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Abstract In this study, two different concentrations
of fluorescent dye Rhodamine 6G (R6G) with two
different strategies were used in a double layer flat
panel photobioreactor (PBR) for investigation of its
effect on growth parameters of microalgae Chlorella
sp. Results showed that in the first strategy, when the
light passed through the dye before reaching the broth,
biomass productivity rate (P) and maximum specific
growth rate (Un,.x) relative to control case, were
increased up to 60 and 23% respectively. Increasing in
these parameters were more, for the low dye concen-
tration. Also, in the second strategy, when the light
passed through the microalgae before reaching the dye
solution, P and p,,,,« for lower concentration increased
about 9 and 15%, respectively. But using high dye
concentration growth of the algae was decreased.
Furthermore, using R6G caused increase in the lipid
and chlorophyll content of the microalgae Chlorella

sp.
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Introduction

Microalgae are potential sources of high-value chem-
ical substances such as [-carotene, astaxanthin, and
phycobilin pigments and have been considered as
attractive sources, for production of biofuels and
chemicals, due to the high efficiency of photosynthesis
(PE). Photosynthesis is an important and vital phe-
nomenon for the life cycle of plants and photosyn-
thetic microorganisms. These creatures receive the
potential energy of the sun and consume carbon
dioxide as their energy sources and produce sub-
stances like carbohydrates. The produced carbohy-
drate is known as a factor in the life and growth of
these microorganisms (Borowitzka 2013; de Mooij
et al. 2016; Gharabaghi et al. 2015; Liu et al. 2016;
Matthijs et al. 1996).

Increasing the productivity of microalgae biomass
is necessary in order to achieve cost-effective produc-
tion. Many efforts have been made in this regard, and
extensive research has been carried out, including the
design and construction of photobioreactors (PBRg)
with optimal microalgae cultivation conditions (Ooms
et al. 2016), as well as the use of spectrum converters,
in the manufacture of PBRs (Delavari Amrei et al.
2014a, b ; Delavari Amrei and Ranjbar 2018; Delavari
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Amrei et al. 2015; Delavari Amrei et al. 2014a, b;
Mohsenpour and Willoughby 2016; Wondraczek et al.
2013).

The growth of phototrophic microorganisms is
highly dependent on various light parameters such as
the intensity and wavelength of the light and the dark
cycle of light (Khoobkar et al. 2019; Seo et al. 2014).
Sunlight has a wide range of wavelengths that most of
these wavelengths are unusable for microalgae, and so
these wavelengths are wasted. The wavelengths of
blue light (400-500 nm) and the wavelengths of red
light (600-700 nm) are generally used by microalgae
(Matthijs et al. 1996; Seo et al. 2014).

Spectral conversion of light causes more range of
solar radiation used for photosynthesis. Different
organic and inorganic colors are used to convert the
unusable light spectra, into the light with a higher
potential for photosynthesis.

Jang et al. (2018) cultivated Chlorella vulgaris and
performed two different spectral correction strategies,
where in the first strategy, the synthesized colors were
in a separate layer and the light reached the culture
medium containing microalgae after passing through
this layer. In the second strategy, the synthesized
colors were introduced into the microalgae culture
chamber. The colors were dissolved in the two
solvents of water and ethanol. In the first strategy,
the lipid and biomass production were increased 13
and 31.65%, respectively, and in the second strategy,
the lipid efficiency increased 17.5%, and the produc-
tivity of the produced biomass were increased 37.66%
as compared to the control sample. In another study by
Shin et al. (2018), the effect of using a light filter,
based on the addition of different colors and their use
as a layer of change in the spectrum were investigated.
Biomass productivity and fatty acid methyl ester of
Nannochloropsis gaditana increased by 44.6 and
22.6%, respectively, compared to the control sample.

Some researchers investigated the growth param-
eters of microalgae under modified light spectra by
coating on a wall of PBRs. Wondraczek et al. (2013)
used the spectral converter Sry4CagsoEugois in a
plane plate PBR filled with Haematococcus pluvialis
microalgae to modify the spectrum. The converter was
coated on a mirror and the mirror placed behind the
reactor. Increasing cell production in this PBR was
found to be 36% higher than flat-plate PBR without
spectral converter. Delavari Amrei et al. (2014b)
investigated the spectral shifting of UV-A to the
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photosynthetic active region (PAR) using polycarbon-
ate and polymethyl methacrylate (PMMA) sheets
coated with Uvitex OB (optical brightener) as a
spectral converter for increasing the growth rate of
microalgae Chlorella sp. The researchers reported
that, using the Uvitex OB increased biomass produc-
tivity rate up to 74% compared to control sample.
Also, removal of UV-A rays, led to an increase in
chlorophyll a cell content. A previous study by these
researchers showed that, the use of Uvitex OB
fluorescence (to convert UV-A light to blue light) on
the wall of a culture flask, increased the biomass
productivity rate of Synechococcus sp. up to 38%
(Delavari Amrei et al. 2014a). Also, Delavari Amrei
and Ranjbar (2018) reported that the fluorescent color
of Rhodamine 6G as a fluorescent coating, increased
the biomass productivity rate of the microalgae
Chlorella sp. up to 50%.

Given that the use of aqueous solution form of dyes
have a better quantum yield (Zou et al. 2008), thus in
this study, aqueous solution of commercial fluorescent
dye Rhodamine 6G (R6G) with a high photostability
was used, as spectral converter in a double-layer flat
panel PBR for conversion of green light to longer
wavelengths. The pigment solution was used at two
different concentrations and with two different strate-
gies. In the first strategy, light passes through R6G
solution chamber then hit and after encountering
microalgae cell culture and a mirror embedded behind
the reactor, returns to the medium. In the second
strategy, light passes through the microalgae, to the
dye-containing compartment and then reflects on the
mirror after encountering the mirror behind the
reactor. Also, in this work chlorophyll and lipid
content of different samples were measured.

Materials and methods
Microalgae and culture medium

The microorganism Chlorella sp. (PTCC 6010, Per-
sian type culture collection) was used as a probe for
assessment of wavelength shifting. This microalgae
was provided by Iranian Research Organization for
Science and Technology (IROST). The microorgan-
ism was pre-cultivated in Rudic’s culture medium
(Delavari Amrei and Ranjbar 2018). For this purpose,
1800 mL of inorganic medium was inoculated with
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2 mL of strain solution. The medium contained (in
mg L") 300 NaNO;, 20 KH,PO,, 80 K,HPO,, 20
NaCl, 47 CaCl,, 10 MgSO, -7H,0, 0.1 ZnSO,4-7H,0,
1.5 MnSO4-H,0, 0.08 CuSO4-5H,0, 0.3 H3;BO3;, 0.3
(NH4)-6Mo0,0,4-4H,0, 17  FeCl3-6H,O, 0.2
Co(NO3),-H,O, and 7.5 EDTA. The Erlenmeyers
were sealed and the mixture was aerated by a
circulation pump. All chemicals used in this research
were purchased from Merck Co. (Germany) with
purity between 98 and 99.5% and the culture medium
was autoclaved to be sterilized.

Fluorescent dye

Rhodamine 6G (R6G, 99% Sigma-Aldrich) used in
this study as spectral converter, is a fluorescent dye
with high photostability (Brackmann 1986; Prokop
et al. 1984). For this purpose, two different concen-
tration of 0.05 and 0.025 gr L™' of the dye was
prepared and poured in a layer of the reactor.

Experimental set-up

In this study, a double-layer flat panel PBR was made.
The thin layer (thin chamber, width 1 cm) was filled
with the dye solution and in other one (large chamber,
width 4 cm) microalgae was cultivated. Also, a mirror
was placed in the rear side of this PBR. Additionally, a
PBR with the same design was setup as a control case
filled up with distilled water in thin layer as dye
solution. The light photon intensity of a white LEDs
(NAMA LIGHT, Iran) at surface of each reactors were
490 pmol photons m~* s™'. Figure 1 shows different
cases of this experiment; case 1: high concentration

first strategy

LIV
LI

case 1 case 2

algae  dye solution

Fig. 1 Different cases based on dye positioning and concentration

L

dye in the first layer and broth in the second layer, case
2: low concentration dye in the first layer and broth in
second layer, case 3: broth in the first layer, high
concentration dye in the second layer, case 4: broth in
the first layer, low concentration dye in the second
layer.

Measurement of growth parameters

3 mL of the microalgae was analyzed at each time to
determine the optical density (OD) as a parameter of
the growth rate of the microalgae. Absorbance mea-
surement of the broth was at 560 nm in a double beam
UV-Vis spectrophotometer (Philler Scientific,
SU6100). Biomass dry weight was measured accord-
ing to previous study of Delavari Amrei et al.
(2014a, b). The relationship between the biomass
concentration (X, mg L™") or dry weight and OD at
560 nm is as follows (Delavari Amrei et al. 2014a, b):

X =490 x 0D560 (1)

The specific growth rate of the broth was calculated
using Eq. (2):

X
Ln X

NZT (2)

where |1 is the specific growth rate (day ') and X, and
X, are the biomass concentration at time t and at the
beginning, respectively. Also, the biomass productiv-
ity rate (P, mg L™' day™') was also estimated by
Eq. 3):

Xy — X
p="L"=0
Ir — 1o

(3)

second strategy

LIV

case 4

case 3

—>
mirror  light direction
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where X; is biomass concentration at the end of
experiment (tg).

In order to obtain the chlorophyll pigment concen-
tration, the cells were collected in 2 mL centrifuge
tubes. The pigments were extracted with 2 mL ethanol
(98%) overnight in an ice bath. Then the mixture was
centrifuged at 2500 g for 10 min to sediment the cell
debris. The Supernatant liquid was used for the
determination of the absorption curve of the pigments
using the UV-Vis spectrophotometer (Li et al. 2008).
Finally, the amount of chlorophyll @ and » content
(mg mL™") was calculated according to following
equations (Wellburn 1994):

chlorophylla(C,) = 11.75 x ODgg; — 2.350 X ODgys
(4)

chlorophyllb(Cp) = 18.61 x ODgss5 — 3.960 x ODggz
(5)

Furthermore, total lipid content was measured and

calculated using modified Bligh and Dyer (1959) by
using chloroform—methanol as solvent.

Absorption and emission spectra

Absorption spectra of the dye solution was determined
using the double beam UV-Vis spectrophotometer
(Philler Scientific, SU6100) with air as reference.
Emission spectra of the light source and dye solution
were determined by a spectrometer (Lasertech, Eng-
land). The light intensity was set at 490 pmol photon
m 2 s~ and was measured by a quantameter (QUA
SKP215 SKYE Instruments Ltd, UK).

Statistical analyses

All experiments in this study were carried out in
triplicate, in two different runs. One-way analysis of
variance (ANOVA) and Bonferroni analysis were
performed using (SPSS, V25) package for social
Science software. P values < 0.05 were considered as
significant difference.
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Results
Absorption and emission spectra

Absorption and emission spectra of the R6G solution
(B and C) and emission spectrum of LED lamp (A) are
presented in Fig. 2. As can be seen in this figure,
emission spectrum of R6G solution (C) has a peak at
615 nm in the region of orange light spectrum. The
R6G have shown two absorption peaks at 497 and
534 nm in green light spectrum. Also, light source
showed a sharp peak at about 440 nm in blue light
region and a broad peak at about 568 nm in green
light.

Algal growth parameters and lipid content

Time course of cell density is shown in Fig. 3 and the
growth parameters of this microalgae is presented in
Table 1. Also, the statistical analysis of biomass
concentration is presented in Table 2. The biomass
production rate in the case 2 was the highest one. In
fact, using R6G solution with lower concentration in
the first layer (front side) of the reactor after 14 days of
the cultivation increased P about 60% compared to
control sample. The biomass production profiles of all
the cases were almost similar to each other in the first
4 days of the cultivation, but after that, the biomass
production occurred for case 2 and case 1 showed a
meaningful increase in comparison with the other
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Fig. 2 Emission spectrum of LED lamp (A) and absorption and
emission spectra of the fluorescent dye solution (B and C)
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Fig. 3 Time course of cell growth for different cases

Table 1 Algal growth parameters for different cases

Sample no Hmax (dayfl) P (mg L! day’l)
Case 1 0.80 £ 0.04 138.7 £ 7.5
Case 2 0.81 £ 0.04 19577 £ 52
Case 3 0.59 £ 0.05 849 £+ 2.7
Case 4 0.76 £+ 0.03 133.4 £ 4.1
Control 0.66 £ 0.05 122.6 £ 5.2

cases. The highest and lowest value of [, and P was
occurred for case 2 and case 3, respectively. In fact, the
algal growth in case 3 was even lower than control
one.

Total chlorophyll content C = C, + C}, of different
cases are shown in Fig. 4. Also, the statistical analysis
of C is presented in Table 3. As shown in Fig. 4, total
chlorophyll content for control case was the lowest
one. In fact, spectral modification using R6G has
increased C content of Chlorella sp. Also, the highest
value of C was occurred for case 3. A closer look at
data shows that using R6G solution in second layer of
reactor (second strategy) causes more increase in C.
Furthermore, a higher concentration of the solution
has more effect. A higher dye concentration has more
effect on C production.

Total lipid content of different cases are presented
in Fig. 5. The results showed that the highest lipid
accumulation was in case 3, in the 1st week of
cultivation. Anyway, in the 2nd week of cultivation,

the lipid accumulation noticeably decreased for case 3.
At the end of cultivation, the lipid accumulation in
case 1, was the highest, relative to the other cases.
Therefore, it seems that using R6G caused increase in
lipid content of Chlorella sp.

Discussion

Microalgae aren’t capable of absorbing all of the light
wavelengths. In fact, they are only accepting photo-
synthetically active radiation (PAR). The orange-red
light region (600-700 nm), is the most effective light
energies, for the growth of microalgae (Seo et al.
2014). Rhodamine 6G solution, as spectral converter,
is capable to shift the light wavelengths from 400 to
500 nm to the most effective region for photosynthesis
(600-700 nm) and make them as most useful energy
for the growth of microalgae.

In fact, fluorescent dye R6G is capable of absorbing
the green and emitting the red light wavelengths. The
emitting peak of this dye solution, was in the red
region (Fig. 2, spectrum C). The converted spectrum
by R6G is more suitable for the microalgae growth.
That is why, the three cases used in these study, caused
the increase of biomass productivity and specific
growth rate. In the second strategy light hits the
pigment solution after passing through the broth
therefore its intensity is reduced and, when hit the
solution fewer fluorescent molecules are excited. In
fact, this phenomenon causes decrease in algal growth
for the second strategy.

Delavari Amrei and Ranjbar (2018) used R6G to
coat rear and front side of a panel PBR. Coating front
side of the reactor caused decrease in the growth of
microalgae Chlorella sp. In fact, this coating showed
that filtering of a suitable wavelengths for photosyn-
thesis. Also, coating the rear side of the reactor had
increased P up to 50%. But in the present study using
R6G as a solution in front side (first layer) and rear side
(second layer) has increased P in the reactor up to 60%
and 9%, respectively. The fluorescent dyes used in the
solution form relative to the other type like layer
coating technique on the reactor surfaces has got
higher quantum efficiency (Zou et al. 2008).

Seo et al. (2014) studied the performance of the
fluorescent red, yellow, green and blue dyes solutions
in a double layer PBR. The effect of the converted
light by these dye solutions on C. vulgaris showed
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Table 2 Tests of between- Source Type III sum of squares df Mean square F Sig.
subjects effects; dependent
variable: biomass Day
concentration Case 1 16279972.008 11 1479997.455 55069.086  0.000
Case 2 30207312.220 11 2746119.293 273684.822 0.000
Case 3 4939520.560 11 449047.324 18395202.151 0.000
Case 4 11649883.296 11 1059080.300 19630774.785 0.000
Case 5 10775345.329 11 979576.848 7577302.650 0.000
Error
Case 1 645.007 24 26.875
Case 2 240.813 24 10.034
Case 3 0.586 24 0.024
Case 4 1.295 24 0.054
Case 5 3.103 24 0.129
Total
Case 1 72099695.495 36
Case 2 116742012.745 36
Case 3 21648294.664 36
Case 4 52612956.649 36
Case 5 41782167.134 36
1 not use the dye solutions in the second layer or rear
. :::i side of reactors.
08 % -0 -case3 Statistical analyses of the present study showed
I % N e--cased that, a significant difference in chlorophyll content in
& ¥ % 4 control all cases. Results showed that the maximum chloro-
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Fig. 4 Time course of chlorophyll content for different cases

that, maximum biomass production for the red and
blue light were 1.7 and 1.45 g/L, respectively and for
both, the green and yellow dyes were 1 g/L. The peak
of emission of the red dye was closer to R6G. In
another work Jang et al. (2018) synthesized the
fluorescent dyes and used that as light convertor
solution. They reported that the growth rate of the
C. vulgaris had improved. Although they synthesized
a new dye but the dye is yet available commercially.
Generally, in the two previous studies researchers did
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phyll content, in case 1 was the highest. It seems that,
the use of concentrated dye in the 1st week, having low
amount of biomass, has got positive effect, on cellular
chlorophyll content, but gradually as the biomass
increases, the light reaching the microalgae cells
decreases. Thus the chlorophyll content, in the 2nd
week decreased. In any way, the chlorophyll content
of the control sample, was lowest relative to all other
cases.

Cheirsilp and Torpee (2012) reported that, chloro-
phyll content in photoautotrophic condition, relative to
heterotrophic and mixotrophic was increased. Also,
they reported that, in heterotrophic condition, in which
glucose was used as a carbon source needed in culture
medium, the color of cells during the cultivation time
changed, from green to yellow, which is the indication
of decrease in chlorophyll content. Therefore, it can be
concluded that chlorophyll content, is highly
depended on light and the exact amount of light
causes, increase in chlorophyll content. Microalgae
are only absorbing PAR, which is due to the presence
of inter cellular chlorophyll, like chlorophyll a and b,
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Table 3 Tests of between- Source Type III sum of squares df Mean square F Sig.
subjects effects; dependent
variable: total chlorophyll Day
content Case 1 3.963 11 0.360 43168.574 0.000
Case 2 3.281 11 0.298 35761.581 0.000
Case 3 2.732 11 0.248 14585.197 0.000
Case 4 3.364 11 0.306 21708.037 0.000
Case 5 5.895 11 0.536 62625.720 0.000
Error
Case 1 0.000 24 8.345E—06
Case 2 0.000 24 8.340E—06
Case 3 0.000 24 1.703E—-05
Case 4 0.000 24 1.409E—05
Case 5 0.000 24 8.557E—06
Total
Case 1 19.060 36
Case 2 15.988 36
Case 3 25.685 36
Case 4 19.152 36
Case 5 17.200 36
25% S— the lowest lipid amount was, in red and orange
e case 2 converter dyes. Shu et al. (2012) reported the effect of
20% L % o case3 light quantity, on the lipid accumulation in Chlorella
g -+~ case 4 sp. that, the blue light had got better effects relative to
/ —a— control the red light, on lipid accumulation. Teo et al. (2014)

15%

10%

5%

Total lipid content (% g-lipid/g-biomass)

0%

Time (day)

Fig. 5 Time course of lipid content for different cases

which absorbs light in the region of orange-red, but it
is not able to absorb green light well, therefore,
increase of inter cellular chlorophyll pigments are due
to increase in red light.

In case of lipid content recent studies showed that,
the blue light has got more ability, for the lipid
accumulation, than the red light. Among this studies, it
can be referred to Mohsenpour and Willoughby (2016)
studies. They reported that, in blue converter dye with
15% CO, aeration, the amount of lipid was 36%, and

reported that, microalgae cultivation under the blue
light irradiation, had highest lipid content. Also,
Yoshioka et al. (2012) found that, Isochrysis galbana
under the blue LED light, produced highest lipid
content and in other research done by Cheirsilp and
Torpee (2012) under the mixotrophic culture with
glucose as a carbon source, resulted in higher lipid
content, relative to photoautotrophic and heterotrophic
conditions. Seo et al. (2014) reported, the maximum
lipid content was 30% of the biomass in blue light
PBR.

In conclusion, using the fluorescent dye R6G as a
spectral converter caused an increase in the growth
rate and lipid content of microalgae Chlorella sp. The
results have been shown clearly that the decrease in
dye concentration caused a pronounced increase in the
biomass production of Chlorella sp. Also, the first
strategy, in which the light passes through dye solution
before irradiating the broth, has got a better effects in
the growth and biomass production rather than in the
second strategy. Furthermore, using R6G in both
strategies increases lipid content of the microalgae.
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