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ABSTRACT: Here, an unprecedented biorefinery approach has been designed to recover high-added value bioproducts starting
from the culture ofPorphyridium cruentum. This unicellular marine red alga can secrete and accumulate high-value compounds that
can find applications in a wide variety of industrial fields. 300 ± 67 mg/L of exopolysaccharides were obtained from cell culture
medium; phycoerythrin was efficiently extracted (40% of total extract) and isolated by single chromatography, with a purity grade
that allowed the crystal structure determination at 1.60 Å; a twofold increase in β-carotene yield was obtained from the residual
biomass; the final residual biomass was found to be enriched in saturated fatty acids. Thus, for the first time, a complete exploitation
ofP. cruentumculture was set up.
KEYWORDS: microalgae, cascade approach, high-added-value molecules, phycoerythrin, sulfated exopolysaccharides

■ INTRODUCTION
Microalgae capture carbon dioxide during their growth to
perform photosynthesis. This implies the production of oxygen
and the reduction of carbon dioxide emissions.1 It is
noteworthy that microalgae are used as a reliable source of
food and high-added value products.2 Microalgae can be
considered perfect candidates for their use in biorefinery
approaches,3 as they can grow in lands which do not compete
with food production, and with a higher growth rate with
respect to conventional crops. From a theoretical point of view,
a biorefinery is a combination of multiple integrated processes
able to convert the biomass into a variety of high-added value
products, in an economical and environmentally sustainable
approach.4 This is in line with the principles of circular
economy, fostered by international organizations and pro-
moted by European Union (https://eur-lex.europa.eu/legal-
content/EN/ALL/?uri=CELEX%3A52015DC0614). Unfortu-
nately, in the microalgae field, a real biorefinery has been
demonstrated only for few strains,5 and most of the present
literature is focused on the extraction of one or two classes of
molecules, thus suggesting that the process is not economically
feasible.

Porphyridium cruentum is a red marine microalga, reservoir
of potentially high-added value molecules, such as carotenoids,
sulfated exopolysaccharides (EPSs), B-phycoerythrin (PE),
and lipids.6−9 Carotenoids are well-known antioxidants, also
able to counteract many disorders, from type 2 diabetes, to
degenerative diseases or cancer.10 Sulfated EPSs have a
chemical structure which confer them peculiar rheological
properties11 and many biological activities,12 such as
antimicrobial, anti-inflammatory,13 hypocholesterolemic,14

antiviral activities,15 and skin protective activity.16 PE, the
main protein found inP. cruentum, has a good market value for
different reasons: (i) in biomedical and molecular applications
for its natural fluorescence; (ii) as a natural red-colored protein
to be used as a dye for food and cosmetics, and (iii) in the
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pharmaceutical industry thanks to its antioxidant activity.17

Finally, recent literature exploited the use of saturated fatty
acids as antimicrobial agents and as drug delivery systems.18,19

Thus, taking advantage of the chemical composition ofP.
cruentum, here we propose a real biorefinery. For the first time,
not only the biomass but also the exhausted medium was fully
exploited to recover: EPSs from the medium and PE,
carotenoids and lipids from the biomass. Molecules were
extracted sequentially, starting from the most valuable one,
without affecting the activity of the molecules in the residual
biomass.

■ MATERIALS AND METHODS
Reagents. All chemicals, solvents, and reagents, unless differently

specified, were from Sigma-Aldrich (St Louis, MO, USA).
Microalgal Strain and Dry Weight Determination. Porphyri-

dium cruentum strain was acquired from Culture Collection of
Autotrophic Organism (CCALA, Centre for Phycology, Institute of
Botany of the AS CR, Dukelska ́ 135, TŘEBOŇ CZ-379 82, Czech
Republic). Preculture (50 mL, 0.09 ± 0.01 O.D./mL) of P. cruentum
was inoculated in Porphyridium medium20 in a 1 L bubble column
photobioreactor (working volume 800 mL) in a room with constant
temperature (25 ± 1 °C) and light (fluorescent lamps with an

intensity of 13 ± 1 PAR
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2 ) in autotrophic conditions,

without CO2. The culture was mixed by bubbling through a sintered
glass tube placed at the bottom of each culture tube. Algal growth was
monitored by measuring the absorbance at 730 nm. The O.D. values
were converted into biomass amount by correlating O.D. and dry cell
weight.
Exopolysaccharide Isolation and Quantization. To process a

high volume of medium, the latter was concentrated 10 times by
lyophilization, prior to addition of pure ethanol (1:2 v/v); EPSs were
then recovered by centrifugation (12,000 g, 30 min, 4 °C), collected
and lyophilized. Total carbohydrates were quantified by the phenol−
sulfuric acid method, according to Geresh et al.,21 with some
modifications, as reported in Gallego.4 A reference curve was obtained
by using glucose (0.03−1.0 mg/mL).
Determination of Monosaccharide Composition. Lyophilized

EPSs (2 mg) were solubilized with 1 mL of HCl/CH3OH (1.25 M)
for 16 h at 80 °C.22 Then, the sample was dried and acetylated with
25 μL of acetic anhydride and 25 μL of pyridine and kept at 100 °C
for 30 min. The mixture was analyzed by gas chromatography−mass
spectrometry (GC−MS) by using an Agilent Technologies instru-
ment (GC 7820A, MS 5977B), equipped with a HP-5MS 30 m, 0.25
mm, 0.25 μm capillary column. The following temperature program
was used to analyze acetylated methyl glycosides: 140 °C for 3 min,
140 °C → 240 °C at 3 °C/min.
Total Carbon, Hydrogen, Nitrogen, and Sulfur. The

determination of total carbon (C), hydrogen (H), nitrogen (N),
and sulfur (S) in EPSs recovered from P. cruentum medium was
carried out by performing total combustion, using the FlashSmart
Elemental Analyzer, according to Álvarez-Goḿez and colleagues.23

Elements (C, H, N, S) were expressed as % with respect to the
sample’s total weight.
Protein Extraction and Quantification. Fresh biomass was

harvested by centrifugation at 1200g for 30 min at room temperature
and resuspended at 10 mgD.W./mL in PBS pH 7.4. Cell disruption was
done by: (i) maceration; (ii) freeze and thaw; (iii) French Press, and
(iv) sonication. For the maceration, the biomass was kept at 4 °C in
agitation for 24 h. For the freeze and thaw method, the biomass was
frozen (−80 °C) and then thawed (37 °C) for five cycles. For the
French Press, two cycles were performed at a pressure of 2 kbar. The
ultrasound method was performed by operating with MS73 tip at 40%
amplitude of the instrument (Bandelin Sonoplus HD 3200) for
different lengths of time, from 4 to 20 min, (30″ on, 30″ off), on ice.
At the end of each step, samples were centrifuged at 5000 g at 4 °C for
30 min, proteins were recovered in the supernatant, total proteins

were determined by BCA Protein Assay Kit (Thermo Scientific) and
then SDS-PAGE analysis followed by Coomassie staining was
performed. Phycobiliprotein concentration was determined by the
Bennet and Bogorad equations:24

C
Abs (0.474 Abs )

5.34PC
615nm 652=

[ × ]
(1)

C
Abs (0.208 Abs )

5.09Apc
652nm 620nm=

[ × ]
(2)

C
C CAbs (2.41 ) (0.849 )

9.62Pe
562nm Pc Apc=

[ × × ]
(3)

The reported wavelengths (562, 615, and 652 nm) correspond to
the maximum of absorption of phycoerythrin, phycocyanin, and
allophycocyanin, respectively.
Phycoerythrin Purification. PE purification was performed by

comparing three techniques: anion-exchange chromatography, gel
filtration, and ultrafiltration. Anion-exchange chromatography was
carried out by using a Nuvia-Q resin equilibrated with PBS pH 7.4,
and elution was performed using 0.25 M NaCl. Gel filtration was
performed by using a Sephadex G-75 equilibrated in PBS pH 7.4.
Ultrafiltration was carried out with a 10 kDa molecular weight cut-off
membrane, and the process was performed at 4 °C. The fractions
obtained by anion-exchange and gel filtration, as well as the retentate
obtained by ultrafiltration, were collected and analyzed by SDS-PAGE
followed by Coomassie staining and PE purity grade was calculated by
measuring the ratio Abs562nm/Abs280nm.
Crystallization, Data Collection, Structure Solution, and

Refinement of Phycoerythrin. PE crystals were grown by the
hanging drop vapor diffusion method25 using a drop containing 10
mg/mL PE in 0.25 M ammonium sulfate, 25 mM potassium
phosphate at pH 5.0, equilibrated with a reservoir containing 0.5 M
ammonium sulfate, and 50 mM potassium phosphate at pH 5.0. Red
crystals were visible after 1 week (Figure S1, Supporting Information).

The crystals were soaked in a cryoprotectant solution containing
30% (v/v) glycerol in the reservoir solution and cooled at −173 °C.
Starting from one crystal, a high-resolution data set was collected at
the XRD2 beamline at the Elettra synchrotron in Trieste, Italy, at
−173 °C. Data were processed and scaled using Autoproc.26 The
crystal was trigonal, space group R3, with unit cell parameters a = b =
186.59 Å, c = 59.19 Å, α = β = 90°, and γ = 120°. For data collection
statistics, see Table S1 (Supporting Information). The structure of PE
was solved by molecular replacement using PHASER,27 and the PE
structure deposited in the Protein Data Bank under the accession
3V58,28 as a starting model. The structure shows the presence of two
(αβ) dimers in the asymmetric unit. Visual inspection and model
improvements were carried out using Coot.29 Refinements were
carried out using Refmac 5.0.30R factor and R free values were used to
optimize the refinement strategy. The final model, which has good
geometries and refinement statistics (Table S1, Supporting
Information), was deposited in the Protein Data Bank under the
accession code 8B4N. Pymol (www.pymol.org) was used to obtain
molecular-graphics figures.
In Situ Digestion. A single PE crystal was solubilized in water and

analyzed by SDS-PAGE. For in-gel hydrolysis, SDS-PAGE bands were
excised from the gel lane, destained by consecutive cycles of 0.1 M
NH4HCO3 at pH 8.0 and acetonitrile (ACN), followed by reduction
(10 mM DTT in 100 mM NH4HCO3, 45 min, at 56 °C) and
alkylation (55 mM IAM in 100 mM NH4HCO3, 30 min, at room
temperature). The gel pieces were washed with 0.1 M NH4HCO3 of
pH 8.0 and ACN and subjected to the enzymatic hydrolysis by
covering them with 40 μL sequencing grade modified trypsin (10 ng/
μL trypsin; 10 mM NH4HCO3) overnight at 37 °C. Peptide mixtures
were eluted, vacuum-dried, and resuspended in 2% ACN acidified
with 0.1% HCOOH. Tryptic peptide mixtures were analyzed by
MALDI-TOF (AB SCIEX, Milan, Italy) to reveal the amino acid
sequence of the three phycoerythrin chains.
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Mass Spectrometry Analyses. Matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry (MS) experiments were
performed on a 5800 MALDI-TOF-TOF ABSciex equipped with a
nitrogen laser (337 nm) (AB SCIEX, Milan, Italy). Starting from each
band, aliquots of peptide mixture (0.5 μL) were mixed (1:1, v/v) with
alphacyano hydroxycinnamic acid (10 mg/mL) in acetonitrile: 55
mM citric acid (70:30) solution. Calibration was done by using a
calibration mixture from AB SCIEX (Monoisotopic (M + nH)n+:
904.46 Da des-Arg-Bradykinin, 1296.68 Da Angiotensin I, 1570.67 Da
Glu-Fibrinopeptide B, 2093.08 Da ACTH (clip 1−17), 2465.19 Da
ACTH (clip 18−39), 3657.92 Da ACTH (clip 7−38)). Peptides were
identified by MS spectra, acquired using a mass (m/z) range of 400−
4000 Da. Peptide mass fingerprinting was performed by MS digest of
homologue phycoerythrin sequences. MALDI MS experiments were
performed on a 5800 MALDI-TOF-TOF ABSciex equipped with a
nitrogen laser (337 nm) (AB SCIEX, Milan, Italy). The instrument
operated with an accelerating voltage of 20 kV, a grid voltage at 66%
of the source voltage, and a delay time at 200 ns. Laser power was set
to 3500 V for the spectra acquisition. Each spectrum represents the
sum of 10,000 laser pulses from randomly chosen positions on the
same target place. The data were reported as monoisotopic masses.
Carotenoid Extraction and Characterization. Carotenoids

were extracted from the dry biomass, either raw or after protein
extraction. Extractions were performed in ethanol, as reported by
Aremu, with some modifications.31 Briefly, for each extraction, 200
mg of freeze-dried biomass was suspended in pure ethanol (4 mL)
and sonicated (40% amplitude, 4 min on ice, Bandelin Sonoplus HD
3200, tip MS73). The mixture volume was then adjusted to 20 mL
and shaken for 24 h at 250 rpm in a dark room at 4 °C. The
supernatant was collected by centrifugation at 12,000g for 10 min,
dried under nitrogen stream, and then stored at −20 °C. Carotenoid
identification was performed by HPLC-DAD-APCI-QTOF-MS/MS,
whereas quantization was done by calibration curves obtained by
using commercial zeaxanthin and β-carotene, according to a method
previously described,5 with some modifications. The analysis of the
extracts was carried out in an Agilent 1290 UHPLC system (Ultrahigh
Performance Liquid Chromatography) equipped with a diode-array
detector (DAD), coupled to an Agilent 6540 quadrupole-time-of-
flight mass spectrometer (q-TOF MS) equipped with an atmospheric
pressure chemical ionization (APCI) source, all from Agilent
Technologies (Santa Clara, CA, USA). Extracts were solubilized in
ethanol (5 mg/mL), filtered through 0.45 μm nylon filters, and then
analyzed under positive ionization mode, using the following
parameters: capillary voltage, 3.5 kV; drying temperature, 350 °C;
vaporizer temperature, 400 °C; drying gas flow rate, 8 L/min;
nebulizer gas pressure, 40 psi; corona current (which sets the
discharge amperage for the APCI source), 4000 nA. The mass
spectrometer was operated in MS and tandem MS modes for the
structural analysis of all compounds. The MS and Auto MS/MS
modes were set to acquire m/z values ranging between 50 and 1100
and 50 and 800, respectively, at a scan rate of 5 spectra per second.
Lipids Extraction and Characterization. Lipids were extracted

on the dried biomass. Both the raw and the two residual biomasses (I
and II residual biomass) were dried at 60 °C for 24 h. Lipids were
obtained as reported by Bligh and Dyer.32 Nitrogen flux was used to
dry, recover, and weigh lipids. Lipid fractionation was performed by
solubilizing them in chloroform and using a commercial prepacked
column containing a stationary phase made of Florisil. Neutral lipids
were eluted with chloroform:methanol (2:1, v/v), fatty acids with 2%
acetic acid in diethyl-ether, whereas phospholipids were eluted with
100% methanol. The recovered fatty acids were then characterized by
GC−MS, as previously reported.33

Statistical Analyses. Results are reported as mean of results
obtained after three independent experiments (mean ± SD) and
compared by one-way analysis of variance according to Bonferroni’s
method (post hoc) using Graphpad Prism for Windows, version 6.01.

■ RESULTS AND DISCUSSION
Exopolysaccharide Recovery and Characterization.

Figure 1 reports the extraction strategy used to recover
different molecules from P. cruentum. At the end of cell growth,
medium, generally regarded as waste, was collected and
polysaccharides were isolated by precipitation using ethanol
or 2-propanol. The EPS content was measured by the phenol−
sulfuric acid method and no difference between the two
applied solvents was observed (ethanol yield 0.100 ± 0.020
and 2-propanol 0.116 ± 0.020 mg/mL); thus ethanol was
selected because of its wide range of applications.34 The EPS
yield was found to be 300 ± 67 mg/L of culture medium,
which corresponds to an EPS yield of 0.53 g/gd.w.biomass. The
monosaccharide composition was achieved by GC−MS
analysis, after derivatization as acetylated methyl glycosides
(AMGs). The GC−MS chromatogram disclosed the presence
of mainly xylose (Xyl), galactose (Gal), and glucose (Glc).
Finally, traces of rhamnose (Rha), glucuronic acid (GlcA), and
glucosamine (GlcN) were detected (Figure 2).
Because the EPSs from P. cruentum are known to be sulfated,

the elemental composition analysis was performed. Results,
reported in Table 1, indicate that the % of sulfur present in the
sample is similar to that reported in the literature (7.4% ±
0.2%).35,36 No proteins were detected.
Biomass Exploitation. Phycoerythrin Extraction Opti-

mization. To extract PE, different extraction procedures were
evaluated, as described in Materials and Methods. Total
protein concentration was determined by colorimetric assay
(BCA), whereas PE, phycocyanin (PC), and allophycocyanin
(APC) concentrations were obtained using the Bennet and
Bogorad equations (reported in the Material and Methods
section). As shown in Table 2, the amount of PE was similar in
all the analyzed samples, whereas PC and APC were found to
be most abundant only in the extract obtained by French Press.
Indeed, the presence of APC and PC in the French Press
extract halved the purity grade of the extract with respect to
those obtained for the other three extracts.
Supernatants were also analyzed by SDS-PAGE followed by

Coomassie staining (Figure S2A, Supporting Information) and
UVA light exposure, taking advantage of chromophores
present in PE (Figure S2B, Supporting Information). The
analyses revealed two major bands, whose molecular weights
corresponded to α and β subunits (17 kDa) and γ subunit (30

Figure 1. Schematic representation of the applied process.
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kDa) of PE, in each lane. Results suggested ultrasound as the
most promising method. As biomass storage is a crucial step in
industrial-scale processes, also from a logistically point of
view,37 extractions were performed by ultrasound on either
fresh or frozen biomass (stored at −80 °C) for different
lengths of time (from 4 to 20 min). At the end of each
extraction, the disrupted biomass was analyzed by SDS-PAGE
(Figure S2C,D, Supporting Information). Supernatants
obtained after 20 min extraction seemed to be the best choice
for fresh biomass, as 4 min extraction allowed to recover a PE
content of 1.8% (Table 2) with a purity grade of 0.9 (Table 2),
whereas 20 min of sonication on fresh biomass allowed to
recover a PE content of 3.0 ± 0.4% with a purity grade of 1.5 ±
0.3. These extraction values are higher with respect to those
obtained, after 20 min of sonication, from the frozen biomass:
PE content of 2.2 ± 0.2 to 3.0 ± 0.4% for frozen and fresh
biomass, respectively, and a PE purity grade of 1.0 ± 0.2 and
1.5 ± 0.3 for frozen and fresh biomass, respectively.
Phycoerythrin Purification and Structure Determination.

PE purification was performed by comparing three techniques:
anion-exchange chromatography, gel filtration, and ultra-
filtration. The results of the different techniques are reported
in the Supporting Information (Figure S2E−G, Supporting
Information). Only the size-exclusion chromatography allowed
obtaining pure PE; in particular, this purification step allowed
to recover about 80% of PE and to reach a purity grade of 4.0.
It is known that a purity grade ≥4.0 indicates a protein to be
used in analytical grade.38 According to the overall results, this
approach allowed obtaining high-purity grade PE by only one
step extraction and purification. To the best of our knowledge,
this is the first time that PE was extracted and purified with
such a purity grade by using only a single purification

step.39−42 To determine the protein identity and purity, PE
was crystallized, and its X-ray structure was determined at 1.60
Å resolution. The X-ray structure is constituted by 5990 atoms,
including five phycoerythrobilin (PEB) chromophores for each
αβ dimer, one methylated Asn in position β72 (Figure 3A) for
each β subunit, two sulfate ions, and 324 water molecules and
refines to R factor/Rfree values of 0.222/0.256. The structure
confirms the formation of the (αβ)3 hexamer (Figure 3C,D)
but does not allow to identify the exact location of the γ
subunit (Figure 3E). Similar results were obtained in previous
studies43,44 and were attributed to rotational disorder of the γ
subunit within the protein crystal and to the finding that the
electron density of this subunit is averaged out by the threefold
crystallographic symmetry. The α subunit contains 164
residues, the β subunit 177 residues. The overall structure of
the protein is very similar to that previously reported and
deposited in the Protein Data Bank under accession code
3V58, obtained from crystals grown under different exper-
imental conditions, but at the same pH. After superposition,
the 164 CA atoms of the α subunit have a root-mean-square
(r.m.s.) deviation of 0.146 Å, and the 177 CA atoms of β
subunit have an r.m.s. deviation of 0.142 Å. Each αβ dimer has
five PEBs in position α82, α139, β61, β82, and β158. The first
PEB, which adopts two alternate conformations in our
structure, is covalently attached to the side chain of Cys82 of
the α subunit by ring A. The second PEB is bound to Cys139
of the same subunit. The other three PEBs are found in the β
subunit. They are bound to the side chains of Cys61, Cys82,
and Cys158. The stereochemistry of the chromophores and
their interaction with protein residues are basically identical to
that observed in the starting model28 and previously described.
An example of the well-defined electron density maps of the

Figure 2. GC−MS chromatogram of the AMG of P. cruentum exopolysaccharides recovered from the culture medium. In the graph, the relative ion
current abundance is reported as a function of retention time (min).

Table 1. Elemental Composition and Protein Content of EPSa

O (%) N (%) H (%) C (%) S (%) protein content (mg/mL)

76.0 ± 2.4 1.1 ± 0.6 2.6 ± 0.4 13.1 ± 1.3 7.4 ± 0.2 N.D.
aElements were measured by an elemental analyzer. Oxygen % was calculated by subtracting the % of the other elements from 100%. % are
expressed as mg of each element/mg of analyzed EPS. Protein content was measured by colorimetric assay.

Table 2. Total Protein and Phycobiliprotein Concentration, Extraction Yield, and Phycoerythrin Purity Grade Obtained for
Each Extraction Protocola

maceration sonication freeze and thaw French press

protein yield (%) 44 ± 5 35 ± 4 35 ± 3 37 ± 6
PE yield (%) 1.8 ± 0.1 1.8 ± 0.8 1.8 ± 0.5 1.4 ± 0.7
PE purity grade (Abs562nm/Abs280nm) 0.8 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 0.4 ± 0.2
PC yield (%) 0.14 ± 0.02 0.48 ± 0.1 0.21 ± 0.1 1.4 ± 0.5
APC yield (%) 0.13 ± 0.1 0.2 ± 0.1 0.5 ± 0.02 1.1 ± 0.2

aTotal protein concentration was obtained by BCA assay and total PE, PC, and APC concentration by Bennett and Bogorad equations. Yields are
expressed as gprotein/gd.w.biomass. The PE purity grade was calculated from the Abs562nm/Abs280nm ratio.
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chromophores is reported in Figure 3B. To verify the presence
of a γ subunit, PE crystals were dissolved and analyzed by UV−
vis absorption spectroscopy, SDS-PAGE analyses, and mass
spectrometry. The UV−vis absorption spectrum (Figure S3A,
Supporting Information) showed a peculiar shoulder at 498
nm, ascribed to the phycourobilin chromophore of the γ
subunit. SDS-PAGE analysis (Figure S3B, Supporting In-
formation) showed the presence of two molecular species,
whose molecular mass was compatible with α and β subunits
(double bands at about 17 kDa) and with the γ subunit (30
kDa). In situ digestion was performed on the bands and the
peptide mixtures were analyzed by MALDI-TOF; peptide mass
fingerprinting was performed by MS digest of homologue
phycoerythrin sequences. The assignment of each mass
spectrometry signal allowed highlighting the peptide sequence
along the entire protein sequence. As shown in Figure 4,BA,
the MS analysis of lower band enabled tracing the peptide
sequence (labeled in bold and underlined) for the α and β
chains, displaying a sequence coverage of 64 and 61%,
respectively. The MS analysis of the higher band, on the
other hand, revealed that the signals were attributed to two γ-
chains with comparable sequence coverage (59.3 and 43.5%),
as shown in Figure 4C,D. The presence of the two γ subunits
has been previously found in the structure of the entire

phycobilisome solved by electron microscopy (PDB code
6KGX).45 The heptameric structures of PE, with the two
different γ subunits, extracted from PDB code 6KGX are
reported in Figure 5, with the same orientation.

Carotenoid Extraction and Characterization. Carotenoid
extraction was performed by using a conventional method on
both residual biomass (herein referred as I residual biomass)
and on the raw one, used as benchmark (as reported in the
Materials and Methods section). HPLC analyses (Figure 6)
revealed that zeaxanthin and β-carotene were the major
pigments present in the two extracts. Quantification analyses
for the two carotenoids are reported in Table 3 and indicate
that all the zeaxanthin isoforms present in the I residual
biomass represented about 55% of those present in the raw
biomass, whereas β-carotene isoform recovery was about 210%
with respect to the raw biomass. It is important to point out
that the carotenoids yield obtained from the I residual biomass
was comparable to the one obtained by innovative green
extractions performed on the residual biomass of the same
species,4 thus suggesting the feasibility of the proposed
process.
Lipid Extraction and Characterization. According to the

strategy described in Figure 1, lipid extraction represented the
last class of the proposed process, after a drying step. To verify

Figure 3. PE crystal structure. (A) 2Fo-Fc electron density map (1.0σ) of the methylated Asn72β in the structure of PE. (B) 2Fo-Fc electron
density maps contoured at 1.0σ of one of the five PEB chromophores found in the structure of PE. (C) (αβ)3 hexamer shown from the upper view
and the lateral view (D). Electron density of the central cavity is shown in panel E. This segment of electron density should contain information on
the location of the γ subunit.
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if the previous extractions could affect lipid composition,
control experiments were performed by determining the
composition of the lipid fraction obtained after PE extraction
(I residual biomass) and after PE and carotenoid extraction (II
residual biomass). The extractions were performed according
to Bligh and Dyer,32 followed by a solid phase extraction
(SPE). As shown in Table 4, a 14% yield of total lipids was
obtained from the raw biomass, whereas about 29% were
extracted from the I residual biomass (i.e., after protein
extraction). Nevertheless, when lipids were extracted from the
II residual biomass (i.e., after protein and carotenoid
extractions), the yield (14.1%) was comparable to those
calculated for the raw biomass. Interestingly, the gas
chromatography analysis of the fatty acid fraction revealed a
clear trend: while polyunsaturated fatty acids (PUFAs)
decreased during the cascade extractions (from 26 to 14 to
4%), a clear increase in the yield of saturated fatty acids (SFAs)
was observed (from 72 to 76 to 93%). SFAs are considered
now as an interesting new class of molecules, thanks to their

chemical stability, responsible for their well-defined melting
points and biocompatibility. Thus, they have been proposed as
new materials for drug-controlled release or simply as
antibacterial molecules.18,19

■ CONCLUSIONS

The strategy proposed in Figure 1 was found to be effective,
because an innovative and reliable strategy was set up to
sequentially recover high-added-value products from P.
cruentum culture. In particular, (i) P. cruentum culture is
completely employed to recover intra- and extracellular class of
high-added-value molecules; (ii) the yield of each extracted
class of molecules is similar to those obtained when extractions
are performed to recover single class of molecules; and (iii)
according to the biorefinery principles, all the class of
molecules have been recovered starting from the one with
the highest market value. Simultaneous microalgae culture
valorization and carbon capture can contribute to the
sustainable expansion of the microalgae market.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05869.

Crystallographic data; PE extraction and purification
analyses; carotenoid identification (PDF)

Figure 4. α, β, and γ chain sequences of P. cruentum detected by MALDI-TOF analysis. (A) α chain sequence displaying the different peptides
(bold and underlined) compared to P11392 (PHEA_PORPP) sequence on UniProt. (B) β chain sequence displaying the different peptides (bold
and underlined) compared to P11393 (PHEB_PORPP) sequence on UniProt. (C) γ chain sequence displaying the different peptides (bold and
underlined) compared to A0A5J4YX19 (PHEB_PORPP) sequence on UniProt. (D) γ chain sequence displaying the different peptides (bold and
underlined) compared to A0A5J4YZM7 (PHEB_PORPP) sequence on UniProt.

Figure 5. Heptameric (αβ)3γ structures observed in the phycobili-
some from P. cruentum.
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Figure 6. Representative HPLC−DAD chromatograms of carotenoids extracted from P. cruentum biomass. (A) Raw biomass; (B) I residual
biomass (after PE extraction). Peak numbers and their identification are reported in Table S2, Supporting Information.

Table 3. Comparison between Zeaxanthin, β-Carotene, and Their Isomers in the Raw and I Residual Extracts

peak number retention time (min) peak identification raw biomass (mg/gextract) I residual biomass (mg/gextract)

5 7.668 zeaxanthin isomer I 1.03 0.64
6 8.057 zeaxanthin 21.37 11.79
7 9.826 zeaxanthin isomer II 2.84 1.69
13 18.701 β-carotene 0.20 0.44
14 18.892 β-carotene isomer 0.04 0.07

Table 4. Total Lipid Yieldsa

lipid yield (%) neutral lipids (%) phospholipids (%) fatty acids (%) PUFA (%) SFA (%)

raw biomass 14.0 ± 2.6 11.2 ± 1.5 12.0 ± 4.0 3.7 ± 0.3 25.8 ± 4.6 71.7 ± 13.6
I residual biomass 28.8 ± 1.5 10.2 ± 0.3 10.6 ± 0.3 2.5 ± 0.2 14.4 ± 1.9 76.3 ± 5.8
II residual biomass 14.1 ± 0.4 9.1 ± 0.6 3.8 ± 0.4 1.6 ± 0.2 4.3 ± 0.8 92.8 ± 7.2

aLipids mean yields are reported as the percentage of the ratio between each lipidic class after SPE and dried raw biomass.
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