparging was on average 76% lower
than that of microalgae grown with 5000 lux red LEDs exposed
from one side without CO, injection. Similarly, microalgae grown
in the 1 cm thick PBR with 2 x 5000 lux red light and CO, injection
had absorption index 36% smaller than those grown under red light
at 10,000 lux on one side without CO, injection. As previously sug-
gested, the lower absorption index in the CO, sparged PBRs illumi-
nated on both sides could be attributed to the lower pigment
content of the cells caused by nutrient deficient conditions.

3.6. Lorentz-Mie scattering phase function

Fig. 3 displays the total scattering phase function ®r33(©) of N.
oculata grown under 2000 lux predicted by Eq. (6) where @;(d;, ®)
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was predicted by Lorentz-Mie theory using (i) the retrieved com-
plex index of refraction at 633 nm mgs3 = 1.3675 +i9.997 x 107,
(ii) the refraction index of PBS taken as npgsgss = 1.334 (Zherno-
vaya et al., 2011), and (iii) the measured equivalent diameter dis-
tribution N(d;). The backward scattering ratio bg;; was estimated

from Lorentz-Mie theory to be 0.0006 for microalgae grown using
either light source. This value should be compared with experi-
mental measurements of bgz3 of 0.0013 and 0.0019 for white and
red incident light at 2000 lux, respectively. More importantly,
the asymmetry factor gg,; estimated from Lorentz-Mie theory for
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microalgae grown under both light sources was 0.988 compared
with 0.986 measured experimentally.

Furthermore, the asymmetry factor g, was estimated from Lor-
entz-Mie theory over the spectral range from 350 to 750 nm using
the equivalent diameter distribution N(d;) and the spectral refrac-
tion and absorption indices retrieved for N. oculata grown under
2000 lux (Figs. 5a and b). It was found to be nearly independent
of wavelength over the PAR region as it only varied between
0.9878 and 0.9884. This confirms Assumption 6 made when cor-
recting normal-normal and normal-hemispherical transmittances
for forward scattering.

3.7. Pigment concentrations

Table 2 summarizes the chlorophyll a and total carotenoid mass
fractions in wt.% extracted from N. oculata for each light source and

Table 2

Chlorophyll a and total carotenoid mass fractions (%) and chlorophyll a to carotenoid
ratio extracted from N. oculata grown under various light sources and illuminances
summarized in Table 1.

Light [lluminance Chlorophyll a Total carotenoid Wiyre/
source (lux) (wt.%) (wt.%) Wehla
White 2000 2.25+0.04 0.73 £0.01 0.32
Red 2000 2.21+0.16 0.72 £ 0.07 0.32
Red 5000 246 +0.12 0.56 + 0.06 0.23
Red 10,000 2.08 £0.01 0.43 +0.01 0.21
Red 2 x 2500 0.28 + 0.002 0.45 +0.01 1.61
Red 2 x 5000 0.549 +0.03 0.23 +0.06 0.43

illuminance considered. The extracted chla mass fraction was
Wenig = 2.25 £0.04 wt.% and 2.21 £0.16 wt.% for N. oculata grown
using 2000 lux white light and red LEDs, respectively. Their respec-
tive total carotenoid mass fraction wy,. was 0.73 £0.01 wt.% and
0.72 £ 0.07 wt.%. Overall, there was no statistically significant dif-
ference in pigment concentrations between the batches grown un-
der 2000 lux using white light or red LEDs indicating that no
chromatic adaptation occurred. These pigment concentrations
and dry mass fractions were also consistent with those previously
reported in the literature for N. oculata (Gitelson et al., 2000; Sim-
ionato et al., 2011).

The chlorophyll a and total carotenoid mass fractions of micro-
algae grown under red LEDs with different incident illuminances
showed trends similar to those observed in their absorption
cross-sections (Fig. 4a). There were no statistically significant
changes in the measured pigment concentrations. Larger caroten-
oid mass fraction has been reported in Nannochloropsis sp. grown
under larger irradiances (Cohen, 1999). However, Lubian et al.
(2000) showed this effect to be significant in N. salina while the in-
crease in zeaxanthin, astaxanthin, and antheraxantin in N. oculata
were less pronounced and coincided by reduction in vioxanthin,
thus maintaining an approximately constant total carotenoid mass
fraction. The ratio of carotenoid to chlorophyll content is often ci-
ted as the measure of stress the culture is experiencing. Van Voo-
ren et al. (2012) showed that the ratio of carotenoid to chlorophyll
a in N. oculata increased during nitrogen starvation and exceeded
unity. Similarly, in the PBRs injected with CO, and illuminated
from both sides, this ratio was larger compared with microalgae
grown in the thicker PBR illuminated from one side without CO,
injection, as summarized in Table 2. In fact, it reached 1.61 for
the microalgae grown in PBR exposed to 2 x 2500 lux further sup-
porting the assertion of nutrient starvation in this culture.

Moreover, Table 2 indicates that microalgae grown in the 1 cm
thick CO,-sparged PBRs exposed to red LEDs on both sides had pig-
ment mass fractions one order of magnitude lower than those
grown in the thicker PBR exposed to light from only one side. Fur-
thermore, N. oculata grown exposed to 2 x 2500 lux contained
lower chla and carotenoids mass fractions than those exposed to
2 x 5000 lux, under otherwise similar conditions. This can be
attributed to more severe nutrient deficient conditions in the PBRs
exposed to 2 x 2500 lux where microalgae concentration was the
largest.

3.8. Model validation

Fig. 6 shows the absorption coefficient k; of a microalgae cul-
ture with a mass concentration X = 0.10 kg/m> measured experi-
mentally for N. oculata grown under 2000 lux using white light
and that predicted by Eq. (9) using the experimentally measured
pigment concentrations c., and ¢y, .. The average relative error be-
tween experimental measurements and predictions of k; by Eq. (9)
was 36% over the PAR region. The relative error was 11% and 28% at
436 nm and 676 nm corresponding to chla absorption peaks. At
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Fig. 6. Comparison of the experimentally measured absorption coefficient of N. oculata grown with 2000 lux white fluorescent light with mass concentration X = 0.10 kg/m>
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these wavelengths, the predicted mass absorption cross-section
featured sharper absorption peaks than those experimentally mea-
sured. This was also observed for other microalgae species (Lee
et al., 2013). The flattening of the absorption peaks observed exper-
imentally may be due to the so-called “package effect” (Jonasz and
Fournier, 2007). In other words, pigments display a different
absorption cross-section once they are packaged inside a cell. This
is due to the non-linear dependence of absorption on (i) pigment
concentrations, (ii) cell refractive index, (iii) cell size, and (iv) pig-
ment location within the cell (Jonasz and Fournier, 2007). This sug-
gests that simple superposition of the individual pigment’s
absorption cross-sections, as suggested by Eq. (9), represents a first
order approximation and may not be adequate to accurately pre-
dict the mass absorption cross-section of microalgae.

4. Conclusions

This study measured the absorption and scattering cross-sec-
tions and optical properties over the PAR region of N. oculata grown
under white light and red LEDs with illuminance ranging from
2000 to 10,000 lux. The microalgae average equivalent diameter
ranged from 2.52 to 2.63 pm. Their cross-sections and optical con-
stant were statistically identical over most of the PAR region. Other
N. oculata grown in 2vol.% CO, injected PBRs featured lower
pigment concentrations and significantly smaller absorption
cross-section and absorption index due to nutrient limited growth
conditions. By contrast, the refraction index was identical for all
conditions considered.
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