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iochemical growth of
Haematococcus pluvialis by mitigation of broad-
spectrum light stress in wastewater cultures†

Megha Mourya,‡a Mohd. J. Khan,‡a Vandana Sirotiya,‡ab Ankesh Ahirwar,ab

Benoit Schoefs, b Justine Marchand,b Sunita Varjanicd and Vandana Vinayak *a

In this study, the microalgae Haematococcus pluvialis were cultivated in wastewater inoculated into low-

density polypropylene plastic air pillows (LDPE-PAPs) under a light stress. The cells were irradiated to

different light stresses using white LED lights (WLs) as the control, and broad-spectrum lights (BLs) as

a test for the period of 32 days. It was observed that the inoculum (70 × 102 mL−1 cells) of H. pluvialis

algal cells increased almost 30 and 40 times in WL and BL, respectively, at day 32 coherent to its

biomass productivity. Higher lipid concentration of up to 36.85 mg mL−1 was observed in BL irradiated

cells compared to 13.215 mg L−1 dry weight of biomass in WL. The chlorophyll ‘a’ content was 2.6 times

greater in BL (3.46 mg mL−1) compared to that in WL (1.32 mg mL−1) with total carotenoids being about

1.5 times greater in BL compared to WL on day 32. The yield of red pigment 'Astaxanthin' was about 27%

greater in BL than in WL. The presence, of different carotenoids including astaxanthin was also

confirmed by HPLC, whereas fatty acid methyl esters (FAMEs) were confirmed by GC-MS. This study

further confirmed that wastewater alongwith with light stress is suitable for the biochemical growth of H.

pluvialis with good biomass yield as well as carotenoid accumulation. Additionally there was 46%

reduction in chemical oxygen demand (COD) in a far more efficient manner when cultured in recycled

LDPE-PAP. Such type of cultivation of H. pluvialis made the overall process economical and suitable for

upscaling to produce value-added products such as lipids, pigments, biomass, and biofuel for

commercial applications.
1. Introduction

Microalgae such as H. pluvialis are a fount of an extensive
collection of natural products including carotenoids, astax-
anthin, lipids, carbohydrates, and proteins.1–4 Their biomass is
capable to build up a notable quantity of these compounds and
can be used in nutraceutical, pharmaceutical, and cosmetics
industries besides being a reservoir of biofuel.4–6 They produce
astaxanthin, which is known as the ‘king of ketocarotenoids’
and has stormed the commercial market with its price shooting
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to 2.57 billion US$ in 2025 which can reach up to 3.4 billion US$
by 2027.1,7–9 However, the factors that play a role in controlling
the growth of H. pluvialis, metabolism, and biochemical
composition for producing value-added products are tempera-
ture, pH, light intensity, and nutrient availability.10 Among
these environmental factors, light has been acknowledged as an
essential factor for microalgal growth as it is one of the key
aspects that regulate the quantity of accessible energy for
photosynthesis and its impact on growth.10,11 Microalgae have
emitted adaptable techniques in reaction to a strong light
environment.12 There are many statements on the combined
effects of high light intensity on biomass production and
biomass composition; thus, it is essential to evaluate the
interactive outcome of light on the growth and biochemical
composition of microalgae.13 This study was focused on ana-
lysing the growth and metabolic level under different light
intensities in H. pluvialis, which is one of the richest sources of
pigments and lipids.14,15 Two different articial light stresses
were used to compare the growth of H. pluvialis cells in
synthetic wastewater (SWW) exposed toWL (white light) and the
BL (broad spectrum light) combination of blue and red LED
lights.16 Additionally, the novelty of this study is that it has also
focused on plastic waste management as well as wastewater
RSC Adv., 2023, 13, 17611–17620 | 17611
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View Article Online
management.17 Wastewater has been used as a growth medium
for the algal cells as they are rich in nitrates and phosphates and
recycling them has overall reduced the pollution.18 In earlier
studies, the treatment of wastewater by microalgae using other
techniques such as microbial fuel cells has been demonstrated
and have been very effective in removing pollutants.19–21 On the
offset, recycling discarded plastic waste has given rise to bubble
farming wherein microalgal farming is performed in plastic
bubble wraps.22 Low-density polypropylene plastic bubble wraps
(LDPE-PAP), which are discarded plastic waste lled with air are
used as packing material in the transportation of goods. The
use of LDPE-PAP for the purpose of cultivating microalgae (H.
pluvialis) offers a more sustainable approach for growing
microalgae at a large scale in comparison to open and closed
photobioreactors, which are not cost-effective processes and
techniques. In earlier reports, it has been shown that the
microalgae (diatoms) when cultivated in conical asks sealed
with LDPE-PAP, were well adapted for gaseous exchange
without any loss of water from its media thus simulating
a closed economical photobioreactor.23 Thus, this time,
inspired by previous results, microalgae (H. pluvialis) cells were
cultivated in bigger plastic air pillows with SWW instead of
standard nutrient media under BL and WL and their
biochemical parameters were analyzed and compared. Thus,
the overall aim of the present study was to recycle discarded
plastic waste by using it in algal cultivation with bubble wrap.
This method not only reduces plastic disposal and contamina-
tion risks but it also helps to minimize cultivation costs. Addi-
tionally, the bubble wrap prevents evaporation and can be
reused for further cultivation cycles and can be resealed if it
becomes damaged. This means that the reduction in the loss of
water and nutrients during the cultivation process makes LDPE-
PAP a sustainable and cost-effective solution for recycling
plastic and wastewater waste while promoting eco-friendly
cultivation practices. While the primary objective of our
research is to examine this innovative approach, we also
included an evaluation of different light sources, including
broad-spectrum light, to provide additional insights into opti-
mizing the cultivation of H. pluvialis for value added
compounds.

2. Materials and methods
2.1. Microalgae strain and culture medium

H. pluvialis cultures were obtained from laboratory-maintained
cultures grown in BG-11 media and later optimised for growth
in SWW. The SWW was used to promote the growth of micro-
algal cells as per standard laboratory protocol reported else-
where24 with few modications rich in, C12H22O11, NaHCO3,
NH4Cl, K2HPO4, KH2PO4, MgSO4$7H2O, FeSO4$7H2O, CaCl2-
$2H2O, CH3COONa, and trace metal solution at concentrations
of 2.70 g L−1, 4.50 g L−1, 0.95 g L−1, 0.08 g L−1, 0.03 g L−1, 0.19 g
L−1, 0.06 g L−1, 0.75 g L−1, 3.84 g L−1 and 1.5 mL−1, respectively,
in 1 L of distilled water.25 The stock of trace metal solutions
however, contained mainly FeSO4$7H2O = 1

4 10 mg L−1, NiSO4

6H2O = 1
4 0.50 mg L−1, MnCl2$4H2O = 0.50 mg L−1, ZnSO4-

$7H2O = 0.10 mg L−1, H3BO3 = 0.10 mg L−1, CoCl2$26H2O =
17612 | RSC Adv., 2023, 13, 17611–17620
50 mg L−1, CuSO4$5H2O 1
4 = 5 mg L−1, and (NH4)6Mo7O24$4H2O

= 50 mg L−1.26

The total COD of SWW initially was 41.71 mg L−1. The
cultures were maintained at a temperature of 25 ± 1 °C under
different light conditions viz.; WL of light intensity 5 klx as the
control and BL popularly known as LED grow lights of light
intensity 5 klx (combination of blue and red) as a test. Each light
source had the power of 20 W irradiated for xed light : dark
regime time period of 16 : 8 h for 32 days. LDPE-PAPs of capacity
300 mL, were used as a mini photobioreactor instead of regular
conical asks or bottles with plugs. Each LDPE-PAP was lled
with 180 mL of SWW using a U-100 injection syringe. Approxi-
mately, 70 × 102 mL−1 cells of H. pluvialis in their green stage
were inoculated in the LDPE-PAP and sealed as discussed
elsewhere.23 The control and test samples were tested for their
growth and biochemical composition pattern on day 0 (day of
inoculation), day 2, 4, 8, 16, and 32 in triplicates and analysed
biochemically at every stage of the experiment. The control and
test microalgal samples in LDPE-PAP were further compared for
their growth pattern via optical density at 750 nm with a stan-
dard conical ask inoculated with same parameters kept under
the same conditions but sealed with a cotton plug for 32 days to
establish variation if any in the growth pattern of microalgal
cells in a conical ask and those grown in LDPE-PAP. However,
parameters such as the rate of the loss of water content in the
conical ask and LDPE-PAP have been previously reported.27

2.2 Cell count and biomass

Light plays a important role in controlling not only the cell
density of microalgal cells but light sources like blue light
favours pigment formation.28 The cell density of H. pluvialis
cells was estimated by counting the cells in a Neubauer count-
ing chamber29 under a compound light microscope (Olympus
CH20i, Japan) on days 0, 2, 4, 8, 16, and 32 for both WL and BL.
Biomass productivity was for control and test cells was calcu-
lated in a 15 mL pre-weighed centrifuge tube which was
centrifuged at 4000 rpm for 5 to 10 min for pellet formation and
dried subsequently at 40 °C and again weighed. To determine
the weight of microalgal biomass the following formula was
used as shown in eqn (1).

Total weight of biomass = weight of tube with sample

− weight of empty tube (1)

2.3 Chlorophyll estimation

2.3.1 Total chlorophyll quantitation by UV-VIS spectro-
photometer. The chlorophyll in different samples of H. pluvialis
exposed to WL and BL were centrifuged at 4000 rpm for 5–10 min
and extracted with 2 mL of ethanol. The microalgae cells were
thereupon lysed via sonication and vortexed, to extract the chlo-
rophyll content. Further, the chlorophyll in H. pluvialis samples
was quantied at different wavelengths to estimate different
chlorophyll contents (chlorophyll a, b, a + b, total carotenoids (x +
c)).30 The carotenoids were also detected and further conrmed by
HPLC. The amount of chlorophyll reects the health of the cells,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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their capacity for photosynthetic activity, as well as their density in
H. pluvialis cells.

Different formulas were used for the calculation of different
chlorophylls and carotenoids as shown in eqn (2)–(5).

Chlorophyll ‘a’ (Ca) = (13.36 × A664.2 − 5.19 × A648.6) (2)

Chlorophyll ‘b’ (Cb) = (27.43 × A648.6 − 8.12 × A664.2) (3)

Chlorophyll ‘a + b’ (Ca + Cb)= [5.24× A664.2 + 22.24×A648.6](4)

Carotenoids C (x + c)= (1000×A470− 2.13Ca− 97.64Cb)/209(5)

2.3.2 Astaxanthin extraction and analysis. H. pluvialis cells
in the samples (5 mL) for day 0 and day 32 were centrifuged at
4000 rpm for 5 minutes followed by the addition of methanol
2.5 mL (30%) and KOH 2.5 mL (5%) in (1 : 1) ratio. The samples
were incubated for 5 min at 70 °C and again, centrifuged at
4000 rpm for 5 min. Thereaer, the supernatant was discarded
to remove chlorophyll and the pellet was washed 3 times with
Milli Q water followed by the addition of 5 mL DMSO till the
pellet become colourless.31 The amount of astaxanthin was
calculated as per the slope equation obtained via standard plot
of pure astaxanthin purchased from Sigma (SML0982, Aldrich,
USA) at 490 nm spectrophotometrically.

2.3.3 Quantitation of astaxanthin and other carotenoids by
LCMS. The extracted astaxanthin pigment was dried using
nitrogen gas and dissolved in 2 mL of acetone to quantify
astaxanthin as well as other carotenoids. Separation and iden-
tication of carotenoids and astaxanthin were carried out on an
LCMS/MS system (LC-Finnigan Surveyor MS-LCQ Fleet) equip-
ped with a photodiode array (PDA) detector using the astax-
anthin standard.
2.4 Lipid extraction and estimation

2.4.1 Lipid extraction. The cells from cultures exposed to
WL and BL were taken in triplicates on different days of culture,
centrifuged and their supernatant discarded, relled again with
1 mL Milli Q water, and mixed strenuously. The samples were
thereupon ultrasonicated to homogenize the cells. Methanol,
chloroform, and Milli-Q water were added in the ratio of 2 : 1 :
0.8 v/v/v as per the protocol suggested by Bligh and Dyer.32

Samples were vigorously stirred in a vortex for 10 minutes then
centrifuged at 4000 rpm for 5min and kept at 37 °C temperature
for about 1–2 hours. Two separate layers appeared comprising
the lower organic layer having oil and the upper aqueous layer
containing the cell debris. The oil-rich lower organic layer was
pipetted out into a pre-weighed microcentrifuge tube. The
percentage of lipids was determined using the following
formula as shown in eqn (6).

Total lipid percentage ¼
�
weight of lipid produced

total weight of biomass

�
� 100

(6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4.2 Lipid estimation (SPV). The sulpho-phospho-vanillin
(SPV) technique was used to determine the lipid in samples of
H. pluvialis exposed to different light stress.18 Standard linseed
oil from (Supelco, PA, USA; 1000 mg) was diluted to different
concentrations for plotting a standard graph.33 To estimate
lipids from the transesteried sample, 100 mL of concentrated
H2SO4 was added to the vials from which the weight of lipid was
obtained, and incubated at 90 °C for 10 min, cooled on an
icepack for 5 min and aer that 2.4 mL phospho-vanillin (PV)
reagent was added. The samples were incubated again at room
temperature for about 30 min in the dark wherein they were
transformed to a pink color solution. Each sample solution
prepared for lipid estimation was quantied via UV-VIS spec-
trophotometer at a xed wavelength of 530 nm.34 The lipid
proling was performed by GC-MS (Model: JEOL, Kyoto, Japan;
Soware: Agilent, California, USA) using the capillary column
and hexane as solvent (30 m, 0.32 mm id, and 0.25 mm lm
thicknesses). The temperature of the injector and ionization
detector was optimized between 180 °C to 270 °C at a rate of 4 °
C min−1 for the control and for standards such as linseed oil
and methyltridecanoate (Sigma).35

3. Results and discussion
3.1. Cell count and biomass productivity

H. pluvialis cells grown in LDPE-PAP under WL and BL irradi-
ation for a period of 32 days showed that on the day of inocu-
lation, cell count was 7 × 102 mL−1 for both WL and BL, which
increased up to 223 × 103 cells per mL and 510 × 103 cells per
mL, respectively, on day 32 (Fig. 1A). Likewise, on the inocula-
tion day, the dry cell weight of biomass was 1 mg L−1 for WL and
BL. Biomass productivity increased up to 23 mg L−1 and 26 mg
L−1 for WL and BL, respectively, on day 32. Although the
experiment was conducted for 32 days, cell division reached its
maximum around 8 days, as shown in Fig. 1, and remained
approximately similar throughout the 32 days period. It was
evident that the cell size may have increased despite the limited
cell division. This increase could be due to the depletion of
a nitrogen source inside the cells. Additionally, the accumula-
tion of biomass could also be linked to the thickening of cell
walls and increased diameter of H. pluvialis during the culture
period.36 This indicated that the cell growth in the SWW inoc-
ulated in recycled LDPE-PAP followed the standard growth
patterns and showed healthy quasi-exponential growth patterns
of cells on different days since inoculation. A similar growth
pattern was observed for the same number of microalgal cells in
a conical ask sealed with a cotton plug in a ask under white
light, which showed that the growth of microalgal cells was
similar to that for the cells grown in SWW in LDPE-PAP. This
showed that the LDPE-PAP allowed sufficient gas exchange and
WL favoured growth in a similar manner as in a conical ask
sealed with a cotton plug (Fig. S1†). However, LDPE-PAP is still
preferred as it is economical, recyclable, prevents water loss and
contamination, and is a cheap way of upscaling large scale
cultivation.

On the other hand, SWW used as inoculum media for
cultivating H. pluvialis showed that the total COD of SWW
RSC Adv., 2023, 13, 17611–17620 | 17613
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Fig. 1 (A) Cell count, (B) absorbance, and (C) biomass inHaematococcus pluvialis after different days of growth on being irradiated to white light
and broad spectrum light.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 1
0:

43
:0

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
initially was found to be 41.71 mg L−1, which decreased to
22.49 mg L−1 on day 32, showing that there was 46% COD
removal efficiency, mainly for nitrates and ammonium salts
since microalgae took their nitrogen requirements mainly from
the ammonium salts from SWW in the present case.37 The
exponential growth of H. pluvialis cells in SWW in LDPE under
WL and BL stress could be a step up to cultivate H. pluvialis cells
in real-time wastewater at large scales. However, using real
wastewater as nutrient media for microalgae, it is necessary to
pre-treat the wastewater to get rid of harmful microbes and
Fig. 2 (A) Chlorophyll a; (B) chlorophyll b; (C) chlorophyll a + b and (D
growth on being irradiated to white light and broad spectrum light.

17614 | RSC Adv., 2023, 13, 17611–17620
bacteria so that the lipids, astaxanthin, and other rich pigments
can be utilised commercially at an economical scale.38 Studies
have shown the growth of H. pluvialis cells in cassava water,39

diluted piggery wastewater,40 and potato wastewater pre-treated
with acidication or methanation showing about 51.3–75.8%
COD removal efficiency and cells reaching an exponential phase
in 7 days.41 In this study however, since the experiment was
performed on a laboratory scale, cultivation of microalgae using
LDPE-PAP should be tested at the industrial level, which is
advantageous due to the easy availability of air pillows which are
) carotenoids in Haematococcus pluvialis cells under different days of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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generally discarded plastic waste material. Henceforth these
palstic air pillows/LDPE-PAP can be used again and again for
the cultivation of microalga in presence of articial or natural
lights. The results further demonstrated that enough gas
exchange occurs through the LDPE bubble wrap, which sup-
ported the microalgal growth without any loss of water and any
nutrient uptake. Since, in WL and BL, the cell density increased
up to 223 × 103 cells per mL and 510 × 103 cells per mL,
respectively on day 32 thus showing that LDPE may not only be
a good alternative for cultivation of microalgae but also a cost-
effective means of bridging the operational cost gap between
costly photobioreactors, which thus raise the price of by-
products such as biofuels, pigments and other value added
compounds.
3.2 Chlorophyll content and total carotenoids

3.2.1 Estimation using UV-VIS spectrophotometer. The
estimated pigment content in H. pluvialis cells showed signi-
cant results for both WL as well as BL. In H. pluvialis cells
grown in WL and BL on day 32 showed that chlorophyll ‘a’
increase was 1.32 mg L−1 and 3.46 mg L−1; chlorophyll ‘b,’
0.67 and 0.32 mg L−1; chlorophyll ‘a + b’ 2.00 and 3.78 mg L−1 and
total carotenoids contents 0.58 mg L−1 and 0.83 mg L−1,
respectively on WL and BL irradiations (Fig. 2A–D). All the
chlorophyll contents ofH. pluvialis cells were more in BL, except
for chlorophyll ‘b’, which showed signicantly less amount in
BL compared to WL per 510 × 103 cells per mL on day 32 as
well as in other previous time periods of sample collection
(Fig. 2A–D). This is obvious since chlorophyll ‘b’ is an accessory
pigment passing energy to chlorophyll ‘a’ wherein chlorophyll
‘a’ is responsible for photosynthesis.42

The astaxanthin content started showing a slight increase on
4th day of both WL and BL treatments. This could have been
Fig. 3 (A) Astaxanthin content in Haematococcus pluvialis exposed to w
green cell and red cell stage and (C) low density plastic air pillows show

© 2023 The Author(s). Published by the Royal Society of Chemistry
probably due to the sodium acetate in the SWW with samples
irradiated to BL stress showing 26%more astaxanthin (0.417 mg
mL−1) compared to WL (0.564 mg mL−1) on day 32 for 510 × 103

cells per mL (Fig. 3A). During the astaxanthin synthesis stage of
the H. pluvialis, the cells start turning red and increased in size,
as shown in Fig. 3B inside the LDPE-PAP due to the depletion of
nitrates with time (Fig. 3C). It has been seen in studies that H.
pluvialis cells cultured in SWW irradiated to BL showed higher
astaxanthin production compared to the control sample in
WL.41 The potential of utilizing synthetic dairy wastewater
(DWW) to cultivate H. pluvialis for producing high-value prod-
ucts, particularly astaxanthin, was found to be 2.1 ± 0.1% of
0.55 ± 0.01 g L−1 biomass.43

3.2.2 Estimation using LC-MS analysis. The total scan
chromatogram of H. pluvialis extract was examined using LC-
MS/MS. The observed peaks represent the various metabolites
in the standard sample using astaxanthin standard, which
showed major peaks at Rt (retention factor) 9.65 represented by
597.17 m/z, 579.29 m/z, 561.33 m/z values known as the mono-
esters of astaxanthin, also summarised in earlier reported work
on H. Pluvialis where monoesters were found at m/z values of
597.4, 579.4, 561.4 (ref. 44) (Fig. S2†).

The control H. pluvialis samples in WL on day 32 showed
a total of 2 major peaks at Rt 7.91 and 6.70 (Fig. 4A and B). Of
this, the peak at Rt 7.91 showed pigment compounds with mass
spectra of 1119.67 m/z, 530.25 m/z, and 231.25 m/z identied as
astaxanthin diester, chlorophyll, and halocynthiaxanthin in
accordance with those identied at 1119.00 m/z, 532 m/z, and
233 m/z for astaxanthin diester, chlorophyll, and halocynthiax-
anthin respectively.44,45 Another peak at Rt 6.70 corresponded to
mass spectra with m/z vales of 233.17, 251.08 and 593.50 rep-
resenting compounds such as halocynthiaxanthin, (3S,4R,3′R)-
4-hydroxyalloxanthin and astacin-C1, respectively, whereas
hite light and broad spectrum light; (B) optical image of H. pluvialis at
ing cultured H. pluvialis cells.
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Fig. 4 LCMS of pigments extracted fromHaematococcus pluvialis on day 32 in different lights (white light (A and B) and broad spectrum light (C–
F)).
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104.83m/z represented halocynthiaxanthin and diatoxanthin as
reported earlier.44,45

The test samples of BL stress on day 32 were studied for
a total of 4 major peaks (Fig. 4C–F). One such peak was studied
at Rt 3.56 which had an m/z value of 120.67 depicting the dia-
toxanthin, canthaxanthin, and m/z of 144.00 halocynthiax-
anthin, which was in accordance with earlier reported studies
conducted on Isochrysis galbana, which gives similar
compounds at 199 m/z and 147 m/z.45 Also, 495.33 m/z was
indicative of violaxanthin, neoxanthin, and 473.33 m/z for
antheraxanthin, as reported in similar studies wherein 491.4m/
z was specic for violaxanthin, neoxanthin, and 475.4 m/z for
antheraxanthin.46 On the offset, another peak of BL sample at Rt
17616 | RSC Adv., 2023, 13, 17611–17620
7.95 ranging from Rt 7.91–8.50 represented mass spectra with
compounds of 1120.58 m/z and 957.50 m/z values identied as
astaxanthin diester, as reported in a similar study47 for 1120.8
m/z and 955 m/z identied compounds.48 The other major
compounds with 863.75 m/z and 530.25 m/z represented astax-
anthin monoester and chlorophyll, respectively, as identied in
reported literature49 with 863.3 m/z and 532 m/z compounds
size, respectively.45 However, the same peak of Rt 7.95 with the
different ranges from Rt 7.91 to 8.49 showed compounds such
as vulgaxanthin, cholorophyll ‘a’ and (3S,4R,3′R)-4-hydrox-
yalloxanthin at 209.25 m/z, 899.50 m/z, and 563.17 m/z values,
respectively, matching with earlier reported compounds at 209
m/z, 894 m/z, and 563 m/z.45,46 The highest peak evaluated in the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01530k


Fig. 5 (A) Transesterified lipid concentration and (B) lipid by SPV estimation in Haematococcus pluvialis cells at different days irradiated to white
light and broad spectrum light.
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BL was at Rt 6.75, which according to their mass spectrum
compounds at m/z of 233.17, 251.08, and 540.17 were identied
as halocynthiaxanthin, (3S,4R,3′R)-4-hydroxyalloxanthin, all
trans b carotene, respectively. Another interesting pigment
compound was having m/z of 571.25 and was identied as
zeaxanthin and lutein earlier identied atm/z 233, 251, and 538,
respectively45 whereas zeaxanthin and lutein were at 569.54 m/
z.50
3.3 Lipid accumulation in H. pluvialis cells

H. pluvialis cells just like any other microalgae accumulate
lipids, which become more pronounced during the time cell
reaches the astaxanthin stage. Herein, the transesteried lipid
was estimated and it was found that for the WL sample, it was
1.2 mg mL−1 per 223 × 103 cells per mL and that for BL stress
cells it increased to 1.5 mg mL−1 per 510 × 103 cells per mL
(Fig. 5A).

The lipid content by SPV was nearly the same in H. pluvialis
cells under both light conditions till the 8th day; however, on
reaching day 32, it was high in cells exposed to BL stress (36.859
Fig. 6 GCMS of biofuel transesterified lipid and fatty acids extracted on d
broad spectrum light.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mg L−1) compared to those exposed toWL (13.215 mg L−1) weight
of dry biomass (Fig. 5B). It has been already established that
SWW along with BL irradiations enhances the biomass
productivity in microalgae H. pluvialis while simultaneously
enhancing the value-added compounds with high commercial
demand viz.; pigments, biofuels, lipids, proteins, poly-
hydroxyalkanoates and biomass. H. pluvialis is considered
a prominent source of lipid production when the growth
nutrients start depleting and the cells come under stress
making them appear red due to accumulation of red pigment
known as astaxanthin. The standard laboratory-prepared
wastewater in the present study has proved not only an essen-
tial and economical nutrient medium to grow H. pluvialis cells
but also resulted in, maintaining the economy of its cultivation
on being cultured in LDPE-PAPs.

Therefore, wastewater not only provides essential nitrates,
phosphates, and essential macro and micronutrients but also
sometimes induces factors responsible for stress in H. pluvialis,
resulting in the early arrival of the cyst/stress stage for astax-
anthin production. The value-added products harvested fromH.
pluvialis grown in wastewater in earlier reported studies show
ay 32 Haematococcus pluvialis cells exposed to (A) white light and (B)
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that H. pluvialis grew better or comparable in wastewater
compared to standard nutrient media meant for its growth
in vitro.
3.4 Lipid proling by gas chromatography mass
spectroscopy

The transesteried lipid was scanned for its fatty acid methyl
contents by GCMS. Since H. pluvialis is a robust species with the
ability to grow under optimal as well as stress conditions.51 As
disucssed conditions such as light intensity and nutrient stress
are preferred to promote lipid synthesis while simultaneously
reducing its multiplication.52 On transesterication the main
fatty acids methyl esters (FAME)53 of standard lipid oil viz;
linseed oil at Rt 36.60 belonged to C15 and C18 compounds and
were found fragmented into pentadecanoic acid methyl ester
and oleic acid methyl esters. The fragments of decanoic acid at
Rt 5.69 were fragmented to tridecanoic acid methyl ester, 15-
methylhexadecanoic acid methyl ester, 14-methyl-
pentadecanoic acid methyl ester, tridecanoic acid methyl ester,
methyl tetradecanoate heneicosanoic acid methyl ester,
dodecanoic acid methyl ester, decanoic acid methyl ester,
undecanoic acid methyl ester, methyl tetradecanoate, trideca-
noic acid methyl ester, heptadecanoic acid methyl ester, 2-tri-
decanoic acid methyl ester, nonanoic acid methyl ester,
docosanoic acid methyl ester were among the others
compounds, which were identied (Fig. S3†).

On day 32 in the control sample, i.e., WL showed Rt at 24.92,
37.77.42.65, and 45.95 while mass spectra showed a major ion at
57 m/z corresponding to methyl ester with various peaks frag-
menting till 100m/z whereas there were other substantial alcohol
and ester groups shown at mass spectra peaks above 100 m/z as
105 m/z, 119 m/z,133 m/z,147 m/z,191 m/z, and 317 m/z. The
compounds mostly present were butyric acid 2-phenyl-hept-2-yl
ester, pentauoropropionic acid butyl ester, malonic acid ethyl
neopentyl ester, carbonic acid butyl ethyl ester, sulfurous acid
octadecyl 2-propyl ester, pentadecauorooctanoic acid octadecyl
ester, pentadecauorooctanoic acid hexadecyl ester, pentadeca-
uorooctanoic acid pentadecyl ester, and dichloroacetic acid
heptadecyl ester (Fig. 6A).

On the other hand, in BL, the FAME sample of H. pluvialis
showed the presence of Rt peaks at 23.62, 24.33, 24.80, 25.02,
26.58, 27.74, 29.12, 32.40, 34.65, 37.37, 40.87, and 43.56 with
mass spectra of major compounds at 57 m/z and various func-
tional groups fragmenting till 100 m/z, various substantial
groups corresponding biofuel/FAME were seen at 111 m/z, 125
m/z, 135 m/z, 147 m/z, 149 m/z, 193m/z, 207m/z, 209m/z, 281 m/
z, and 314 m/z. The essential carbon groups were C8, C40, C17,
C14, C7, and C5 with butyric acid 2-phenyl-hept-2-yl ester, pen-
tauoropropionic acid butyl ester showing a total of 17 major
compounds and mass spectra peaks establishing BL has sup-
ported the formation of more FAME compounds (Fig. 6B).
These fatty acids and FAME compounds were in concordance
with earlier studies.54

Thus, the potential of growingH. pluvialis in wastewater under
light stress has yielded different value-added products in a more
hassle-free way than that under standard ask cultivation. TheH.
17618 | RSC Adv., 2023, 13, 17611–17620
pluvialis cells have shown a quasi-exponential growth pattern,
which is more in broad spectrum light stress covering the
majority of red and blue areas. Red light promotes cell growth,
while blue light accelerated astaxanthin formation.13,55

Comparing the costs associated with different algae cultivation
methods, it is crucial to determine the economic viability of
algae-based production. Furthermore, the expenses involved in
photobioreactors, including both closed and open ponds, have
been a major deterrent, with costs ranging from $3.36 to $8.35
per L of its biomass production.22 However, the economic feasi-
bility of algae-based industries can be improved, by adopting
cost-effective techniques such as bubble farming, which will will
use recyclable plastics and have the advantage of being a closed
system devoid of water loss and contamination. On the offset,
scale-up would require larger air pillows, which automatically
results in an efficient yield of its biobased products such as
astaxanthin, pigments, biomass, and lipid, compared to
conventional style.
4. Conclusion

The comparative study of exposingH. pluvialis cells to white light
and broad spectrum light stress along with growing them in
a double economic reactor made up of plastic bubble air pillows
fed with modied synthetic wastewater, has shown a synergistic
behaviour to upscale economic cultivation of microalgae for its
value-added compounds. The cell density in broad spectrum
light stress was almost double that in white light, with a high
amount of chlorophyll ‘a’ (1.32 mg mL−1), ‘a + b’ (2.00 mg mL−1),
and total carotenoids of about 0.83 mg mL−1, astaxanthin (0.5643
mg mL−1) and lipid (36.859 mg mL−1) per 510 × 103 cells per mL
on day 32 aer initial inoculation. Hence, broad-spectrum light
stress alone or in combination with other stress to H. pluvialis
cells in plastic air pillows can be upscaled to bigger air pillows
with different types of real-time pre-treated wastewater in future
studies for economical astaxanthin, lipid, and biofuel
production.
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35 S. D. Ŕıos, et al., Lipid extraction methods from microalgal
biomass harvested by two different paths: Screening
studies toward biodiesel production, Bioresour. Technol.,
2013, 133, 378–388.

36 B. K. Amos, Up Regulation of Heat Shock Protein 70B
(HSP70B) and SSA1 in Chlamydomonas Reinhardtii via
HSP70A-RBCS2 and PSAD Promoter, M.Sc thesis,
University of Kentucky, 2015, pp. 1–63.

37 L. Ramanna, et al., The optimization of biomass and lipid
yields of Chlorella sorokiniana when using wastewater
supplemented with different nitrogen sources, Bioresour.
Technol., 2014, 168, 127–135.

38 X. Liu, et al., Efficient removal of nitrogen/phosphorous by
mix-cultivation of Haematococcus pluvialis and
Simplicillium lanosoniveum in wastewater supplemented
with NaHCO3, Biochem. Eng. J., 2022, 182, 108433.

39 O. H. C. Rodrigues, et al., Evaluation of astaxanthin
biosynthesis by Haematococcus pluvialis grown in culture
medium added of cassava wastewater, Int. Biodeterior.
Biodegrad., 2021, 163, 105269.

40 C. D. Kang, et al., Astaxanthin biosynthesis from
simultaneous N and P uptake by the green alga
Haematococcus pluvialis in primary-treated wastewater,
Biochem. Eng. J., 2006, 31(3), 234–238.

41 M. Pan, et al., Integrated valorization system for
simultaneous high strength organic wastewater treatment
and astaxanthin production from Haematococcus pluvialis,
Bioresour. Technol., 2021, 326, 124761.

42 A. Kume, T. Akitsu and K. N. Nasahara, Why is chlorophyll
b only used in light-harvesting systems?, J. Plant Res., 2018,
131(6), 961–972.

43 G. K. S. H. Nishshanka, et al., Sustainable cultivation of
Haematococcus pluvialis and Chromochloris zongiensis
for the production of astaxanthin and co-products, Can. J.
Chem. Eng., 2022, 100(10), 2835–2849.
17620 | RSC Adv., 2023, 13, 17611–17620
44 F. Miao, et al., Characterization of astaxanthin esters in
Haematococcus pluvialis by liquid chromatography–
atmospheric pressure chemical ionization mass
spectrometry, Anal. Biochem., 2006, 352(2), 176–181.

45 M. S. A. Bustamam, et al., Complementary analytical
platforms of NMR spectroscopy and LCMS analysis in the
metabolite proling of Isochrysis galbana, Mar. Drugs,
2021, 19(3), 139.

46 H. A. Pantami, et al., Comprehensive GCMS and LC-MS/MS
metabolite proling of chlorella vulgaris, Mar. Drugs, 2020,
18(7), 367.

47 D. E. Breithaupt, Identication and quantication of
astaxanthin esters in shrimp (Pandalus borealis) and in
a microalga (Haematococcus pluvialis) by liquid
chromatography-mass spectrometry using negative ion
atmospheric pressure chemical ionization, J. Agric. Food
Chem., 2004, 52(12), 3870–3875.

48 R. Frassanito, et al., A new method for the identication and
the structural characterisation of carotenoid esters in
freshwater microorganisms by liquid chromatography/
electrospray ionisation tandem mass spectrometry, Rapid
Commun. Mass Spectrom., 2008, 22(22), 3531–3539.

49 R. Gallego, et al., Application of compressed uid–based
extraction and purication procedures to obtain
astaxanthin-enriched extracts from Haematococcus
pluvialis and characterization by comprehensive two-
dimensional liquid chromatography coupled to mass
spectrometry, Anal. Bioanal. Chem., 2020, 412(3), 589–599.

50 R. C. Symonds, et al., Carotenoids in the sea urchin
Paracentrotus lividus: Occurrence of 9′-cis-echinenone as
the dominant carotenoid in gonad colour determination,
Comp. Biochem. Physiol., Part B: Biochem. Mol. Biol., 2007,
148(4), 432–444.

51 D.-Y. Kim, et al., Cell-wall disruption and lipid/astaxanthin
extraction from microalgae: Chlorella and Haematococcus,
Bioresour. Technol., 2016, 199, 300–310.

52 K. Li, et al., In vivo kinetics of lipids and astaxanthin
evolution in Haematococcus pluvialis mutant under 15%
CO2 using Raman microspectroscopy, Bioresour. Technol.,
2017, 244, 1439–1444.

53 L. H. Fasolin, R. M. Rodrigues, and R. N. Pereira, Effects of
electric elds and electromagnetic wave on food structure
and functionality, in Food Structure and Functionality,
Elsevier, 2021, pp. 95–113.

54 P. Otero, et al., Identication of optimum fatty acid
extraction methods for two different microalgae
Phaeodactylum tricornutum and Haematococcus pluvialis
for food and biodiesel applications, Anal. Bioanal. Chem.,
2017, 409(19), 4659–4667.

55 S. Pereira and A. Otero, Effect of light quality on
carotenogenic and non-carotenogenic species of the genus
Dunaliella under nitrogen deciency, Algal Res., 2019, 44,
101725.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01530k

	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k

	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k

	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k
	Enhancing the biochemical growth of Haematococcus pluvialis by mitigation of broad-spectrum light stress in wastewater culturesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01530k


