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Abstract

Rhodamine-6-G (R6G) was used to investigate the effect of internal/external light conversion on Dunaliella salina in a
1000 mL double-layer flat plate photobioreactor (DLF-PBR) and a 900 mL cylindrical photobioreactor (C-PBR). External
spectrum conversion was examined in the DLF-PBR where the outer layer was filled with four different dye solutions (water/
ethanol as solvents, dye at 25/50 ppm) to select the appropriate dye level and solvent type. The highest biomass (2.1 g L")
and productivity (116 mg L 'day™!) were obtained at low dye level in ethanol, while the highest productivities of storage
materials (lipid:7.5, starch:18.73 mg L"'day™!) belonged to high level of dye in water. To benefit from conventional bioreactors
with lower cost, internal conversion was carried out in C-PBR by addition of dye into medium aiming to compare growth
and product formation with/without spectrum conversion. The highest level of biomass (3.49 g L!) was achieved by light
conversion in C-PBR. Additionally, the effect of adaption of cells to dye was investigated in the C-PBR. A long lag-phase
was observed in the case of non-adapted cells while this considerably reduced in the case of adapted cells. Moreover, a
two-stage cultivation was studied in the C-PBR in which mixed red-blue LEDs exposure allowing enhanced growth without
dye was used in the 1*-stage and this was followed by addition of R6G and shifting to fluorescent exposure in the 2"-stage,
which resulted in 146 and 293% higher productivities of lipid and starch, respectively, compared to control. The highest cell
contents of lipid and starch (9.91, 22.15% g g'DCW) also corresponded to this strategy.
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Introduction

Having versatile potentials, microalgae have found many
applications all over the world. Microalgal cultivation
yields cells rich in specific substances such as proteins,
carbohydrates, lipids, pigments, and other useful organic
materials. Among the various microalgae species, Dunaliella
salina has been noted for its high ability to produce valuable
metabolites such as polar lipids, carbohydrates, carotenoids,
glycerol, and proteins (Liao et al. 2017; Monte et al. 2020).
In the past few decades, production of biomass and the
various products of microalgae have been the subject of
many studies (Spolaore et al. 2006; Mata et al. 2010; Hamed
and safety 2016). The effect of light as a crucial factor for
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growth of phototrophic microalgae and its attributes such
as source type, intensity and dark-light cycle (Bezerra et al.
2011; Seo et al. 2015) as well as the quality of light having
a key role in the efficiency of photosynthesis, have been
widely examined (Katsuda et al. 2004; You and Barnett
2004; Pattanaik et al. 2018; Han et al. 2019).

Microalgal cells efficiently absorb light within the pho-
tosynthetically active range (PAR, 400-700 nm) due to
chlorophylls a and b (abs. 600-700 nm, orange-red), and
carotenoids (abs. 400-500 nm, blue) as key photosynthetic
pigments, while green-yellow light (500-600 nm) is mostly
reflected (Seo et al. 2015; Jang et al. 2018) .Artificial light
has therefore been used in many studies to provide the
proper wavelengths in accord with the cell pigments (Vadi-
veloo et al. 2017; McGee et al. 2020; Tayebati et al. 2021).

Effect of light wavelength (color) on growth of microalgae
has been examined in many studies where red LEDs were
found supportive of cell growth (Baba et al. 2012; Kim
et al. 2014; Li et al. 2020). Even though blue light was not
beneficial to cell growth in most cases, it has been shown
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to boost formation of particular products, i.e., carotenoids
and storage materials (Mohebi Najafabadi and Naeimpoor
2023). Since red and blue wavelengths have a significant
effect on the growth and production of microalgae products,
respectively, the effect of the combination of red and blue
LEDs has been investigated widely (Kim et al. 2013; Schulze
et al. 2016; Ra et al. 2018). According to the purpose of
microalgae cultivation, LEDs have been used in single-stage
(Das et al. 2011) or two-stage (Xi et al. 2016) cultivations.
Changing the exposure conditions by the onset of 2" stage
in two-stage strategy has been reported to act as a stress to
cells which can direct cell metabolism towards formation
of protective metabolites (Jung et al. 2019; Nagappan et al.
2019) or accumulation of storage materials. Substantial
increases in formation of intracellular products (starch and
lipid) and pigments have been reported in a two-stage study
with the mixed red-blue LEDs exposure in the 1% stage
for high biomass production followed by monochromatic
blue exposure in the 2" stage (Mohebi Najafabadi and
Naeimpoor 2023).

Despite the advantages of artificial light in cultivation
of microalgae, electricity consumption makes it costly and
uneconomical, especially at industrial scale. Although the
emergence of LEDs has made artificial illumination more
affordable, microalgae cultivation may still be expensive
especially for production of low-value biochemical such
as biofuels (Nwoba et al. 2019). Sunlight, known as the
cheapest sustainable light source, emits a wide range of
wavelengths of which only specific wavelengths can be
absorbed by algae. The unused wavelengths of sunlight
lowering the photosynthesis efficiency could be shifted
to photosynthetic wavelengths by using certain spectral
conversion materials (Burak et al. 2019). This means that
wavelengths with little or no photosynthetic functionality
can be converted into effective wavelengths. A wide range
of converters, including organic and inorganic dyes, have
shown promising properties for wavelength conversion
(Wondraczek et al. 2013; Seo et al. 2015). Light-converting
dyes can increase the amount of PAR energy by modifying
the spectral characteristics of light source (Jang et al. 2018).
The process starts with the organic dye absorbing incident
radiation followed by excitation of the luminescent species
allowing a higher energy state. Excited dye molecules
emit radiation until returning to their ground state, the
decay of excited dye molecules. This leads to the emission
of light through fluorescence, which is specific to the
wavelength of the dye (Ramanna et al. 2018).

The absorption and emission spectra of light-converting
dyes depend on the dye level and the type of used solvent.
Typically, the wavelength of the peak of emission spectrum
is 30-50 nm longer than that of the absorption (Prokop et al.
1984). To select the dye of the wavelength modifier, features
such as the absorption of unused light wavelengths, overlap
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of the emitted wavelength with cell absorption wavelength,
quantum efficiency of the emitted wavelengths, cost of
production and decomposition of dye over time should be
considered (Burak et al. 2019). Among the various examined
dyes, some rhodamine dyes have shown high quantum
efficiency. Rhodamine 6G (R6G) among rhodamines, has been
reported to be the most stable against light and also the most
suitable for enhancement of cell growth (Prokop et al. 1984).
In algal cultivation, application of dyes with tunable frequency
and different absorption and emission spectra is recommended
to prevent re-absorption of light (Ramanna et al. 2018).

The effect of spectrum converters, as coating on the wall of
photobioreactors (Amrei et al. 2015; Seo et al. 2015; Ramanna
et al. 2018; Burak et al. 2019) or as dye solution (Seo et al.
2015; Jang et al. 2018; Ramanna et al. 2018) on microalgae
cultivation has been investigated by several researchers.
These approaches allow exploitation of most of the sunlight
wavelengths and reduction in energy consumption, which
in turn increases the production efficiency of intercellular
bioproducts (Ramanna et al. 2018). Application of dye
solutions has been reported to have several selective benefits
over solid-type converters, including higher quantum yield,
lower cost, lesser toxicity, and easier control (Zou et al. 2008).
Using dye solution as compared to solid-type converters is
more cost-effective due to the higher quantum efficiency,
less photodegradability, and dye recovery (Seo et al. 2015).
Furthermore, using dye solution significantly reduces the cost
due to not requiring special materials to cover the surface
(Burak et al. 2019) with dye and solubility of dye in simple
solvents such as water and ethanol.

Dye solution can be exploited in two forms of external
and internal light converters where in the former dye
solution is placed in the outer layer of a double-layer PBR
while in the later dye is dissolved in the culture medium
and hence conventional PBRs could be used. The effect of
external light conversion on growth of Chlorella vulgaris has
been studied using Rhodamine 101 dye solution in ethanol
(Seo et al. 2015) where lower light intensity (100 W m?>)
compared to that of control (150 W m™ without dye) was
required to obtain the highest amount of biomass (1.7 g L™}).
Growth of microalgae has also been examined using internal
conversion. In order to investigate the effect of internal light
conversion, coumarin dye was dissolved in culture medium
at 400 mg L1, which increased the growth of microalgae by
100%, while applying R6G dye in the medium decreased
cell level by about 40-64% (Prokop et al. 1984). Using dye
solution (external/internal) therefore could reduce the overall
production cost despite using dye compared to conventional
cultivation method (no dye), since dye is effective at low
levels. Moreover, the likely separation and reuse of the dye
further reduces the overall cost.

Given the advantages of using dye solutions, we aimed
to investigate the effect of dye level and solvent type as
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well as internal and external spectral light conversions on
growth and products formation of D. salina. A double-layer
flat panel photobioreactor (DLF-PBR) and a cylindrical
PBR (C-PBR) were used to perform external and internal
light conversions, respectively. R6G was used as spectrum
converting dye allowing the conversion of green light to a
longer wavelength. The effect of spectrum converting layer at
low and high levels of dye was firstly investigated in the DLF-
PBR, then considering the superiority of the low dye level,
dye (low level) was added to culture medium to investigate
internal conversion. As this cultivation method resulted in
a long lag phase, the effect of using adapted cells to dye as
inoculum on growth was also investigated. Additionally, to
further enhance growth and product formation, a two-stage
cultivation was designed. In the 1% stage, mixed red-blue
LEDs exposure allowing enhanced growth was exploited and
this was followed by addition of dye to the culture medium
for light conversion alongside using white light in the 2™
stage. Culture was analyzed for chlorophylls, lipid, and starch
contents as well as productivities under extra light at orange-
red wavelength range.

Material and methods
Microalgae and culture medium
Dunaliella salina (CCAP 19/18) from the Culture Collection

of Algae and Protozoa (CCAP) in Scotland was used.
Modified Johnson (MJ) culture medium (Morowvat and
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Ghasemi 2016; Mohebi Najafabadi and Naeimpoor 2023)
containing (in g L'!): MgCl,.6H,0: 1.5, MgS0,.7H,0: 0.5,
KCI: 0.2, CaCl,: 0.2, KNO5: 1, NaHCO;: 0.035, KH,PO,:
0.035, NaCl: 12 was used for cell cultivation. To this
medium were added 10 mL of Fe-solution (Na, EDTA: 1.89,
FeCl;.6H,0: 2.44 in g L") and 10 mL of trace elements
solution (ZnCl,: 4.1, H;BO;: 61, (NH,)¢Mo-0,,.4H,0: 38,
COCl,.6H,0: 5.1, CuCl,.2H,0: 4.1, MnCl,.4H,0: 4.1 in
mg L") and culture pH was finally adjusted to 7.5 using
hydrochloric acid. All solutions were separately autoclaved
at 121°C for 20 min before use.

Fluorescent dye

Rhodamine 6G (R6G, 95% Sigma-Aldrich) was used as
a spectrum converter due to its high quantum efficiency
(Prokop et al. 1984). As a spectrum conversion layer, 25
and 50 ppm (Khoobkar and Amrei 2020) solutions of R6G in
water and ethanol (Jang et al. 2018) as two different solvents
were investigated. Additionally, 25 ppm of R6G in culture
medium was used as a spectrum conversion medium in
internal light conversion experiments.

Experimental set-up and experiments

To investigate the effect of external and internal spectrum
conversion on cell growth and product formation, two
bioreactors (DLF-PBR and C-PBR) were designed

as shown in Fig. 1. The DLF-PBR (Fig. 1-a, b, c¢) was
designed to contain dye solution acting as spectrum
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Fig. 1 Schematic of the double-layer flat plate photobioreactor (DLF-PBR) for external light conversion (a) and its side views with dye (b) and
without dye (c) in front layer as well as the cylindrical photobioreactor (C-PBRO (d) for internal light conversion
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converter in a front layer and cultivation medium in
a rear layer with 1000 mL working volume. The front
layer was filled with the dye solution prepared by
dissolving R6G separately in ethanol and water (Fig. 1-
a, b). Illumination was carried out by a fluorescent lamp
placed at 9 cm away from the center of the front panel
(Fig. 1-b). A mirror was placed in the back of PBR as
shown in Fig. 1-c. The transmitted light from the source
passed firstly through the R6G solution for spectrum
conversion and then through cultivation chamber before
hitting the mirror where light was redirected back into
medium. This bioreactor was equipped with two air inlets
and an outlet as well as a sampling port. After passing
through a flowmeter and a filter for sterilization, air was
humidified and introduced into bioreactor. C-PBR was
a cylindrical Pyrex glass vessel with 900 mL working
volume, equipped with three ports for sampling, aeration,
and air outlet, which was placed on a magnetic stirrer
as shown in Fig. 1-d. Air introduction into the C-PBR
was as described for the DLF-PBR. Dye was dissolved in
the culture medium to provide an internal light spectrum
converter in the C-PBR.

Cells were pre-cultured in MJ medium to prepare the
cell suspension for bioreactor inoculation. Exponentially
growing pre-culture at ODgg, = 1 was used for 10% v/v
inoculation of all bioreactor experiments. The only
exception was using an adapted inoculum prepared by pre-
culturing cells in MJ medium supplemented with 25 ppm
R6G to shorten the lag phase in one of C-PBR experiments.
A white fluorescent lamp (intensity: logarithmic average of
350 umol photons m™ s™') was used for illumination in all
experiments, apart from the two-stage C-PBR experiment
with red-blue LEDs (logarithmic average of 140 pmol
photons m™? 57!, 60% red + 40% blue) illumination in
the 1% and fluorescent (same intensity) illumination
in the 2" stage. All cultures were aerated at 500 mL
min! and temperature was 25 + 2 °‘C, room temperature.
Photobioreactors and all their connections were sterilized
at 121 °C for 20 min before use.

Four individual experiments were carried out in the
DLF-PBR using four different dye solutions in water and
ethanol as solvents as given in Table 1. The C-PBR was
used to perform two experiments (see Table 1) to investigate
the effect of spectrum-converting medium containing 25
ppm R6G using non-adapted and adapted inoculum. A
two-stage C-PBR experiment was also designed to allow
cell growth in the absence of R6G under mixed red-blue
LED illumination (1% stage) followed by addition of
R6G (25 mg L) into culture medium under fluorescence
illumination (2" stage). Additionally, control experiments
were separately carried out in the DFL-PBR and C-PBR in
the absence of dye for comparisons.
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Analytical methods
Measurement of growth parameters

The optical density (OD) of the culture sample was deter-
mined at 680 nm. Culture samples (10 mL) were centrifuged
at 4,000 rpm for 10 min followed by washing cells with
distilled water and drying cells at 70 “C for 24 h to obtain
a correlation between culture cell dry weight and ODygg, as
given in Eq. 1 (Mohebi Najafabadi and Naeimpoor 2023).

X(gL™") = 0.3 ODgg, — 0.03, R* = 0.9968 (1)

This correlation was used to report culture biomass level
(g L") based on the measured ODggy,.

Pigments analyses

Using an ethanol solvent extraction method, concentrations
of chlorophyll (-a, -b, -total) and carotenoids in cells were
determined (Khoobkar and Amrei 2020). After centrifuga-
tion of 2 mL of sample at 4000 rpm for 10 min the precipi-
tated cells were stored in a Bain-Marie for 2 min to rupture
the cell wall. To extract the pigments, 2 mL of ethanol (96%
v/v) was added to the harvested algal biomass. After mixing
and centrifugation at 4000 rpm for 10 min the absorbance of
the supernatant was measured at 470, 669 and 645 nm and
Eqgs. 2-5 were t used to calculate pigment levels:

Chla (mgL™") = ((13.95 Absggs — 6.88 Absgyg) X v;) /v,

2
Chl b(mg L") = ((24.96 Absgyg — 7.32 Absggs) X v1) /v,
3)
Chl. total (mg L™") = Chla + Chl b 4)
Carotenoids (mgL™") =
((1000 Abs,;, — 2.05 Chla — 114.8 Chl b) X v,)
/(245 % 1000 X v, ) )

where v; and v, represent the sample and supernatant vol-
ume, and Ca and Cb refer to the amount of Chla and Chlb,
respectively.

Starch Measurement

To measure the amount of starch in cells, the remaining cells
from the pigment extraction received 0.25 mL of HCIO, (60%)
and the suspension was agitated for 15 min followed by addi-
tion of 0.6 mL H,O and centrifugation at 4000 rpm for 10 min.
To 0.4 mL of the supernatant was added 2 mL of anthrone
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Table 1 Internal and external spectrum-converting experiments with
R6G dye

Bioreactor
type”

. . sk .
Illumination™ Spectrum conversion

Type Solvent R6G (mg L")

Single stage

DLF-PBR F External Water 0 (cont.), 25, 50
Ethanol 25, 50
C-PBR Internal MIJM* 0 (cont.), 25,
25++
Two-stage
1% stage: days 0-8, 2" stage: days 9-18
C-PBR 1%:RB,2": F Internal MJM  25in2™

* DLF: double-layer flat panel and C; cylindrical; ™ F; fluorescent,
RB; mixed red blue LEDs; * Modified Johnson medium; ** Medium
inoculated with adapted cells to 25 mg L™! R6G

reagent (0.2 g of anthrone in 0.1 L of 72% H,SO,). This mix-
ture was well mixed and maintained at 100 °C for 8 min. After
cooling to room temperature, the absorbance was measured at
620 nm. Standard solutions of glucose (0-5 mg L) were used
to develop the calibration curve (Hu and Sato 2017).

Lipid analyses

Lipid content was determined using the sulfo-phospho-van-
illin (SPV) reagent according to Mishra et al. (2014). The
cells were re-suspended in 100 mL water after being centri-
fuged at 4000 rpm for 5 min, and then 2 mL concentrated
sulfuric acid was added (98 %). This combination was held
at 100°C for 10 min in a thermo-reactor before cooling in
an ice bath for 5 min. The mixture was then incubated for
15 min at 37 °C and 200 rpm with 5 mL of freshly made
phospho-vanillin reagent (0.6 g vanillin in 10 mL pure etha-
nol; 90 mL water; 400 mL concentrated phosphoric acid).
The absorbance was measured at 530 nm. The calibration
curve was made with commercial canola oil (0-2 mg L.

Absorption and emission spectra

The absorption and emission spectra of R6G solution were
measured for two different solvents of water and ethanol. A
UV/vis spectrophotometer (Cecil BioQuest CE 2501) was
used to measure the pigment absorption spectrum and the
pigment emission spectrum was measured by a fluorescence
spectrometer (RF 6000, Shimadzu), with solvents (ethanol
and water) being the reference points.

Statistical analysis
One-way ANOVA followed by Tukey’s test with the sig-

nificant level (P < 0.05) was used to analyze the data when
comparing the results obtained using different conditions.

All statistical analyses were performed using IBM SPSS
software (ver. 26).

All measurements in this study were repeated twice and
the reported values are the average of the two samples along-
side the relevant error bars.

Results and discussion
Absorption and emission spectra of dye solutions

R6G is generally known for the absorption of green wave-
length and emission in the orange-red light spectrum. To
investigate the spectral conversion of R6G, absorption and
emission spectra of the dye solutions were measured as
shown in Fig. 2.

Figure 2 shows that the absorption peak (at 520 nm)
of ethanol solution in the green light range was shifted
to the longer wavelength of 590 nm, the lower limit of
orange light range. This can support microalgae growth
by shifting ineffectual green spectrum into useful orange-
red. Wavelengths corresponding to peaks of absorption and
emission (532 and 610 nm) for water were slightly higher
compared to ethanol. This can be attributed to the difference
in polarity of solvents, water being more polar than ethanol
(Jang et al. 2018). Overall, our results confirmed wavelength
conversion by R6G dye when dissolved in ethanol and water
and hence these two solvents were used in further spectrum
conversion experiments.

External spectral light conversion in DLF-PBR

Microalgae are not capable of absorbing all wavelengths of
light, in fact, they can only absorb light within the range of the
active photosynthesis spectrum. Orange-red light range (600-
700 nm) has been reported to be the most effective light for
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F 0.4

F 0.2

590 640
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Fig.2 Absorption and emission spectra of R6G dye in ethanol
(solid line) and water (dotted line)
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microalgal growth (Seo et al. 2014). R6G dye rendering the
transmitted spectrum highly efficient for microalgae growth
was used in this study as an external spectral converter in a
DLF-PBR. This allowed the transfer of the green wavelength
(500-550 nm) of a fluorescent lamp (a full-spectrum light
source) towards longer wavelengths in the optimal photosyn-
thesis range (600-700 nm). Growth and product formation by
D. salina were examined using separate dye solutions at 25
and 50 ppm in water and ethanol in front layer of the DLF-
PBR. Batch time courses of the five culture variables (cell,
lipid, starch, chlorophyll and carotenoids concentrations) for
the five experiments carried out in the DLF-PBR including
the control case are shown in Fig. 3a-e.

Figure 3a illustrates the results of control mode of DLF-
PBR containing water in the front layer. Almost sharp and
balanced increases were observed in concentrations of
biomass, pigments and storage materials till day 4 of cul-
tivation. Thereafter, the rate of change of pigments slowed
down, while the rate of change of storage materials and bio-
mass remained almost constant.

Higher levels of variables, though at various extents,
observed in all examined cases with external light conver-
sion (Fig. 3b-e) compared to control case, confirmed the
positive effect of light conversion with R6G dye. It should
however be mentioned that the highest level of each culture
variable occurred at dissimilar solvent types and dye levels.

At 25 ppm dye in ethanol (Fig. 3b), increases were
observed in photosynthesis and cell division compared to
control case due to the intensification of orange-red light
available to the cell. The highest rate and level of biomass
formation as well as the lowest concentration of chlorophylls
among the examined cases corresponded to this case. Using
25 ppm R6G in water (Fig. 3c), ranked the second in terms
of biomass production, led to the highest chlorophylls level
due to the availability of more red light intensity, the suitable
wavelength of absorption of chlorophylls. Additionally, lipid
and starch production increased compared to 25ppm dye in
ethanol. Carotenoid production showed sharp increases till
day 6 and slowed down thereafter, with a fluctuating trend
at 25 ppm R6G in water (Fig. 3c).

Similarly, at 50 ppm R6G all variables showed increases
for both ethanol (Fig. 3d) and water (Fig. 3e), compared to
the control mode. But due to the increased level of dye and
hence reduced light passing through the culture, decreases
were observed in cell growth compared to lower dye level
(25 ppm) (Fig. 3b-c). Interestingly, the highest lipid and
starch production was obtained at the high level of R6G (50
ppm in water). This confirms the decrease in cell growth due
to light limitations resulting in cell metabolism directing
towards storing intracellular products for self-preservation
(Oldenhof et al. 2004). Chlorophyll production showed
almost similar trends to growth, showing initial sharp rates
followed by slower rates till the end. For both cases of 50
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ppm R6G, carotenoid production along with cell growth
experienced a steep increasing trend up to day 6 and there-
after fluctuations were observed.

In the following sections, cell growth as well as produc-
tion of pigments (carotenoids and chlorophylls) and storage
materials (starch and lipid) will be separately analyzed for
the examined cases and the results will be compared with
the control case.

Effect of external light spectrum conversion on cell growth

The type of solvent has been reported to affect the spectrum
of the emitted light (Jang et al. 2018). Therefore, we used
ethanol and water (a more polar solvent compared to etha-
nol) to investigate this effect. Ethanol compared to water
showed a greater effect on growth at both levels of R6G.
On the most fundamental level, it may be claimed that the
solvent's polarity has a significant impact on the dye's ability
to emit light. It has been previously reported that in a more
polar solvent, the emitted color will be redder (Jang et al.
2018). In our case, the slightly higher polarity of water led
to the redder emission, while emission of dye in ethanol
was closer to orange. In an study on the growth of Chlorella
vulgaris, where two synthetic dyes were used as light con-
verting layer, higher biomass productivity was also obtained
using the dye emitting in the range of orange spectrum com-
pared to the dye emitting light in the red range (Jang et al.
2018). This effect was also observed in growth of C. vulgaris
using the coated plates with orange dye (color emission in
the range of 585-620 nm) among green, red, and purple dyes
(Mohsenpour et al. 2012). Actually, absorption and conver-
sion of green light is greater for dye in ethanol due to the dye
absorption peak (520 nm) being closer to green and hence
more availability of light in the range of orange-red support-
ing microalgal growth compared to dye in water case with
absorption peak of 532 nm (Jang et al. 2018).

For both solvents, growth was adversely affected by the
higher level of dye, implying that the dye acted as a filter
attenuating other wavelengths required for growth. Similarly,
higher biomass productivity was reported for Chlorella sp. at
25 ppm of R6G compared to 50 ppm in a double-layer PBR
(Khoobkar and Amrei 2020). Lowered growth of Chlorella
sp. was also reported for R6G coated plate, placed between
the light source and the PBR as a light converter, due to fil-
tering the useful wavelengths for photosynthesis (Delavari
Amrei and Ranjbar 2018).

The highest (2.1 g L") and lowest (1.4 g L") levels of
biomass in this study corresponded to the case of 25 ppm
R6G in ethanol and control case, respectively, showing sig-
nificant difference on the last day (18™ (p-value < 0.05,
ANOVA followed by Tukey’s test). Fig. 3a (control) and
Fig. 3b (25 ppm ethanol) show no significant difference in
biomass at the beginning, while a significant difference can
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R6G in ethanol (b), 25 ppm R6G in water (¢), 50 ppm R6G in ethanol (d) and 50 ppm R6G in water (e). Error bars denote standard error for n=2

be observed from day 12 (p-value < 0.05, ANOVA followed
by Tukey’s test). In fact, useless short wavelengths of light
such as green were absorbed by the fluorescent dye and were
converted into longer wavelengths which could be absorbed
by cells leading to the optimal use of energy. Rhodamine 101
dye in ethanol in a double-layer PBR containing C. vulgaris
culture also resulted in the highest biomass level of 1.7 g
L-!, while achieving this value with no spectrum conversion
required 1.5 fold higher light intensity (Seo et al. 2015).
Overall, our results indicated that R6G functions as a
spectral converter by transferring the wavelength range
between 500-550 nm to the optimal photosynthesis range
of 600-700 nm, thereby enhancing the utilization of light
energy for microalgae growth. Essentially, R6G, as a

fluorescent dye, has the ability to absorb green wavelengths
and release red wavelengths, rendering the transmitted spec-
trum highly efficient for microalgae growth. Although color
alteration could be detected, the molecular processes caus-
ing color shifting due to the multitude of intra- and inter-
molecular interactions are quite complex (Jang et al. 2018).

Effect of external spectrum conversion on pigments
production
Pigments such as chlorophylls are used as a measure of

microalgae growth due to their importance in absorbing
energy for microalgae growth. Chlorophylls a and b are the
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most important chlorophylls promoting photosynthesis, with
the best absorption range of 680-700 nm spectrum. Carot-
enoids as accessory pigments can help microalgae to absorb
light at wavelength range of 400-500 nm (Koller et al. 2014;
Maltsev et al. 2021). Certain wavelengths of light (espe-
cially blue light) increase photosynthetic electron transfer
and oxidative damage, leading to the production of reac-
tive oxygen species (ROS). Therefore, cells start to produce
carotenoids to prevent photo-oxidative damage and physio-
logical stresses (Emeish 2012; Havaux 2014; Xu and Harvey
2019). To investigate the effect of light spectral conversion
on pigments production, cell pigments content as well as
pigments productivity for the five examined cases at the end
of cultivation (day 18) are compared in Fig. 4.

The highest chlorophyll content (15.5 mg g™!) and produc-
tivity (1.51 mg L' day™!) were observed at 25 ppm dye in
water, showing 30 and 68% increases compared to control,
respectively. At 25 ppm dye, significant differences were
observed on day 18 between chlorophylls content by using
water as solvent as compared to ethanol as well as control
(p-value < 0.05, ANOVA followed by Tukey’s test). Supe-
riority of water as solvent can be attributed to the redder
emission of dye dissolved in water compared to ethanol.
Although the two solutions containing 50 ppm dye illus-
trated only slightly lower chlorophylls content compared
to the maximum, productivities were nearly 17% lower for
these cases, due to the lower biomass level. In contrast to
the highest biomass at 25 ppm dye in ethanol solution, chlo-
rophylls content was the lowest in this case. This means

Fig. 4 Effect of solvent and 25

that the availability of specific wavelengths does not simul-
taneously increase biomass and pigment production. The
effect of red dye on pigment content of cells has also been
observed in cultivation of C. vulgaris where among the used
coated plates with various dyes as light converters, the red
coated plate has resulted in the increased pigments content
of cell, especially for chlorophyll @ and b by 1.29% and
0.38%, respectively (Mohsenpour et al. 2012).

As can be seen in Fig. 4, cell content of carotenoid in
all examined cases was lower compared to chlorophylls,
showing a ratio of carotenoids/chlorophylls of about 0.25-
0.38 with the lowest and highest belonging to 25 ppm dye
in water and control case, respectively. Despite variations
observed in carotenoids content from 3.5-4.67 mg g'! in this
study, carotenoids productivity showed insignificant changes
(0.34-0.39 mg L™! day™!) with the counterbalance of biomass
level. The use of R6G dye has no effect on carotenoid pro-
duction due to the emission of more photons in the orange-
red spectrum range, which was not in accordance with the
absorption range of carotenoids.

Effect of external spectrum conversion on storage materials
production

Lipids and starch are intracellular products produced as
storage materials to maintain cells in the absence of light
energy. Cell content of storage materials and their produc-
tivities are functions of culture conditions such as lack of
nutrients (nitrogen and phosphor), salinity, and the length

R6G dye level in external light

conversion experiments on cell == Carotenoids

— Chlorophylls

pigments content (Cont.) and
productivities (Prod.). Et. and
Wa. in horizontal axis refer to
ethanol and water, respectively.
Data shown are mean + SD,
n=2. Asterisk (*) over the con-
tent bars represent significant
differences in chlorophylls
content on day 18 (p-value
<0.05, ANOVA followed by
Tukey’s test)
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of light-dark period (Junying et al. 2013; Zhao and Su 2014;
Hsieh-Lo et al. 2019). Additionally, the intensity and spec-
trum of light affect their production. Starch and lipid content
as well as their productivities at the end of cultivation for
the examined spectrum conversion cases and the control are
illustrated and compared in Fig. 5, showing significant dif-
ferences in storage materials content on day 18 (p-value <
0.05, ANOVA followed by Tukey’s test).

The spectrum-converting layer containing 50 ppm R6G
in water led to the highest increases in cell contents of starch
(55%) and lipid (53%) as well as productivities of lipid
(66.4%) and starch (68.8%) as compared to control. At the low
level of dye (25 ppm), water and ethanol as solvents resulted
in 12 and 28% decreases in the cell content of total storage
materials compared to control, while their productivities
increased by 14 and 9%, respectively. At lower cell growth,
the highest cell contents of lipid and starch were observed due
to the lack of continuous cell division. Our results showed
higher cell content of starch than that of lipid for all examined
cases, a starch/lipid ratio in a range of 2.4-2.8. This difference
has been attributed to the lower energy requirement for carbo-
hydrate production, though lipid and starch productions follow
similar processes (Subramanian et al. 2013; Li et al. 2015).

Although in recent studies the use of blue light stress has
led to an increase in lipid and starch production (Seo et al.
2014; Teo et al. 2014; Mohebi Najafabadi and Naeimpoor
2023), in this study an increase in lipid and starch production
was observed using the spectrum conversion method. Red
Rhodaminel01 organic dye used as spectrum-converting lig-
uid layer in cultivation of C. vulgaris also resulted in a 23%

increase in lipid production while the highest increase (30%)
was obtained using the blue dye 9,10-diphenylanthracene
(Seo et al. 2015). This was attributed to the higher energy
level of blue photons, compared to other colors, providing
the easy access to the activation energy.

Internal spectral light conversion in C-PBR

Construction and application of flat panel and especially DLF-
PBRs for cultivation of microalgae and spectrum conversion is
laborious and costly compared to the conventional cylindrical
photobioreactors (C-PBR). Alternatively, microalgae
cultivation can be carried out in C-PBRs with internal
spectrum conversion by addition of the dye as converter
material into the culture medium provided that it shows no
adverse effect on cell viability. This method has advantages
such as no need for additional space to make layers, cost-
effectiveness and being environmentally friendly with easy
separation of the dye by salt formation as well as reduction of
light absorption or reflection by bioreactor walls and hence
lower light loss (Jang et al. 2018). However, adding dye to the
medium has disadvantages such as the need for dye separation
from the medium, the possibility of dye penetration onto the
cell, decomposition of cells, and long lag phase due to the
increased time of cells adaption (Prokop et al. 1984).

To investigate the effect of internal spectrum conversion
on culture variables, cultivations were carried outina 1 L
cylindrical photo-bioreactor with and without (control) addi-
tion of R6G dye into the culture medium. The time courses
of biomass and intracellular products for C-PBRs with no

Fig.5 Effects of R6G dye on
cell lipid and starch contents
(Cont.) and productivities
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dye (control), 25 ppm of R6G dye in non-adapted MJ, two-
stage cultivation and 25 ppm of R6G dye in non-adapted MJ
are illustrated in Fig. 6a, d.

Time courses of culture variables in the control mode
of C-PBR depicted in Fig. 6a illustrate increasing trends
in concentration of biomass, storage materials (starch and
lipid) and pigments (carotenoid and chlorophylls) till day
6 as a result of balanced growth. Thereafter, the level of
storage materials continuously increased till day 18, while
carotenoid level remained almost constant and chlorophylls
level displayed some fluctuations. The highest biomass (1.62
g L!) was achieved on the last day of cultivation.

Results for the case with spectral conversion in presence
of R6G given in Fig. 6b demonstrate a lag/very slow growth
phase lasting till day 6 due to the cells detecting the dye as a
disturbing factor in the culture medium. In fact, acclimated
their metabolism to the new medium containing R6G and
hence only minor changes were observed in culture variables
during this long lag phase. After acclimation, cells started to
grow with mild increases in biomass and storage materials as
well as sharp increases in pigments levels. These increasing
trends continued till the end of cultivation, though at
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Fig.6 Time courses of culture variables in C-PBR. Control mode
(no R6G) (a), 25 ppm R6G dissolved in MJ medium (b), two-stage
cultivation: 1% stage illuminated with mixed RB LEDs and 2" stage:
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various extents. Decreased formation rates of pigments were
observed after day 12, while almost linear increases were
observed in the levels of biomass and storage materials till
day 16 followed by sharp increases in biomass and lipid
levels. The highest concentration of biomass (3.49 g L)
obtained on day 18 was 215% higher than that in control.
Using internal conversion resulted in a high final
biomass level however a long-lag phase was observed in
cell growth due to cells pre-cultured in normal MJ medium
used to inoculate MJ medium supplemented with R6G.
Therefore, a two-stage cultivation method was used to
allow favorable cell growth using MJ medium (no dye)
and mixed red-blue illumination (1% stage) followed by
the fluorescent illumination after addition of dye on day 9
(2" stage) to exploit spectrum light conversion supporting
storage material production. The strategy used in the 1%
stage was according to on our previous findings on the
efficiency of the mixed R-B LEDs illumination in biomass
formation as compared to fluorescent, showing almost two
fold increase in final biomass level (Mohebi Najafabadi
and Naeimpoor 2023). Fig. 6¢ shows higher level of
variables on day 8 as compared to control, especially

b: 25 ppm R6G in MUM
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for starch which was almost doubled (Fig. 6a). Biomass
concentration on day 8 (1.3 g L") of this two-stage
experiment was 152% higher than that in control. Addition
of dye into culture medium in the 2" stage (day 9) led to a
dramatic decrease in biomass concentration due to the dye
functioning as a disturbing factor and hence growth was
ceased. However, net growth recommenced after 5 days
of cell adaptation to new medium component. During the
2™ stage, lipid and starch levels showed increasing trends
while pigments level remained almost constant during
the lag phase followed by slight increases by the onset of
growth after the lag phase.

To examine the effect of cell adaption to R6G on culture
performance, an internal light conversion experiment
was also performed in the C-PBR using adapted cells
as inoculum. As expected, in the results (Fig. 6d) show
elimination of lag phase due to cell adaption as well as
monotonic increases in biomass and products levels from
beginning till the end. There were 31 and 151% increases in
biomass and starch levels compared to control, respectively.
Despite the lower biomass level (30%) compared to non-
adapted cultivation, starch level interestingly showed 42%
enhancement by this method. Similarly, 47% higher lipid
level was recorded compared to control, while 16% decrease
was seen compared to non-adapted case.

Fig. 7 Effects of R6G dye on 24

Effect of internal spectral conversion on product formation

To compare the final results (day 18) of internal light conver-
sion experiments, cell contents and productivities of stor-
age materials, chlorophylls and carotenoid are presented
in Figs. 7 and 8. A significant difference (p-value < 0.05,
ANOVA followed by Tukey’s test) on day 18 was observed
for the content of pigments, lipids and starch in the two-stage
mode compared to other modes.

Figure 7 designates two-stage cultivation as the most
appropriate case for high chlorophylls (14.46 mg g”! DCW)
and carotenoid (5.07 mg ¢! DCW) contents of cell. This
could be the reason for the superiority of blue and red light in
the 1% stage of cultivation in the production of pigments (Zhao
et al. 2013). Although in non-adapted cells mode containing
25 ppm R6G the red light available to the cell increases, but
due to the long-lag phase and subsequent cell division, the
pigments content remains at the lowest level. Use of adapted
cells enhanced the content of chlorophylls (10.5 mg g”' DCW)
and carotenoids (3.12 mg g”' DCW) compared to non-adapted
cells. The highest chlorophyll productivity (1.24 mg L™!
day™!) also corresponded to this strategy. Despite the changes
observed in cell content of carotenoids in internal conversion
experiments, almost constant carotenoids productivities in a
range of 0.35-0.38 mg L™ day™! were obtained.
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Figure 8 compares the cell content of storage materi-
als as well as their productivities in internal conversion
experiments. As compared to control, cell contents of lipid
and starch with two-stage cultivation were 176 and 354%
higher, while non-adapted cells led to 67 and 81% decreases
in lipid and starch, respectively. Taking into account the
higher biomass level in the non-adapted case (Fig. 6b), one
can conclude that the nutrients were directed towards cell
replication rather than storage of higher amounts of lipid
and starch within the existing cells. This can be justified
by the environmental conditions being favorable for cell
growth and replication which counterbalanced the lower
cell contents of storage materials. Actually, R6G in the cul-
ture medium acted as an internal lighting method allowing
the emitted light reaching the interior of PBR boosting cell
growth. Additionally, shading as a result of increased cell
concentration was alleviated. Comparing results of adapted
and non-adapted cells show two-fold higher starch and lipid
contents of cell for adapted cells, showing balanced growth
and product formation with no long lag phase. Overall pro-
ductivities of storage materials for all internal light conver-
sion cases were higher than that of control case in C-PBR.
In particular, starch productivity was most affected by the
two-stage strategy, showing the highest increase of 293%
compared to control.

Internal spectrum conversion has been previously exam-
ined for some microalgae, the results being dependent on the
type of dye. Despite expecting improvements in exposure

@ Springer
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conditions, rhodamine dyes resulted in 40-64% reduction
in biomass level due to cell staining (solubility of rhoda-
mines dye in lipid) while growth enhancement by 100%
was observed using coumarin dyes (Prokop et al. 1984). In
another study where two synthetic dyes of 1" (A pission=99
nm) and 2" (A.ission=019 nm) were used as internal con-
verter in culture medium, light conversion enhanced biomass
productivity by more than 30% compared to control (Jang
et al. 2018). Therefore, effectiveness of internal conversion
in cell cultivation and product formation relies not only on
light conversion but also on toxicity of dye for the species.

Conclusion

The effect of conversion of green spectrum to the orange-red
range using R6G dye on growth and product formation by D.
salina was separately examined in double-layer flat panel (as
external converter in outer layer) and cylindrical (as internal
converter in culture medium) photo-bioreactors. Overall,
light conversion can be concluded to have significant
effect on cell growth and/or production of intracellular
materials. The level of dye and the type of solvent were
found effective in the performance of the DLF-PBR. Lower
level of dye in ethanol enhanced biomass formation due
to the greater conversion of the green spectrum into the
orange range, while higher dye level in water increased
the content of intracellular products due to the increased
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emission in the red range. Compared to control, internal
spectral light conversion at lower level of dye carried out
in a conventional C-PBR expressively enhanced biomass
level and productivities of intracellular products due to the
internal emission and hence lower loss of light through
the walls. Two-stage cultivation in the C-PBR resulted in
the highest productivity and cell content of intracellular
products. Considering the advantages of the C-PBR over
the DLF-PBR, including construction cost reduction and
the ease of design and application as well as the significant
impact of internal light conversion on productivities of both
biomass and products, internal conversion in the C-PBR
proves itself as an effective choice in microalgal growth and
product formation. This can have generic application in all
phototrophic microorganisms provided that appropriate dye
type and level are exploited.
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