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Abstract

A novel approach to the isolation of commercially valuable carotenoids from cyanobacteria is suggested. The protocol avoids
the application of costly column chromatography. As an example, the isolation of myxoxanthophyll and oscillaxanthin from
Limnospira (Spirulina) platensis (Gomont) K.R.S.Santos & Hentschke is described. The method is based on the surface-
active properties of a unique carotenoid-lipoprotein complex, which accumulates at the chloroform-water interface and can
be easily extracted. The complex is composed of myxol 2'-a-L-quinovoside, oscillol 2,2'-di-a-L-quinovoside, and lipopro-
teins. The mass fraction of carotenoids in the complex was 23 +7%. The ratio of the carotenoids in the complex was 63 +9%
myxoxanthophyll to 27 +7% oscillaxanthin. The carotenoids were identified using ultraviolet and visible (UV—Vis) absorp-
tion spectroscopy, HPLC analysis, fast atom bombardment mass spectrometry (FAB MS), and proton magnetic resonance
spectrometry ("H NMR). The complex was characterized using vibrational infrared spectroscopy (FTIR). Myxoxanthophyll
and oscillaxanthin yield from a dry sample of L. platensis was 0.11 £0.03% and 0.05 £0.02%, respectively, with 40 mg of
myxoxanthophyll and 17 mg of oscillaxanthin being isolated from 36.84 g of L. platensis (dry weight). After the carotenoid
isolation, further extraction of water-soluble phycobilins from the residual biomass is possible.

Keywords Limnospira platensis - Cyanobacterium - Separation - Extraction - Myxoxanthophyll - Oscillaxanthin -
Carotenoids

Introduction

Carotenoids are one the most widespread group of pigments
synthesized by higher plants, algae, bacteria (including
cyanobacteria), some types of archaea and fungi. Carote-
noids have extended chain of conjugated double bonds that
determine various photophysical and photochemical prop-
erties of the molecule. In particular, xanthophylls (carot-
enoids containing oxygen atoms) show marked structural
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diversity, with more than 800 kinds reported in nature to
date (Maoka 2020). Due to their biological activity, carot-
enoids are widely used in modern biotechnology to produce
various drugs and products for therapeutic and prophylac-
tic purposes (Langi et al. 2018; Ambati et al. 2019; Huang
et al. 2025). The carotenoids found in cyanobacteria are
particularly intriguing for several reasons. (1) Cyanobacte-
ria produce unique carotenoids that are not found in other
organisms (Pagels et al. 2021; Polyakov et al. 2023). (2)
Cyanobacterial carotenoids exhibit strong biological activi-
ties, including antioxidant (quenching singlet oxygen and
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scavenging free radicals) and photoprotective (preventing
photooxidative damage under high light) effects. Unlike
those of higher plants and algae, cyanobacteria produce
glycosylated carotenoids (e.g., myxoxanthophyll, oscillax-
anthin) with potent antioxidant and radical scavenging activ-
ity. This appears to contribute to limnospira's anti-cancer
activity. (Pagels et al. 2021; Ren et al. 2021; Srivastava et al.
2024; Huang et al. 2025). (3) The rate of cyanobacterial
biomass growth significantly exceeds that of plants from
which carotenoids are extracted, which makes cyanobac-
teria a promising source of carotenoids (Gong and Bassi
2016). (4) Modern technologies for intensive cultivation of
cyanobacteria on an industrial scale enable the production
of these valuable substances at any location and at any time
of the year (Novoveska et al. 2019; Chini Zittelli et al. 2023;
Huang et al. 2025). (5) Cyanobacteria are the sole source
of many carotenoids, as the organic synthesis of complex
molecules is often challenging, prohibitively expensive, or
even impossible (Ren et al. 2021). In recent years, consumer
demand for naturally derived carotenoids used in health-
care and the treatment of various diseases has been stead-
ily increasing, and the scope of carotenoid applications is
constantly expanding (Plaza et al. 2010; Vilchez et al. 2011,
Nabi et al. 2020; Huang et al. 2025). These compounds are
actively used in medicine, food industry, agriculture, cos-
metics, etc. (Concepcion et al. 2018). Therefore, various
laboratories around the world are in a continuous search for
new carotenoid producers, studying biological activity of
different carotenoids, and developing innovative technolo-
gies for their production (Novoveska et al. 2019; Abidizade-
gan et al. 2021). Despite the advancements in these fields,
the challenge of identifying new producers and developing
innovative technologies for valuable carotenoids extraction
remains urgent. Additionally, the development of industrial
technologies for isolation and purification of these valuable
compounds from biomass, often present in small quantities
in microorganisms, is a significant task.

The cyanobacterium Limnospira platensis (also widely
known as Spirulina platensis) is a filamentous, spiral-
shaped species cultivated on an industrial scale due to its
high nutritional value and rich content of bioactive com-
pounds. It contains polar glycosylated cyclic carotenoids
myxoxanthophyll and oscillaxanthin, which are found only
in cyanobacteria. The sugar moieties of these carotenoids
have been reported to consist of quinovose, fucose or
rhamnose (Takaichi et al. 2005). These carotenoids have
strong photoprotective and antioxidant effects, contribute
to the integrity of thylakoids and outer envelope mem-
branes, and are produced in large quantities in response
to stress (exposure to bright light and temperature) (Tdger
et al. 2002; Mohamed et al. 2005; Graham and Bryant
2009; Srivastava et al. 2024). Myxoxanthophyll and oscil-
laxanthin possess a hydrocarbon skeleton characterized
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by conjugated double bonds, along with hydroxyl groups
and sugar molecules at their termini. This structural con-
figuration allows them to integrate into the lipid bilayer,
with the polar groups positioned on opposite outer sides
of the membrane. This arrangement contributes to the sta-
bilization, viscosity, and fluidity of the membrane. Myx-
oxanthophyll and oscillaxanthin are present in both the
outer envelope and thylakoid membranes (Mohamed et al.
2005). The photoprotective ability of these xanthophylls
to quench singlet oxygen is explained by the high degree
of conjugation of double bonds in their polyene chain and
the presence of glycosidic fragments (Steiger et al. 1999;
Shindo et al. 2007; Novakova et al. 2020).

Knowledge on the properties of these carotenoids opens
up great prospects for their use in the metabolic engineer-
ing of cyanobacteria to enhance the stress resistance of
useful strains and to improve the industrial synthesis of
myxoxanthophyll and oscillaxanthin (Tager et al. 2002;
Rodrigues et al. 2014; Novakova et al. 2020; Srivastava
et al. 2024). Myxoxanthophyll has been demonstrated to
effectively reduce photooxidative damage in Anabaena sp.
PCC 7120 and Synechocystis sp. PCC 6803. Additionally,
it exhibits significant antioxidant and antihyperglycemic
properties in clinical studies (Steiger et al. 1999; Srivas-
tava et al. 2017, 2024).

The primary method for isolating carotenoids from nat-
ural sources involves multi-stage liquid extraction using
various solvents (Kultys and Kurek 2022; Wang et al.
2022; Lopez et al. 2023) and the separation of carotenoids
through direct- or reversed-phase column chromatography
(Kuregyan et al. 2018; Wang et al. 2022; Srivastava et al.
2024). This traditional approach is intricate and requires
expensive equipment. In this paper, a novel method is pro-
posed for isolating the minor carotenoids myxoxanthophyll
(myxol 2'-a-L-quinovoside) and oscillaxanthin (oscillol
2,2'-di-a-L-quinovoside) from L. platensis biomass. This
method aims to facilitate the industrial-scale isolation
of these valuable carotenoids without relying on liquid
chromatography.

Materials and methods
Organism

The cyanobacterium Limnospira platensis IBSS-31 strain,
from the collection of hydrobionts of A.O. Kovalevsky Insti-
tute of Biology of the Southern Seas RAS, was used. The
strain was adapted to experimental conditions using a lumi-
nostat at 25 pmol quanta m~> s~ for 6 days. The culture was
grown on Zarrouk medium (Zarrouk 1966) at 33 °C. A pool-
type photobioreactor was used to obtain 10 L of suspension.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Applied Phycology

Microscopic characterization

General morphological observations and measurements
were performed using an Olympus BX 53 microscope
equipped with Nomarski DIC optics and an Olympus DP27
digital camera. Morphometric data were processed using the
software package Statistica 10.0.

Molecular identification

For the DNA analysis the culture was harvested in the expo-
nential growth phase and concentrated by centrifugation.
Total genomic DNA was extracted according to Echt et al.
(1992) with some modifications by Abdullin et al. (2021).
Amplification of the 16S rRNA gene was performed using
universal cyanobacterial primers 27 F (5’ -AGAGTTTGATC-
MTGGCTCAG-3’) (Lane 1991) and 340R (5’-CTCTGT
GTGCCTAGGTATCC-3’) (Iteman et al. 2000). Polymerase
chain reaction (PCR) cycling profile included an initial step
of 5 min at 95 °C, followed by 35 cycles of 20 s at 95 °C, 20 s
at 51 °C, 2 min at 72 °C, and terminating with a final hold
of 5 min at 72 °C using the Encyclo Plus PCR kit (Evrogen,
Russia) and a T100 Thermal Cycler (Bio-Rad Laboratories,
USA). The PCR products were visualized on 1% agarose gel,
then purified by ExoSAP-IT PCR Product Cleanup Reagent
(Affymetrix, USA) and sequenced in both directions using
an ABI 3500 genetic analyser (Applied Biosystems, USA)
with a BigDye terminator v3.1 sequencing kit (Life Tech-
nologies Corporation, USA) and the primers 27F, 340R,
1492R (5’-GGTTACCTTGTTACGACTT-3") (Turner et al.
1999). Sequences were assembled with the Staden Package
v1.4 (Bonfield et al. 1995). The sequence was deposited in
GenBank under accession number MZ408912.

Phylogenetic analysis

The 16S rRNA gene sequence obtained from the strain
IBSS-31 was initially compared with sequences available
from the National Center for Biotechnology Information
database using BLAST (https://blast.ncbi.nlm.nih.gov) to
assess its phylogenetic affiliation.

A dataset was assembled using 16S rRNA gene sequences
retrieved from the NCBI (>99% identity, 100% cover-
age, > 1250 bp), supplemented with representative sequences
from recent taxonomic revisions of the genus Arthrospira
and related taxa, including the reclassification proposed by
Nowicka-Krawczyk et al. (2019) and Santos et al (2023).
Special attention was given to strains assigned to the genus
Limnospira, that accommodates commercially cultivated
algae previously referred to as Arthrospira/Spirulina. The
sequences (taxa and accession numbers are given in the tree)
were aligned in the SeaView program (Galtier et al. 1996)

with manual corrections. The final alignment consisted of 96
cyanobacterial sequences with 2155 aligned base positions.

The best-fit nucleotide substitution model GTR +1+G
was determined using jModelTest 2.1.1 (Darriba et al.
2012). Phylogenetic trees were constructed using maximum
likelihood (ML) in RAXML v.7.2.6 (Kozlov et al. 2019) and
Bayesian inference (BI) in MrBayes v.3.1.2 (Huelsenbeck
and Ronquist 2001). For BI, four Markov chains were run
executed for 5 million generations, sampling every 100 gen-
erations for a total of 50,000 samples. Convergence of the
chains was assessed, and stationarity was determined accord-
ing to the 'sump' plot with the first 12 500 samples (25%)
discarded as burn-in; posterior probabilities were calculated
from trees sampled during stationary phase. The robustness
of the ML trees was estimated by bootstrap percentages (BP)
(Stamatakis et al. 2008) and posterior probabilities (PP) in
BI. BP <50% and PP < 0.95 were not considered.

Experimental design and culture conditions

Limnospira platensis was cultivated in an industrial 10-cm-
deep pool-type photobioreactor, at 33 +2 °C and under 24-h
artificial illumination with white mercury lamps (DRL-700
Lisma Russia) which provided 290 pmol quanta m~2s~! on
the surface of the suspension.

The total volume of the suspension was 730 L. The batch
culture was grown on Zarrouk medium (Zarrouk 1966).
During cultivation, the culture was stirred with a mechani-
cal stirrer, which created vortex flows inside the suspen-
sion (Gevorgiz et al. 2026). To increase the intensification
of interfacial mass transfer above the culture, a swirling
tornado-type air flow was created, which was generated by
the rotation of the paddle wheel above the liquid surface
(Naumov et al. 2023).

Dry weight determination

Biomass dry weight was determined by filtering 10 ml of the
suspension through dried pre-weighed Whatman GF/C glass
microfiber filters with a pore size of 1.2 ym and drying at
105 °C for 24 h (Michael et al. 2019). In addition, biomass
dry weight concentration was measured photometrically
(Gevorgiz et al. 2005). The optical density of the cyano-
bacteria suspension at 750 nm (OD-5,) was measured on a
photometer Unico 2100 (United Products & Instruments,
USA) in 5-mm-pathlength cuvettes. The absolute measure-
ment error did not exceed 1%.

The optical density unit (OD-s,) conversion to biomass
dry weight (DW) values was as follows:

DW =k X OD+, (1)
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where DW is biomass dry weight, OD,5 is culture optical
density, and k=0.85 (R*=0.98) is conversion factor. The
conversion factor was determined empirically for L. platen-
sis under our cultivation conditions (Gevorgiz et al. 2005).
Linear regression of OD,5, on gravimetrically measured dry
weight. For dry weight determination, cells were washed
with isotonic (NH,),COj; solution to remove salts, follow-
ing the recommendations on processing marine microalgal
biomass (Zhu and Lee 1997).

Biomass harvesting

After reaching the stationary growth phase, the cyanobacte-
rial suspension was filtered through a cloth with a mesh size
of 45 pm. The crude mass of L. platensis obtained during
filtration was washed three to four times with a large volume
of distilled water to remove any residual culture medium.
The biomass was dried in a stream of warm air at a tempera-
ture of 37-40 °C to a residual moisture content of 10-12%.

Lipid extraction

To 36.84 g crushed dry weight of L. platensis, 200 mL of
Folch-type solution (ethanol:chloroform, 1:2) was added

(Takemura et al. 2026). The extraction was conducted in
the dark at 5-7 °C over a period of three days with con-
tinuous stirring. The residual biomass was then removed
by filtration and washed twice with ethanol:chloroform,
1:2 (100 mL). Analytical grade solvents were used in the
extraction.

Isolating a carotenoid complex

600 mL of distilled water was added to the lipid extract
and stored over the period of three days in a refrigerator
at 5-7 °C. The aqueous fraction was changed daily, with
the equal volume of distilled water being added for recon-
stitution. As the aqueous phase changed, a red—orange
complex formed at the interface. The carotenoid complex
was separated and washed with chloroform until the wash-
ing fraction was completely decolorized. As a result, a
red—orange carotenoid complex insoluble in chloroform
was obtained, which was dried in argon flow to remove
traces of chloroform. For further analysis, the obtained
precipitate was dissolved in 10 mL of ethanol. An outline
of the L. platensis pigment complex isolation procedure
is presented in Fig. 1.

Fig. 1 Procedure of isolat-
ing the carotenoid-lipoprotein
complex from dry biomass of
Limnospira platensis
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Thin layer chromatography of the carotenoid
complex and quantification of pigments

The ethanolic solution of the carotenoid complex was con-
centrated under argon flow, and (0.05 mL) was applied to
glass-substrate thin-layer chromatography (TLC) plates
coated with a 0.5 mm layer of silica gel. The plates were
home-made using silica gel 60 G (Kieselgel 60 G, Merck
No. 7731) with gypsum as a binder. The silica gel particle
size is in the range of 10—40 pm, which is standard for ana-
lytical TLC (Stahl 1969)."Home-made" TLC plates were
used, prepared on a TLC plate-covering applicator (Sandoz,
Switzerland). The pigments were eluted in hexane:acetone
(1:1).

The extinction coefficient (E'%, . ) value of 2500 was
applied by Aakermann et al. (1992) to quantify the carot-
enoid pool from cyanobacterial strains. This value has also
been adopted in the present study. For myxoxanthophyll, the
wavelength corresponding to the highest peak is 473 nm,
and for oscillaxanthin, it is 492 nm. The concentration of
carotenoids (C, %) in the complex was calculated using the
formula:

_ 10 oD -V
car = EITW )
lem

where OD is the optical density (measured at the appropri-
ate wavelength); V is the carotenoid solution volume, ml;
E!%, .., =2500 is the carotenoid extinction coefficient in
ethanol; L is the cuvette pathlength, cm; and m is dry com-
plex mass, mg.

Identification of carotenoids

The UV-Vis spectra were recorded on a Hitachi U-2001
spectrphotometer in diethyl ether. Commercial diethyl ether
(Sigma-Aldrich) containing BHT (2,6-di-tert-butyl-4-meth-
ylphenol) as a stabilizer was used for all procedures. The
positive ion FAB MS spectra were recorded using a JEOL
JMS-HX 110 A mass spectrometer with m-nitrobenzyl alco-
hol as matrix. The "H NMR (500 MHz) spectra were meas-
ured on a Varian Unity INOVA 500 spectrometer in CDCl,
with TMS as an internal standard. Myxoxanthophyll (myxol
2'-a-L-quinovoside) and oscillaxanthin (oscillol 2,2'-di-a-L-
quinovoside) were identified as corresponding acetate deriv-
atives (tetraacetate and hexaacetate) from the UV-Vis, FAB
MS and '"H NMR spectral data. Acetylation of myxoxantho-
phyll and oscillaxanthin with acetic anhydride in dry pyri-
dine at room temperature for 10 h yielded myxoxanthophyll
tetraacetate and oscillaxanthin hexaacetate, respectively
(Aakermann et al. 1992). The HPLC separation of the acety-
lated carotenoids was performed using a Shimadzu LC-6AD

instrument (L-6200 Inteligent pump) with a L-4250 UV—Vis
detector (Hitachi, Japan), with acetone: hexane (4:6, v/v) at
a flow rate of 1.0 mL min~' (Maoka et al. 2011, 2014). The
column used was 10 pm Cosmosil 5SC18-1I, 250 10 mm i.d.
(Nacalai Tesque, Japan).

FTIR analysis of the carotenoid complex

The measurements were performed using a Fourier trans-
form infrared (FTIR) spectrometer FT/IR-6700 (Jasco,
Japan). The samples were studied in the attenuated total
reflection (ATR) mode. For the IR measurements, the dried
carotenoid complex was dissolved in ethanol. First, the spec-
trum of a pure prism (ATR crystal — single-crystal diamond)
was recorded in the absence of a sample (air served as the
reference sample). Then 10 pL of the sample in ethanol was
applied, dried in a stream of air and pressed tightly onto
the crystal using a micrometer screw. The measurements
were carried out with one hundred scans in the range from
4000 to 400 cm™ with a resolution of 4 cm™'. The spectra
were obtained by subtracting the spectrum of the reference
sample.

CHN analysis of the carotenoid complex

CHN analysis of the carotenoid complex was performed on
a Flash EA 1112 analyzer (Thermo Finnigan, Italy). Acet-
anilide was used as a standard.

Phosphorus analysis of the carotenoid complex

Presence of phosphorus in the phospholipids of the carot-
enoid complex was determined by the classical colorimet-
ric method using molybdenum blue (Worsfold et al. 2005).
To achieve this, phospholipids were first mineralized with
concentrated nitric acid to convert phosphorus to H;PO,.
Then, phosphate ions in an acidic medium in the presence
of excess molybdenum reagent (ammonium molybdate in
5 M sulfuric acid) formed phosphomolybdic heteropoly acid
H;[P(M050,,),]-nH,0, which absorbs radiation in the UV
spectral range. By reducing phosphomolybdic acid under
mild conditions with Mohr's salt (NH,),Fe(SO,),-6H,0), an
intensely colored phosphomolybdic blue (with an absorption
maximum of 710 nm) was obtained after 20 min. Determina-
tion of phosphorus was carried out using a calibration graph
previously constructed using phosphate ion.

Calculation of means and experimental uncertainty
Triplicate biological and analytical samplings were used in

the experiments. Statistical analysis was performed using
Microsoft Excel built-in statistical tools. The experimental
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results were expressed as mean value + standard deviation
(SD) (McDonald 2009).

Results and discussion
Phylogenetic position and taxonomic interpretation

Results of the BLAST searches showed that the sequence
of the 16S rRNA gene (1281 bp) obtained for the strain
IBSS-31 was highly similar (>99.5%) to sequences anno-
tated as Arthrospira platensis and A. maxima but recently
assigned to the genus Limnospira (Nowicka-Krawczyk
et al. 2019; Santos et al. 2023). Phylogenetic reconstruc-
tions based on the expanded dataset (Fig. 2) separated tra-
ditional Arthrospira-like cyanobacteria into two distinct
lineages: Arthrospira sensu stricto (represented by the type
species Arthrospira jenneri) and Limnospira. This topology
is fully congruent with previous studies. Strain IBSS-31 was
a part of the strongly supported Limnospira clade (BP 100/
PP 1.00). It was clustered in the subclade that includes the
majority of strains previously identified as "A. platensis",
"A. maxima", "A. fusiformis", and "Arthrospira" sp. — a
homogeneous group corresponding to Limnospira platen-
sis. Our strain showed the highest similarity (100% identity)
to the type strain originally annotated as A. platensis (PCC
7345, IN831264) and to the reference strain of L. platensis
(CCIBt3254, OR142672) as revised by Santos et al. (2023).
No phylogeographic structure was evident in this clade, as
IBSS-31 grouped with isolates from Mongolia, Mexico,
China, Africa, and South America, confirming high genetic
homogeneity of globally distributed L. platensis. Therefore,
based on the BLAST results, phylogenetic placement, and
current taxonomic framework, the strain IBSS-31 was identi-
fied as Limnospira platensis.

Microscopic characterization

Trichomes are solitary, cylindrical, green—blue in color,
usually laterally compressed, surrounded by sheath. Only
straight trichomes were observed. The apical cells are either
rounded or bearing a head (capitate), often surrounded by
a calyptra (more frequently at one end and always in the
capitate end cells) (Fig. 3). The cells were 4.10-8.72 pm
wide, 4.36-8.46 pm long; end cells were 3.59-9.23 pm
wide, 4.10-8.21 pm long. The trichomes did not settle and
remained suspended even without mixing.

Although helical trichomes are typical of L. platensis
cultures, linear or nearly linear filaments are also com-
mon, particularly under artificial laboratory and mass cul-
tivation conditions (Wang and Zhao 2005; Papapanagiotou
et al. 2019; Yadav et al. 2020). The plasticity of morpho-
logical and morphometric features, such as filament length,
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spiral width, helix pitch, tightness of coils, abundance of
aerotopes and helix orientation in L. platensis under differ-
ent growth conditions (e.g., temperature, light source and
intensity, salinity, alkalinity, turbulence, and nutrient avail-
ability) is well known (Miihling et al. 2003; Ma and Gao
2009; Kaggwa et al. 2013).

Carotenoid complex isolation

Formation of the carotenoid complex was observed at the
chloroform-water interface. The obtained solid complex was
red—orange in color. The complex was readily soluble in eth-
anol and virtually insoluble in chloroform and hexane. When
acetone was added, the complex was disrupted, leaving the
carotenoids dissolved in the acetone fraction and causing a
white substance, likely consisting of proteins and phospho-
lipids (Lu et al. 2012), to precipitate from the solution.

The capability of the carotenoid complex to concentrate
at the chloroform-water interface was used as a basis for the
proposed simple method of myxoxanthophyll and oscillax-
anthin extraction from the pigment mixture. The complex
contains carotenoids with polar terminal groups, including
carbohydrates, attached to a non-polar polyene chain, and
a lipoprotein part, which also contains polar (protein) and
non-polar (lipid) components, providing the complex with
the surface-active properties and making it accumulate at the
chloroform-water interface.

Identification of carotenoids in the complex

The spectrum of the carotenoid complex in ethanol and TLC
of the complex are given in Fig. 4. Absorption spectrum
of the complex (Fig. 4a) shows presence of two absorption
peaks (480 and 515 nm) and a shoulder at 450 nm corre-
sponding to the sum of myxoxanthophyll (448, 473, 509 nm)
and oscillaxanthin (465, 492, 525 nm). A weak characteristic
band of chlorophyll a (665 nm) is also present, as confirmed
by TLC (Fig. 4b). Chlorophyll and some other compounds
could be retained in trace amounts in the complex during
precipitation. It should be noted that the objective of this
work was to examine the pigment-protein complex itself.
Instead, the complex was used as the means only to isolate
carotenoids from the cyanobacterial biomass for further
characterization. Although the data presented in Fig. 4 can-
not be used as a basis for an analytical study, they indicate
two major pigments that comprise the complex. More stud-
ies are necessary to understand the biological role of the
carotenoid-lipoprotein complex and to optimize protocols
for the extraction of valuable carotenoids from L. platensis.

The UV-Vis, FAB MS and 'H NMR spectral data of
myxol 2'-a-L-quinovoside tetraacetate and oscillol 2,2'-di-o-
L-quinovoside hexaacetate obtained from L. platensis are
summarized in Table 1. Since signals of the sugar moiety in
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Fig.2 Maximum likelihood
phylogenetic tree based on 16S
rRNA gene sequences showing
position of Limnospira platensis
IBSS-31 (in bold). Bootstrap
support values (ML, >50%) and
Bayesian posterior probabilities
(BI, >0.95) are shown at the
nodes. Nodes with maximal
support (100% BP/1.00 PP) are
shown in bold. The tree includes
representatives of Arthrospira
sensu stricto, Limnospira, and
related oscillatorialean cyano-
bacteria. Scale bar represents
substitutions per site
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Fig. 3 General morphology of Limnospira (Spirulina) platensis using
light microscopy. (A) Trichome with rounded apical cell. (B) Tri-
chome with capitate apical cell. Scale bar=10 um

myxoxanthophyll and oscillaxanthin overlapped with peaks
of other protons, to identify the sugar moieties in myxoxan-
thophyll and oscillaxanthin, they were converted to tetraac-
etate and hexaacetate, respectively. '"H NMR signals of the
sugar moieties of myxoxanthophyll tetraacetate and oscillax-
anthin hexacaetate were identical with those of a-quinovose
acetate reported by Aakermann and Takaichi and co-authors
(Aakermann et al. 1992; Takaichi et al. 2005).

In total, 281 + 66 mg of the carotenoid complex
(0.76 £0.18%) was obtained from dry biomass weigh-
ing 36.84 g. The mass of carotenoids in the complex was
63.7+19 mg, which is 0.17+0.05% on L. platensis dry
weight basis. The proportion of carotenoids in the complex

Fig.4 (a) UV-Vis spectrum 0.2
of the carotenoid complex in 7
ethanol and (b) TLC of the 7
carotenoid complex solution in
ethanol. Bands: (1) chlorophyll
a (traces), (2) myxoxanthophyll
(myxol 2"-a-L-quinovoside),
(3) oscillaxanthin (oscillol
2,2'-di-a-L-quinovoside)

was 23 +7% and the percentage of the lipoprotein part was
77+ 7%. According to the HPLC analysis after the acety-
lation with acetic anhydride in pyridine, the carotenoids
ratio (myxoxanthophyll: oscillaxanthin) in the complex
was 63 + 11% myxoxanthophyll to 27 +10.7% oscillaxan-
thin (10% unidentified pigments). Minor peaks were not
identified due to low abundance (Fig. 5). Thus, 40+ 11 mg
of myxoxanthophyll and 17 +7 mg of oscillaxanthin were
obtained. On L. platensis dry weight basis, the yields of
the carotenoids were 0.11 £0.03% myxoxanthophyll and
0.05 £0.02% oscillaxanthin.

Fourier-transformed infrared (FTIR) spectrometry
of the complex

Isolated complex was examined by ATR-FTIR spectrometry
to identify components such as carotenoids, proteins and
lipids, including phospholipids (Fig. 6).

FTIR spectral data shown in Fig. 6 suggest as follows.

(1) Characteristic bands of carotenoids in the IR region
are the bands at 1550-1520 cm™! (C=C stretching in
polyene chain) and 1170-1150 cm™ (C—C stretching
in polyene chain). Obviously, the stretching vibrations
of the C—C bonds are present in a strong band with the
maximum at 1165 cm™' (Lérand et al. 2002; Quijano-
Ortega et al. 2020). The C=C bond stretching vibra-
tions are not clearly manifested, since they apparently
participate in the formation of complexes with proteins,
and this leads to a bathochromic shift of the absorp-
tion band to the region of 1542 cm™ which overlaps
with the Amide II protein band. Aliphatic C-H stretches
with peaks at 2920 cm™! (asymmetric) and 2851 cm™!

400 500

Wavelength, nm

(a)
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Table1 UV-VIS, FAB MS and
"H-NMR spectral data of myxol
2'-a-L-quinovoside tetraacetate
and oscillol 2,2'-di-a-L-
quinovoside hexaacetate
obtained from the Limnospira
(Spirulina) platensis carotenoid
complex

Myxoxanthophyll tetraacetate

Oscillaxanthin hexaacetate

FAB MS m/z 957 [M+H"] 1145 [M+H"]
VIS nm 448, 473. 509 465, 492, 525
"H-NMR carot-
enoid moiety
Position S mult. (Hz) Position 4] mult. (Hz)
2 o 1.78 ddd (12,4, 1) 2 3.75 d©
2 f1.58 dd (12, 12)
3 5.06 m 3 5.65 dd (15,0.5,0.9)
4 o 2.45 ddd (16, 6, 1.5) 4 6.40 d (15.5)
4 f2.11 dd (16, 9) 6 6.20 d(1)
7 6.10 d (16) 7 6.59 dd (15.5, 11)
8 6.13 d (16) 8 6.40 d (15.5)
10 6.16 d(11.5) 10 6.20 d(11)
11 6.65 d(15.5,11.5) 11 ~6.65 overlapped
12 6.36 d(11.5) 12 6.34 d (15)
14 6.26 d(1) 14 6.25 m
15 6.64 m 15 ~6.65 overlapped
16 1.11 s 16 1.17 S
17 1.08 S 17 1.21 S
18 1.74 s 18 1.94 S
19 1.97 s 19 1.98 S
20 1.97 S 20 2.00 S
2’ 3.75 d©) 2 3.75 d©
3 5.65 dd (15,0.5,0.9) 3 5.65 dd (15,0.5,0.9)
4 6.40 d (15.5) 4 6.40 d (15.5)
6’ 6.20 d(1) 6’ 6.20 d(1)
7 6.59 dd (15.5,11) 7 6.59 dd (15.5,11)
8 6.40 d (15.5) 8 6.40 d (15.5)
10° 6.20 d1) 10° 6.20 d(1)
11’ ~6.65 overlapped 11 ~6.65 overlapped
12’ 6.34 d (15) 12’ 6.34 d (15)
14 6.25 m 14 6.25 m
15° ~6.65 overlapped 15’ ~6.65 overlapped
16’ 1.17 S 16’ 1.17 s
17 1.21 S 17 1.21 S
18 1.94 S 18 1.94 S
19 1.98 S 19’ 1.98 S
20° 2.00 S 20° 2.00 S
sugar moiety
1" 5.11 d (3.5) 1" 5.11 d(3.5)
2" 4.92 dd (3.5,2) 2" 4.92 dd (3.5,2)
3" 543 dd (10, 3) 3" 543 dd (10, 3)
4" 4.78 dd (10, 3) 4" 4.78 dd (10, 3)
5" 3.96 m 5" 3.96 m
6" 1.04 d (6) 6" 1.04 d (6)
acetyl moiety

2.02 S 2.02 S

2.05 S 2.05 S

2.07 s 2.07 S
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Fig.5 Absorption spectra of
myxoxanthophyll tetraacetate
(A) and oscillaxanthin hexaac-
etate (B) after HPLC separa-
tion. (C) HPLC of the obtained
carotenoids myxoxanthophyll
tetraacetate and oscillaxanthin
hexacaetate, mobile phase
acetone: hexane (4: 6)

Fig.6 The averaged FTIR
spectrum of the dry carotenoid
complex at room temperature
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2)

3

“4)

(symmetric) are associated with the alkyl groups in the
carotenoid backbone, methyl groups and glycosides
(Varkonyi et al. 2002).

Lipids in the complex can be identified by peaks related
to C-H stretching vibrations in CH; and CH, at 2851
and 2920 cm™!, C=0 stretching in esters at 1737 cm™,
CH,-bending at 1457 cm™!, C—O—C stretching in esters
(12501070 cm™") and CH, rocking at 721 cm™ (For-
fang et al. 2017; Olsztyniska-Janus et al. 2018). The
presence of phospholipid functional groups in the
complex can be established based on peaks related to
P=0 and P-O stretching vibrations at 1235 cm™! and
1094 cm™ (Forfang et al. 2017). Phospholipids are
present in membranes mainly in the composition of
lipoproteins. The presence of phosphorus in the carot-
enoid complex was confirmed by the analysis using the
molybdenum blue method. The complex was shown to
contain 0.70 +0.04% phosphorus, and this can serve as
an additional indication of the presence of phospholip-
ids in the complex.

The presence of protein in the complex was detected
by analyzing the recorded spectra in the region of
1700-1300 cm™" (Fig. 6). For various strains of L.
platensis, it was found that: the Amide I band, which
results from the C=O stretching vibrations of peptide
bonds, in the region 1650 cm~'. The Amide II band,
which results from N-H bending and C-N stretching
vibrations, is observed in the region 1550 cm™'; and
at 1426-1377 cm™! and 1329-1290 cm™!, the protein
COO-side chain and Amide III (= 1350-1200 cm™})
bands are present (Singh et al. 1993; Bataller and
Capareda 2018; Tatulian 2019). When proteins are
complexed by donor—acceptor interactions with carot-
enoids having C—C stretching vibrations at 1525 cm™,
the absorption band of Amide II (in the region of
1550 cm™) can shift hypsochromically to the region of
1542 cm™. Indeed, the bands of Amide I (1652 cm™),
Amide IT (1542 cm™") and Amide III (1375 cm™) were
identified in the isolated complex, indicating the pres-
ence of protein in the complex.

Carbohydrates, including the characteristic bands
of glycosides that have the C—O-C, C-OH and C-C
stretching, were observed at 1170-955 cm~!. Broad
band in the region of 3300 cm™! indicates strong
stretching vibrations of the O-H bond (hydroxyl groups
mainly in sugars). In general, the 1150—-1000 cm™"
region is considered to be the “fingerprint” of the car-
bohydrate ring, which is dominated by strong C-O and
C-C stretching vibrations and the glycosidic C—-O-C
linkage to the myxol backborn (Nikonenko et al. 2000;
Wiercigroch et al. 2017; Bataller and Capareda 2018;
Olsztyniska-Janus et al. 2018; Figueroa et al. 2022;
Moge et al. 2023). At the same time, there is an overlap

of C—C stretching vibrations of the carotenoid polyene
chains in the region of 1150 cm™.

Analysis of the non-carotenoid part of the complex

Nitrogen content was analyzed in the white substance
obtained after the extraction of carotenoids from the com-
plex with acetone. Results of the CHN-analysis show
that the white substance contains 6.7 +0.2% nitrogen and
47.7+1.1% carbon. High nitrogen content indicates that the
non-carotenoid portion of the complex includes proteins,
which is consistent with FTIR spectroscopy data.

Challenges and prospects

Myxoxanthophyll and oscillaxanthin are promising mol-
ecules for medicine and biotechnology (Tsushima et al.
1995; Novakova et al. 2020; Srivastava et al. 2024). How-
ever, despite their significance and potential, there is limited
information available regarding the biomedical applications
of these carotenoids. The challenges associated with the
extraction of myxoxanthophyll and oscillaxanthin, which
involve complex multistage procedures, limit access to these
substances (Aakermann et al. 1992; Novakova et al. 2020).
Success of new biotechnologies in the production of
biologically active materials depends on three key factors:
(1) access to inexpensive raw materials with a high con-
centration of the target substance, (2) effective methods for
extracting target molecules and purifying them from impu-
rities, and (3) adaptation and cost reduction of technology
for industrial-scale applications. To date, many efforts have
been focused on search, structure analysis and identifica-
tion of glycosylated carotenoids from different cyanobac-
terial species. New perspective strains were identified and
influence of different environmental and nutritional factors
on carotenoid production in cyanobacteria was examined
(Pfander 1976; Pagels et al. 2021; Srivastava et al. 2024).
Significantly less progress was achieved in development of
new methods for the extraction of myxoxanthophyll and
oscillaxanthin, as well as in comparing their effectiveness
(Aakermann et al. 1992; Novakova et al. 2020). It is impor-
tant to note that there is no information available on any
industrial methods for the production of these substances.
The methods for isolating glycosylated carotenoids
from various cyanobacterial species that have been known
to date primarily involved chromatography techniques,
which necessitate costly equipment for the pigment sepa-
ration. A fundamentally new approach is proposed for this
purpose. The pigment separation is achieved by carote-
noid-lipoprotein complex formation that concentrates at
the chloroform-water interface and can be easily separated
afterwards, after which the pigments are easily isolated.
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Thus, the isolation of this complex eliminates the need for
chromatographic separation and can be easily scaled up.

The advantages of the proposed approach are as fol-
lows: (1) the carotenoid extraction process consists of only
a few steps; (2) each step is facile; and (3) chromatogra-
phy is not involved. It can be hypothesized that additional
carotenoid-lipoprotein complexes may be discovered in the
future, enabling the simple and cost-effective isolation of
various pigments from biomass.

Conclusions

A new approach to the isolation of commercially valuable
carotenoids from cyanobacteria has been proposed. A facile
method for isolating the carotenoids myxoxanthophyll and
oscillaxanthin from L. platensis has been developed, paving
the way for the green and cost-effective industrial produc-
tion of these carotenoids. The method described is based on
the ability of the unique amphiphilic pigment-lipoprotein
complex to concentrate at the chloroform-water interface.
It does not require any chromatographic technique for the
isolation and purification of the carotenoids. The chromato-
graphic separation (HPLC) was used in this study only for
the purpose of carotenoid identification and quantification.

Carotenoids comprised 22.7% of the complex, while the
remainder was composed of lipoproteins. The carotenoid
ratio (myxoxanthophyll: oscillaxanthin) was 63%: 27%,
with 40 mg of myxoxanthophyll (0.1% of Limnospira plat-
ensis dry weight) and 17 mg of oscillaxanthin (0.05% of L.
platensis dry weight) isolated from 36.84 g of L. platensis
(dry weight).
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