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ABSTRACT: Microalgae are a promising source of starch with the potential to reduce land and water footprints as compared to
terrestrial plants. However, so far, there are no specific downstream processes to recover microalgal starch. In this work, the
development of a lab-scale biorefinery to produce microalgal starch is described. Guidelines are provided on how to set up
microalgae cultivation, attaining until 37% starch content and 0.48 g L−1 d−1 starch productivity in 500 mL lab-scale
photobioreactors. Cell lysis by ultrasonication in water and ethanol was studied, obtaining better disruption rates at a lower
temperature (≈30 °C) in water. The refinery of the lysate was studied by comparing the conventional Percoll protocol with more
potentially scalable methods: aqueous two-phase systems (ATPSs) and ethanol extraction. Ethanol allowed attainment of the best
results, separating quantitatively lipids, with reduced pigment degradation, by ensuring higher starch recovery (91%) and starch
content (57%) in the refined pellet. Finally, refined starch was used to produce a plastic film that showed mechanical properties
comparable to those obtained by using corn starch. This study provides preliminary evidence that microalgal starch could replace
conventional starch sources in the biobased industry, possibly with reduced environmental impacts.
KEYWORDS: starch extraction, Tetradesmus obliquus, bioplastic, water footprint, biopolymers, aqueous two-phase systems,
ultrasonication, cell disruption

■ INTRODUCTION
Starch is a biodegradable biopolymer that can be used for
several industrial applications.1,2 It may play a relevant role in
the replacement of conventional fossil-based polymers in the
biobased economy.3 Currently, starch is produced only from
terrestrial plants such as corn and potatoes. However, this
production can generate a competition for arable land and
water consumption among food production and biomaterial
production.4 Microalgae are promising future alternative
sources for starch. As compared to terrestrial plants, starch
production from microalgae may have different possible
advantages: (i) microalgae may attain starch productivities
up to tenfold higher than conventional terrestrial plants;5 (ii)
microalgae may use less water, including wastewaters or
saltwater as water source;6 and (iii) microalgae may be
cultivated on nonarable lands. These properties may allow
microalgae to potentially produce starch with a lower water
and land footprint than conventional terrestrial crops.
Starch content in microalga varies depending on the species

and the cultivation conditions. High-accumulating strains can

attain up to 40−45% starch as dry weight after few days of
cultivation in nitrogen starvation.5,7,8 In addition to starch,
microalgae can be even a source of other biomolecules such as
triglycerides (TAGs), pigments (carotenoids, chlorophylls),
and high value proteins.9 Together with starch, these different
biomolecules may be extracted in a biorefinery process that is
able to produce different end products.
So far, the industry of microalgae has mostly focused on

single products from single cultivations. The main products are
dry biomass, pigments (astaxanthin, β-carotene, phycocyanin),
and omega-3 fatty acids for producing food additives,
nutraceuticals, and feed.10 These applications exploit mainly
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lipids and proteins since they have higher added value than
starch when used in food and feed markets. The development
of a biorefinery may allow us to valorize different components
of the biomass, including starch, especially if it is converted
into specific end products such as biomaterials. At present, the
biorefinery concept has been studied mostly with experiments
at the laboratory scale. The large part of the studies conducted
on microalgae biorefinery were focused on TAGs, carotenoids,
and proteins,11 with little attention toward the recovery and
refinery of starch. TAGs and carotenoids are conventionally
extracted at lab scale with organic solvents from either dried or
wet biomass.12,13 At industrial scale, the company Cyanotech
uses supercritical CO2 to extract astaxanthin.14 For protein
extraction, a common strategy described in scientific studies is
cell disruption of wet biomass followed by protein purification
using precipitation or ultrafiltration.15 Some studies also
evaluated the extraction of proteins from defatted microalgal
biomass, by using alkaline treatments with 0.1−1 M
NaOH16−18 or by using protease enzymes.19 However, none
of these studies evaluated the possibility of coupling these
protocols of lipid and protein extraction with starch recovery.
Different studies were focused on the extraction of microalgal
carbohydrates (that also include starch), but these studies used
destructive extraction treatments that involved chemical
hydrolysis of polysaccharides to simple sugars.17,20,21 A main
technical issue in starch extraction and purification is its
insolubility in almost all solvents. Native starch can be refined
only as a result of the removal of nonstarch components, such
as lipids, proteins, and other cellular components, by their
selective solubilization in suitable solvents. This is the
approach followed by the conventional processes used to
extract starch from terrestrial plant sources, which include
mechanical cell disruption followed by the separation of
proteins in a water suspension from which pure starch is
obtained by sedimentation or filtration. However, this
approach is hardly applicable to microalgae because as
compared to terrestrial plants, microalgae have lower cell size
(2−10 vs 10−100 μm), lower starch granule size (∼1 vs 10−
100 μm), lower starch content (≤45 vs 80−85%), and cell
walls are hard to break down due to the presence of
recalcitrant polymers such as sporopollenin.22,23 The studies
in which microalgal starch was purified were based on the
utilization of a cell disruption method (sonication or bead
beating) followed by centrifugation through Percoll gra-
dient.5,24,25 However, this kind of centrifugation is not
applicable at a large industrial scale. Recently, aqueous two-
phase systems (ATPSs) have been reported as a promising
scalable method to separate microalgal starch from other
cellular components after mechanical cell disruption.26−28 By
using ATPS, starch was recovered in the interface or in the
pellet phase, with an yield between 67 and 79%.26,28 However,
the reported purity of refined starch obtained was not higher
than 50%28 and no application was tested.
The aim of this work is to contribute to the development of

a biorefinery to obtain starch from microalgae to be used for
the production of plastic films. In the first part of the work, the
evolution over time of starch synthesis by microalgae in a batch
reactor was studied in detail to obtain general guidelines to
determine the best harvesting moment to maximize starch
accumulation and productivity and minimize water footprint.
Subsequently, the work investigates different innovative
cascade approaches to obtain a pellet phase enriched in
microalgal starch in addition to the separation of other

biomolecules (proteins, lipids). The conventional protocol
based on the Percoll gradient was compared with other
protocols that are more easily scalable industrially. Finally, for
the first time, a starch-based film using only microalgal starch
as a biopolymer is produced and compared to conventional
corn starch.

■ EXPERIMENTAL SECTION
Microalgae Cultivation and Starch Synthesis. A strain of the

microalga Tetradesmus obliquus (generally known as Scenedesmus
obliquus) was isolated and identified as previously described.29 The
strain was maintained in solid and liquid BG11 medium, in
phototrophic and nonaxenic conditions, as previously described.29

Microalgae suspension was then transferred to two 500 mL (h = 35
cm, d = 5 cm) column glass photobioreactors (PBRs) at an initial
biomass concentration of 0.3 g L−1. The culture medium was filtered
through 0.7 μm filters before use. Temperature of the culture was
maintained at 28 ± 1 °C and pH at 7.5 ± 0.5 (maintained stable by
the CO2 supply). PBRs were illuminated 24 h with led light lamps
(GROWSTAR L-QB1) supplying 500 ± 50 μmol s−1 m−2 photons
(measured by a Gossen Mavolux Digital luxmeter at three different
heights of the reactors; conversion factor: 0.0257). Each reactor was
fed with 1 L min−1 air (filtered by a 0.2 μm filter) and 10 mL min−1

pure CO2. Culture medium composition is reported in the Supporting
Information. To study the effect of batch time on starch synthesis, the
cultivation was repeated in different batches, under the same
conditions, sampled at different times (0−18 d), in two separate
column PBRs run in parallel. Collected samples were analyzed for dry
weight concentration and starch content inside biomass. The biomass
used for the experiments on microalgae biomass processing (cell
disruption, extraction) was harvested from different independent
batches always at a concentration of 5 ± 1 g/L to ensure
homogeneous biochemical composition (starch = 36 ± 3% d.w.).
The biochemical composition of the samples used for starch refinery
is reported in Table S1. The biomass was harvested by centrifugation
at 3000g (10 min), rinsed twice with distilled water, then suspended
in distilled water in 20 mL aliquots at 90 g L−1, and frozen at −18 °C
until its utilization for the experiments. Dry weight of microalgae
suspensions was measured by filtering samples through 0.7 μm glass
fiber filters and then dried at 105 °C and weighted. The water
footprint for starch was calculated considering the water used for
cultivation divided by the amount of starch produced: 1/starch
concentration.

Cell Lysis Tests with Ultrasonication. Different kinetic tests
were carried out to study the effect of solvent (water and ethanol)
with and without cooling for temperature control. For tests with
water, microalgal samples (20 mL, 90 g L−1) were defrosted and then
directly treated with sonication inside a 50 mL glass reactor (h = 5
cm, d = 4.4 cm), having an external jacket connected to a
thermocryostat in which cold water (5 °C) was recirculated. Tests
without temperature control were performed only on ethanol to avoid
starch gelatinization in water phase.30

For tests with ethanol, after defrosting, samples were centrifuged at
3000g (10 min) and the pellet was suspended in 20 mL of ethanol
(96%). Tests in ethanol were performed by using the same apparatus
used with water, both with and without temperature control. In the
test without temperature control, pure ethanol was added at each
sampling time to repristinate evaporation losses.

All sonication tests were performed by using the Branson 450
Digital Sonifier (20 kHz, 400 W maximum power) at 60% amplitude
(90 μm) and in pulsed mode with ton/toff = 0.3/0.1 s (ton and toff
denoting the time interval during which the supply of mechanical
energy was active and inactive, respectively). A 12 mm replaceable
horn probe was used and immersed inside the suspension at half of
the suspension level. Cell concentration was measured at different
time intervals throughout the treatment by optical counting in a
Thoma chamber by means of an optical microscope. The experiments
were carried out in duplicate. Cell disruption yield (YL) was measured
with eq 1
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(1)

With C0,cells and Ccells(Ton), the initial cell concentration and the
concentration that was measured after a certain treatment time Ton.
The term Ton in eq 1 is the sum of the ton times elapsed since the start
of the cell disruption treatment (T tt

t
on 0 on= = ). The toff value was

not included in the kinetic study because it was assumed that the cell
disruption only happened during ton periods, in which the mechanical
energy was applied. The toff and toff/ton ratios were set mainly to avoid
overheating. Kinetic behavior of the cell disruption treatment is
described by a first-order model (eq 2).

C
t

kC T
d

d
( )cell

cells on=
(2)

Equation 2 was integrated between Ton = 0 and Ton by setting Ccells
= C0,cells at Ton = 0, obtaining eq 3, which was used to estimate the
kinetic constant (k) by nonlinear fitting of the experimental data.

C T C( ) e kT
cells on 0,cells

on= (3)

Refinery of the Microalgae Lysate with Different Methods.
Experiments were performed to test different methods to separate
lipids and proteins from starch to obtain a pellet phase enriched in
microalgal starch.
Conventional Separation through Percoll Gradient. Lysed

biomass suspension obtained after sonication in water (with
temperature control) at Ton 135 min was used. 4.5 mL of lysed
biomass suspension was centrifuged at 3000g (10 min) in a 15 mL
centrifuge tube, and the pellet was washed twice in TE buffer (pH 8;
trizma base 10 mM; EDTA 1 mM) and then suspended in 4.5 mL of
the same buffer. In the same tube, 9 mL of Percoll solution (17-0891-
02 GE Healthcare) was added, and the suspension was vortexed and
then centrifuged at 10,000g (10 min) at 4 °C. After centrifugation, the
supernatant was discarded and the pellet suspended again with 4.5 mL
of TE buffer and 9 mL of Percoll for a second cycle of centrifugation.
The pellet so obtained was finally dried.
Separation with ATPS. The ATPS comprised polypropylene

glycol-400 (PPG-400; Alfa Aesar, ref 40811) and choline chloride
(98%, Alfa Aesar, ref A15828) with a 40:14 w/w ratio. For each test,
18 g of distilled H2O, 7 g of choline chloride, 20 g of PPG-400, and 5
mL (5 g) of lysed microalgal suspension (450 mg d.w. equivalent)
were mixed in 50 mL centrifuge tubes. Lysed biomass suspension
obtained after sonication in water (with temperature control) at Ton
135 min was used. The components were mixed in the dark for 1 h in
a rotary shaker at 25 rpm at room temperature, according to the
method reported previously.26,28 Subsequently, samples were
centrifuged at 1670g (10 min) to favor phase separation, and the
upper (PPG-400) and bottom (ChCl) phases were separated with a
glass pipet. Tests were performed for 1 extraction cycle and for 3
consecutive extraction cycles. At the end of the extraction, the bottom
pellet phase was separated from ATPS, washed once with TE buffer,
washed twice with water, and then washed twice with 96% ethanol.
The pellet was then dried under a fume hood at an environmental
temperature. The experiment was carried out in triplicate.
Separation with Ethanol. Lysed biomass suspensions obtained

after sonication in water (with temperature control) and in ethanol
(without temperature control) at Ton 135 min were used for these
tests. 2 mL of lysed biomass suspension was centrifuged at 10,000g (5
min), the supernatant was separated, and the pellet was suspended in
1 mL of ethanol (96%), vortexed, and put at 75 °C in a dry block for
10 min, mixing every 2 min. Samples were then cooled and
centrifuged at 10,000g (5 min), the supernatant was separated, and
the pellet was suspended again in ethanol for another extraction cycle.
Different consecutive extraction cycles were performed until obtaining
a transparent solvent. The extracts were analyzed for pigment
concentration as described previously.28 The pellet was then dried
under a fume hood at environmental temperature. The experiment
was carried out in duplicate.

For all of the tested methods, the overall mass recovery yield of the
pellet obtained (yX) was calculated by eq 4

y
m
mX

P

R
=

(4)

where mR and mP are the mass of the raw biomass and the pellet
phase, respectively.

Biochemical Analyses. Starch was analyzed in raw microalgal
biomass and on pellets obtained with different treatments. Starch
mass was quantified by means of selective enzymatic hydrolysis by
using a “total starch assay kit” (Megazyme, ref K-TSTA, Ireland),
following the protocol previously described.28,31 The recovery yield of
starch (ηstarch) in the obtained pellets was calculated by eq 5

m C

m Cstarch
P S,P

R S,R
=

(5)

where CS,R and CS,P are the contents of starch in raw biomass and
pellet phases, respectively.

Residual content of lipids in the pellet phase was measured by
mixing 30 mg of dried biomass with 3 mL of methanol:dichloro-
methane at 1:2 ratio for 30 min under magnetic stirring. Samples were
then centrifuged at 3000g (10 min), the supernatant was separated,
and fresh solvent was added for repeated extraction cycles until
obtaining a colorless solvent. The whole solvent extract was mixed
with 0.25 mL of NaCl 0.6% for each milliliter of the organic phase.
The extract was mixed and then centrifuged at 3000g (10 min), and
the upper aqueous phase was discarded. The residual bottom organic
phase was dried under a N2 flow and at 50 °C overnight, and
extracted lipids were quantified gravimetrically.

The yield of lipid extraction from biomass was calculated with eq 6

y
m C

m C
1lip

P L,P

R L,R
=

(6)

where CL,R and CL,P are the content of lipids determined in the raw
biomass and pellet phases, respectively. Total carbohydrates inside
raw biomass and pellet phases were quantified by acid saccharification
followed by spectrophotometric determination of sugars with 3-
methyl-2-benzothiazolinone hydrazone (MBTH) method (NREL/
TP-5100−60957), as previously described.32,33 The recovery yield of
total carbohydrates (ηcarb) in obtained pellets was calculated by eq 7

m C

m Ccarb
P C,P

R C,R
=

(7)

where CC,R and CC,P are the contents of total carbohydrates in the raw
biomass and pellet phases, respectively.

Proteins were determined by suspending 4 mg of biomass into 25
mL of distilled water in a glass bottle. Then, total nitrogen (TN) was
analyzed by using the method for water analyses described by IRSA-
CNR 4060,34 based on the oxidation of organic nitrogen to nitrate
followed by spectrophotometric analysis. TN was converted in
proteins by considering a conversion factor of 6.25. The yield of
protein extraction from biomass was calculated by eq 8

y
m C

m C
1prot

P P,P

R P,R
=

(8)

where CP,R and CP,P are the content of proteins determined in the raw
biomass and pellet phases, respectively.

The content of chlorophyll a, chlorophyll b, and carotenoids inside
pellets and raw biomass was determined by centrifuging biomass
suspension at 10,000g (10 min), removing the supernatant,
suspending the pellet with 1 mL of ethanol (95%), and then heating
for 10 min at 75 °C. This procedure was repeated for different cycles
until obtaining a colorless solvent. The absorbance of the collected
extracts was measured at 664.2 nm, 648.6 and 470 nm, and pigment
concentration was quantified by using the equations reported by
Lichtenthaler.28,35
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Residual content of solvents in the pellets obtained after extraction
carried out to recover starch was determined by drying an aliquot of
the sample at 105 °C for 5 h.

Fourier-transform infrared spectroscopy (FTIR) was performed
using a Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA)
equipped with a Golden Gate ATR accessory (angle of incidence
45°), in a spectral range between 4000 and 650 cm−1 with a resolution
of 4 cm−1 and coadding 200 scans. Absorbance was normalized with
respect to the absorbance at 3278 cm−1, corresponding to hydroxyl
groups.

Synthesis and Characterization of the Plastic Film Obtained
from Microalgal Starch. Two tests were carried out using
microalgal starch and commercial pure corn starch. For microalgal
starch, the pellet obtained after extraction with ethanol after
sonication in ethanol was used. A 2% (w/v) starch solution in
water was prepared and heated at 90 °C for 30 min at a 500 rpm
stirring rate. Then, it was cooled and maintained at 40 °C for 20 min,
followed by addition of 30% (w/w) glycerol (starch basis), and finally
the solution was poured on a PTFE dish (d = 6.1 cm) to obtain a film
by solvent casting. Thermogravimetric analysis (TGA) was performed
under N2 flux on 5−8 mg of the sample, by employing a Mettler TG
50 thermobalance, at a thermal scanning interval of 25−500 °C and a
scanning speed of 10 °C/min. The soluble fraction was measured by
submerging a weighted sample for 2 h in water and then drying it for
24 h at an environmental temperature. Water vapor transmission rate
(WVTR) was determined by following ASTM method E96 (Standard
Test Methods for Water Vapor Transmission of Materials) with some
modifications. Circular films were sealed onto a glass container (d =
0.6 cm; h, 3.2 cm) containing 2 mL of water. WVTR was calculated
over time, and the value achieved at the steady state (6 h) was taken

for comparison (Figure S1). To determine surface wettability of the
film, the static contact angle was evaluated by depositing a drop of
water onto the film surface, and a picture was captured. The resulting
image was processed by Software Motic Image Plus 2.0 ML to
determine the contact angle as previously described.36 Mechanical
properties like tensile strength (σ), Young’s modulus (E), and
elongation at break (ε) of films were determined by tensile tests by
using an ISTRON 4502 instrument (Instron Inc., Norwood, MA).
For analysis, films were cut into rectangular specimens with a known
size and were fixed between two Instron flat plates. Measurements
were carried out at a 100 mm/min deformation rate and with a 2 kN
load cell.

Statistical Treatment of Data. Experiments were replicated 2, 3,
or 4 times, and the results were reported as mean ± standard error
(SE). Significant differences (α = 0.05) among treatments were
evaluated by using Studentʼs t test, F-test, one-way analysis of variance
(ANOVA), and Tukeyʼs post hoc test, by using R and Office Excel.
Nonlinear fitting was performed by the MATLAB function “nlinfit”,
which performs the minimization of the sum of the squared residuals.
The uncertainty in model parameter prediction was indicated with
95% confidence intervals (CIs), calculated with the MATLAB
function “nlparci”.

■ RESULTS AND DISCUSSION
Synthesis of Microalgal Starch in Photobioreactors.

Starch is a reserve compound that can be accumulated by
microalgae under different stress conditions. N-starvation is
one of the easiest and most effective strategies to achieve
relevant starch accumulation because it can be easily applied

Figure 1. Synthesis of starch by microalgae during cultivation in batch PBRs. The red dashed line indicates the moment of nitrogen depletion in the
culture medium. (a) Variation of starch content inside biomass and starch production rate of the batch, for different batch times. (b) Variation of
biomass and starch concentration inside the reactor for different batch times. (c) Correlation between starch concentration and biomass
concentration (X) and between the fraction of starch accumulated with respect to the total accumulated biomass (fstarch/acc) and biomass
concentration. (d) Correlation between the fraction of accumulated starch inside biomass and the fattening factor (η=X/XN=0).
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even in industrial photobioreactors (PBRs). Cultivation
experiments performed in this study were designed based on
results obtained in a previous study.28 Based on these data, we
could predict that starting from an inoculum of 0.3 g L−1, N
would be depleted after 1 day. After N depletion, all CO2
uptake is directed toward the accumulation of reserve
compounds (starch and lipids), since without nitrogen cells
cannot synthesize new functional biomass as proteins and
nucleic acids.37 After 1 day cultivation, biomass increased from
0.3 g L−1 to 1.8 g L−1 (Figure 1), which is enough for the
complete depletion of the 140 mg L−1 nitrogen initially
supplied (N content in T. obliquus grown in balanced growth is
9.6%28). Right after N depletion, from day 1 to day 2, the
largest increase in starch content was attained, from 13.8 ± 0.1
to 31.1 ± 0.1%, resulting even in the maximum peak of starch
productivity (0.48 ± 0.01 g L−1 d−1) (Figure 1a). After that
moment, starch content inside biomass increased a little more
until 37% after 7 days, and then it slowly decreased to 31.4% at
the end of the batch (18 d). The maximum starch content
attained in this study is comparable with values previously
reported for T. obliquus.31 Starch productivity gradually
decreased after 2 d, to being 0.168 ± 0.001 g L−1 d−1 at the
end of the batch. After N depletion, biomass increased from
1.8 g L−1 to 9.9 ± 0.6 g L−1, remaining stable at the end of the
batch (Figure 1b), likely because of the achievement of the
maximum accumulation ability (ηmax).

37 This is a typical
behavior for microorganisms grown under N-starvation.37 The
measured increase in biomass under N-starvation is com-
parable with a value previously reported for T. obliquus31 and
among the highest values reported for microalgae.37 Starch was
synthesized until new biomass was produced (Figure 1b,c),
achieving a maximum concentration of 3.4 ± 0.2 g L−1, after
about 2 weeks of cultivation. This value can be used to make a
preliminary estimation of the water footprint that may be
obtained for starch production by microalgae cultivation. The
3.4 g L−1 concentration obtained in our 500 mL reactor
corresponds to 294 L kg−1 water consumption, which is about
6-fold lower than the 1671 L kg−1 average water footprint of
corn starch.38 However, this comparison, although very
promising, is only preliminary. Data obtained at least at the
pilot plant scale are needed to make a more reliable
comparison.

In addition, it should be considered that microalgal culture
medium may be recycled for a certain extent at industrial scale,
thus allowing to potentially reduce further the water foot-
print.39

The rate of accumulation of starch became gradually slower
than the rate of accumulation of other nonstarch compounds
(e.g., triglycerides) (Figure 1c). Indeed, the fraction of starch
to the total amount of accumulated biomass ( fstarch/acc)
decreased from 68 to 72% (X = 3.1−3.3 g L−1) to 38−41%
(X = 9.6−10.4 g L−1). Total accumulated biomass was
calculated as the difference between biomass at a certain
moment minus the biomass at the point of nitrogen depletion
(XN=0 = 1.8 g L−1).
The ratio between biomass produced at a certain point to

XN=0 is defined as the fattening factor (η = X/XN=0)
37 and can

be used as a general parameter, easily measurable, to predict
the fraction of accumulated biomass in every cultivation
system. It could allow one to predict the fraction of
accumulated biomass just from the measurement of biomass
concentration and could be used to easily define the best
moment to harvest microalgae biomass rich in starch, even
without the necessity to measure the starch content. Such
relation is shown in Figure 1d. In the initial phase of
accumulation (η = 1−3), starch content can be predicted by
using a straight-line eq (Figure 1d), while for η = 3−5, starch
content remains stable at 37.1 ± 0.6%, and after that it slightly
decreases. Using this approach, the prediction ability was
assessed on data obtained by performing a new independent
experiment for starch accumulation. The coefficient of
variation obtained was between 0.01 and 26%, which can be
considered acceptable for an industrial plant monitoring.
Further validations are required to verify if this method works
even with cultivations performed at larger scales, such as pilot
and industrial plants.
The best moment to harvest biomass to obtain the

maximum starch content should be at η between 3 and 5,
since in this range starch is accumulated at the maximum level
(37%) and because it allows one to obtain a more easily
reproducible starch content (less susceptible to experimental
errors on η determination). Harvesting microalgae at a η close
to 5 should be preferable since it allows attainment of higher
biomass and starch concentration in the reactor, thus reducing
harvesting cost and water footprint. In an industrial production

Figure 2. Results of cell disruption kinetic tests performed with ultrasonication. (a) Ratio between cell concentration at different treatment times
and initial cell concentration. (b) Cell disruption yield (%) at different treatment times. Tests were carried out with H2O and ethanol (EtOH) as
solvents, with (TC) and without (NC) temperature control.
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facility, the harvesting phase is usually set to maximize the
accumulation or productivity of the most valuable compound.
Since other compounds such as carotenoids, lipids, and
proteins have larger values than starch, the accumulation of
these compounds is expected to take precedence in deciding
the harvesting moment. Consequently, harvesting at the
optimal moment for starch is expected to be feasible only
when it coincides with the best moment for more valuable
compounds. This is probably possible for lipid production,
since lipids are accumulated along with starch in N-
starvation,31 while it is less feasible with proteins, accumulated
in N replete conditions.

Cell Disruption Rate during Sonication in Different
Solvents and Temperature. Cell disruption is required to
allow starch granules to be released from cellular shells made of
cell membranes and cell walls. Different methods can be used
for such a purpose, among which sonication and bead milling
are some of the most popular for microalgae.23 In a previous
study, we showed that despite sonication having a lower cell
disruption rate than bead milling, it allows to recover starch
with a higher yield.28 In another study, it was shown that
parameters such as ton/toff ratio in pulsed sonication mode
could allow to obtain better extraction rate at lower energy
consumption.33 Solvents can play a fundamental role in
optimizing the conditions since physical properties of solvents,
as density, can affect the mechanical pressure applied by the
sonicator horn.40 In addition, solvents can play a chemical role
by affecting the solubilization of cellular components, thus
affecting cell lysis, allowing the extraction of other value-added
compounds such as proteins or pigments. The comparison of
different solvents indicates that sonication in water at
controlled temperature (TC = 25−30 °C) is much more
efficient than that in ethanol (Figure 2). Specific decay rates
(k) determined for the first-order model were 0.030 ± 0.002
min−1 (τ = 33 ± 2 min) and 0.010 ± 0.001 min−1 (τ = 100 ±
10 min), respectively, for water and ethanol (p < 0.05). A
possible reason for this 3-fold difference could be related to the
lower density of ethanol (d = 0.78 g cm−3) than water (d = 1.0
g cm−3), which could affect the applied pressure. However, the
difference in applied power was only slightly lower (- 6%) with
ethanol (Figure 3a) and not significant (p > 0.05). Likely,
other reasons, such as the negligible solubility of proteins in
ethanol, could be responsible for the different cell disruption
rates at controlled temperature. When sonication was carried
out in ethanol without any temperature control system,

allowing the solvent to attain a temperature close to its boiling
point (Figure 3b), the cell disruption kinetics was affected
negatively. As shown in Figure 3, the applied power decreases:
48% for water and 44% for ethanol, at increased temperature.
For ethanol, the increase in temperature from 28 ± 1 °C to 74
± 2 °C resulted in a 2.5-fold reduction (p < 0.05) of the
specific kinetic disruption rate from 0.010 ± 0.001 min−1 to
0.0040 ± 0.0009 min−1 (τ = 250 ± 50 min). The increase of
temperature results in a density decrease of ethanol from 0.78
to 0.74 g cm−3. Such a difference seems too small to justify the
difference in the disruption rate. However, it should be
considered that when the temperature is close to the boiling
temperature, there is a high formation of bubbles that can
further reduce the actual density of the solvent, explaining the
remarkable reduction in the power applied by the sonicator
(Figure 3a). Cell disruption in water was not tested without
temperature control because it would induce starch gelatiniza-
tion,33 which was outside of the aim of this work (extraction of
starch in native form). However, for water, the same trend was
observed in terms of applied power (Figure 3a), suggesting the
same mechanism involved for ethanol.

Starch Refining. In this study, different methods were
tested and compared to refine starch after cell disruption. The
aim was to obtain a refined starch sample with yield and purity
as high as possible. So far, the reference protocol reported in
literature to obtain pure starch from microalgae is based on cell
disruption followed by double centrifugation through Percoll
gradient.5,24,25 Using this protocol, authors often stated to
obtain pure starch but usually without reporting its purity.24,25

Only in one study from Chlorella sorokiniana, 87% purity was
reported.5 The extraction yield obtained with the Percoll
protocol was never reported. In this study, with T. obliquus, the
yield and purity of starch recovered with the Percoll gradient
were 48.5 ± 0.4 and 72 ± 2%, respectively. The purity was
lower than that reported for C. sorokiniana,5 possibly due to
the fact that Tetradesmus species have more recalcitrant cell
walls.23 With an incomplete cell wall breaking, some starch
granules can remain embedded inside cell walls, reducing the
purity of the recovered pellet. Centrifugation through Percoll
gradient is hard to scale up in an industrial scale; therefore,
alternative methods have to be found to develop an industrial
process. Following preliminary good results obtained in a
previous study,28 ATPSs were tested to separate starch
granules from other cellular components. The purity of starch
in the pellets obtained after ATPS was 8−10% higher than that

Figure 3. Applied power (a) and temperature profile (b) measured during the sonication tests performed with H2O and ethanol (EtOH) as
solvents, with (TC) and without (NC) temperature control.
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Figure 4. Recovery yield of total biomass (yX) and starch (ηstarch), and starch purity in the pellet phases obtained with different treatment methods.
The dashed line indicates the purity of starch in the raw biomass. Extraction with Percoll and ATPS was conducted on biomass lysate with
sonication in water. Error bars indicate standard errors (n was 4 for ethanol extraction after ethanol sonication, 3 for ATPS, and 2 for the other
methods).

Figure 5. Recovery of total carbohydrates in the pellet phase obtained with different treatments (ηcarb). Extraction yield of proteins (yprot) and lipids
(ylip) from raw biomass obtained with different treatments. Content of total carbohydrates (CC,P), proteins (CP,P), and lipids (CL,P) in the pellet
phase obtained with different treatments. Content of total carbohydrates (CC,R), proteins (CP,R), and lipids (CL,R) in the initial raw biomass. Lines
and asterisks indicate significant differences (* for p < 0.05; ** for p < 0.01).
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in the raw biomass (36%), independently of the number of
ATPS cycles, but significantly lower than the purity obtained
with Percoll (Figure 4). ATPS extraction exhibited higher
variability in the recovery yield of starch than those with other
methods (F-test, p < 0.05), mainly due to the difficulty to
reproduce the phase separation and recovery after centrifuga-
tion. Increasing ATPS cycles from 1 to 3 reduced starch and
mass recovery yield, without improvements in starch purity in
the obtained pellet phase. Ethanol extraction after sonication in
ethanol resulted in 91 ± 4% starch recovery yields, which was
the highest value among the different tested methods. The
same method also produced the highest starch content (after
Percoll) in the obtained pellet, corresponding to 57 ± 4%
(+21% than raw biomass) (Figure 4). This value is higher than
the previously reported values with processes alternative to
Percoll gradient.28,41 Optical microscopy confirmed that the
refined sample obtained by ethanol extraction after sonication
in ethanol was mostly composed of starch granules (Figure
S4).
To understand more in detail the mechanisms and the

applicative potential of the extractions carried out with ATPS
and ethanol, the repartition of total carbohydrates, lipids, and
proteins was assessed and is shown in Figure 5. The analyses
were conducted for ATPS (1 cycle and 3 cycles) after water
sonication and for ethanol after sonication in water or in
ethanol. For all conditions, total carbohydrate content in the
pellet phase obtained after extraction increased significantly
(one-way ANOVA, p < 0.05) with respect to that in the raw
biomass. As for starch, the highest purity and recovery yield in
terms of total carbohydrates was obtained after ethanol
extraction from the sample sonicated in ethanol. For this
sample, the total carbohydrate content obtained was 68 ± 3%
of dry weight, which indicated that in such samples the amount
of nonstarch carbohydrates was 11% of dry weight. The
protein content in the obtained pellets was lower than that in
the raw biomass, but the differences were not significant for all
of the tested methods (one-way ANOVA, p > 0.05). The
extraction yield of proteins with ATPS was 74 ± 10%,
remarkably higher than that with ethanol extraction after

sonication in both water (42%) and ethanol (29%). The
difference is likely due to the higher affinity of the choline
chloride water phase of the ATPS for proteins with respect to
ethanol, since in ethanol proteins are usually insoluble. Lipids
were well extracted by all of the tested methods, with values
between 70 and 98%, without any statistically significant
difference. This result is given by the good affinity for
hydrophobic molecules for both ethanol and polypropylene
glycol. Although the difference was not significant, the highest
lipid extraction yield (98%) was obtained by ethanol extraction
on biomass pretreated by sonication in water. Ethanol
extraction after sonication pretreatment in ethanol allowed to
achieve 89% lipid extraction yield, which can be considered a
satisfactory result, with the advantage to perform both cell lysis
and extraction with the same solvent. The content of residual
lipids in the pellet phase obtained at the end of the treatment
was, for all methods, lower than that in the raw biomass, with a
significant difference only for the ethanol extraction after
sonication in water. Ethanol extraction allowed to extract even
pigments such as chlorophylls (a and b) and carotenoids,
which were quantified. Extraction from the sample pretreated
with sonication in water allowed to recover 0.30 ± 0.04 mg/g
of total carotenoids and 3.5 ± 0.2 mg/g chlorophylls (a + b),
while extraction from the sample pretreated with sonication in
ethanol allowed to recover higher amounts of carotenoids
(1.83 ± 0.03 mg/g) and chlorophylls a and b (9.81 ± 0.04
mg/g). The recovery yield of pigments after sonication in
water was 25%, remarkably lower than that with sonication in
ethanol (84−94%) (Figure S2). This difference was likely due
to a higher formation of free radicals in water, as OḢ, which
are well known to be formed from water thermal
decomposition with ultrasound.42 Free radicals in turn can
quickly degrade pigments.43 Regardless of the solvent used for
sonication, all pigments were extracted after about two
extraction cycles in hot ethanol (Figure S2).
The chemical composition of the pellet phases obtained with

different methods was analyzed with FTIR and compared to
raw biomass and pure corn starch (Figure 6) to confirm the
purity of starch by comparing the characteristic peaks of

Figure 6. FTIR spectra for different pellets obtained with different treatments compared with raw biomass and pure corn starch.
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organic functional groups. From FTIR spectra, starch
contribution can be identified by the characteristic large
band of hydroxyl groups between 3000 and 3600 cm−1, with a
maximum peak at 3278 cm−1.44 The presence of lipids is
indicated by the characteristic bands of −CH2 and −CH3
groups (3000−2800 cm−1) and −C �O groups (1750−1700
cm−1) from fatty acids.45,46 Proteins can be identified by amide
I and amide II adsorption bands between 1700 and 1500
cm−1.47 FTIR confirms that the pellet obtained from treatment
with Percoll is the one with the highest microalgal starch
purity, since the characteristic peaks of lipids and proteins are
largely reduced as compared to raw biomass and very similar to
the spectrum of corn starch. Comparing the spectra of the
pellet phases obtained from ATPS and ethanol extraction,
FTIR data confirms that ethanol extraction allowed to obtain a
starch purer than raw biomass and ATPS extraction, allowing
to separate well lipids, while allowing to separate less well
proteins. The FTIR spectrum of the pellet obtained after ATPS
extraction was more similar to that of the raw biomass.
Overall, from the comparison of the different methods

tested, the extraction with ethanol after cell lysis performed by
sonication in ethanol appeared to be the most efficient method
to refine starch, lipids, and carotenoids in a biorefinery process.
It allows us to obtain higher starch extraction yield, starch
purity, and good extraction yield of lipids and carotenoids.
Furthermore, because the ethanol evaporation point is used as
an intrinsic temperature control system in this setup, external
cooling systems can be avoided during cell disruption.
Furthermore, ethanol is a solvent quite safe, allowed even for
food application, that can be easily recycled by distillation,
while the recovery of solvents used in ATPS is still challenging.
Moreover, a major problem on the scale-up of such a process is
the preservation of biomass quality because microalgae might
quickly degrade the accumulated starch after harvesting if the
metabolism is not fixed. A quick biomass suspension in ethanol
just after the harvesting should easily fix microalgal metabolism
allowing avoidance of starch degradation. This method to fix
biomass may be applied even on a larger scale.

Synthesis of Films with Microalgal Starch. So far, the
utilization of microalgae biomass as feedstock to synthesize
biobased materials has been focused mainly toward the
utilization of whole biomass, proteins, lipids, or extracellular
metabolites, such as lactic acid.6 Although starch can be up to
40% of the whole microalgal biomass, its industrial valorization
has been largely focused on hydrolysis and conversion to
glucose monomers to be used as feedstock for further
conversion to ethanol or other chemicals.6 Despite the wide
interest in using microalgal starch as a biopolymer for
biomaterials,5,6,48 no bioplastic films made of microalgal starch
have been reported so far. Only one study reported the
plastification of samples of whole microalgal biomass, with 18%
starch content, by extrusion at 120 °C with 30% glycerol.48

The main limitation that hindered the investigation of
microalgal starch as a biopolymer for film production was
the lack of protocols to obtain relevant amounts of samples of
refined microalgal starch. In this work, we could obtain a
sample with 57% starch that was used to synthesize for the first
time a starch-based film using microalgal starch as the main
polymer, with 30% glycerol as a plasticizer. The material so
obtained showed physical and mechanical properties com-
parable to those obtained with conventional corn starch, for all
of the parameters measured (Table 1). For both microalgal
and corn starch, the soluble fraction was close to 30%,

indicating that it mainly resulted from the leaching of glycerol
added as a plasticizer. Tensile strength was in line with typical
values previously reported for films made with only corn starch
and glycerol.49 The film obtained with corn starch was white-
transparent, while the film with microalgal starch was brown-
green. This color might have originated by the denaturation of
residual proteins during film preparation at high temperature,
as the starting refined starch pellet powder was white (Figure
S3). Elongation at break was not statistically different between
the two samples (p = 0.052); however, data suggest that the
film obtained with microalgal starch was less deformable,
possibly because of imperfections inside the film due to
residual cell walls. This hypothesis was supported by the
images obtained with optical microscopy (Figure S5), in which
residual empty cell walls are visible in the refined starch
sample. After starch gelatinization, such empty cell walls
remained entrapped in the film as heterogeneous components
(Figure S6).
Thermogravimetric analysis (TGA) of the two films

indicated similar behaviors (Figure 7). A first degradation
peak was observed between 60 and 100 °C due to residual
moisture. For both the starch-based films, the most relevant
degradation was observed between 300 and 320 °C, which
corresponds to the degradation of starch.50 Finally, while the
corn starch sample attained a complete degradation at 500 °C,
about 15% residual mass remained up to 500 °C for the
microalgal starch sample, likely due to residual ashes and
sporopollenin. The latter is a recalcitrant polymer present in
cell walls that requires a temperature of 550 °C for complete
degradation.51 A comparable residual amount (10%) of mass
after 500 °C remained even for the raw biomass, confirming
that it was mainly due to ashes and sporopollenin.
Sporopollenin residues could not be separated since they are
insoluble in solvents and remained in the pellet tighter with
starch granules.

■ CONCLUSIONS
The results of this work report the optimization of a process to
produce microalgal starch suitable for the production of
biobased films. The study covered the entire process from
microalgae cultivation to film production.
Microalgae cultivation in a batch reactor is described

showing how to find the best harvesting moment to obtain
high starch content and productivity. To this end, the fattening
factor (η), which is determined from the sole dry weight
measurement, allowed us to predict the starch content before
harvesting, avoiding costly and long starch analysis.
Among the different conditions tested to purify starch from

microalgae, the most promising one (higher starch content and
yield) includes an ultrasonication treatment in ethanol without

Table 1. Physical Parameters Measured for Films Obtained
with Corn Starch and Microalgal Starch with 30% Glycerol
as a Plasticizera

corn starch film microalgal starch film

soluble fraction (%) 33.7 ± 0.1 40 ± 10
contact angle (θ°) 93 ± 8 80 ± 10
WVTR (g h−1 m−2) 14.5 ± 0.7 12.5 ± 0.8
elongation at break, ε (%) 40 ± 10 9.5 ± 0.7
tensile strength, σ (MPa) 4.0 ± 0.4 5.0 ± 0.8
Young’s modulus (MPa) 80 ± 20 93 ± 1

aData are reported as mean ± SD of two replicates.
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temperature control, followed by further ethanol extraction to
remove residual lipids and pigments. A final refined white
powder with a 57% starch content was obtained. Further
optimization work is still required to increase the purity of the
microalgal starch.
The refined microalgal starch powder was used to produce,

for the first time, a plastic film made of microalgal starch. It was
compared with the film obtained with corn starch, finding
comparable mechanical properties. These results indicate that
microalgal starch may, in the future, replace corn starch in the
Bioplastic sector, possibly with lower environmental impacts
related to its production.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133.

S0: Culture medium composition; Figure S1: WVTR
kinetics results; Figure S2: Extraction of pigments during
ethanol extraction performed after the cell disruption
treatment; Figure S3: Refined starch pellet and film
obtained with microalgal starch. Figure S4: Lugol
staining of the refined starch sample. Figure S5: Images
obtained with optical microscopy of the refined starch
sample obtained with ethanol extraction after sonication
with ethanol. Figure S6: Image obtained with optical
microscopy of the refined starch sample after incubation
at 95 °C. Table S1: Biochemical composition of the
samples employed for the experiments for starch refinery
(PDF)

■ AUTHOR INFORMATION

Corresponding Author
Fabrizio Di Caprio − Dipartimento di Chimica, Universita ̀

Sapienza di Roma, Rome 00185, Italy; orcid.org/0000-
0001-6003-1122; Email: fabrizio.dicaprio@uniroma1.it

Authors
Serena Amenta − Dipartimento di Chimica, Universita ̀

Sapienza di Roma, Rome 00185, Italy; Dipartimento Scienza
Applicata e Tecnologia, Politecnico di Torino, Turin 10129,
Italy; Dipartimento di Scienze e Innovazione Tecnologica,
Universita ̀ degli Studi del Piemonte Orientale “Amedeo
Avogadro”, Alessandria 15121, Italy

Iolanda Francolini − Dipartimento di Chimica, Universita ̀
Sapienza di Roma, Rome 00185, Italy; orcid.org/0000-
0002-0180-2334

Pietro Altimari − Dipartimento di Chimica, Universita ̀
Sapienza di Roma, Rome 00185, Italy

Francesca Pagnanelli − Dipartimento di Chimica, Universita ̀
Sapienza di Roma, Rome 00185, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.3c04133

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Lindeboom, N.; Chang, P. R.; Tyler, R. T. Analytical,
Biochemical and Physicochemical Aspects of Starch Granule Size,
with Emphasis on Small Granule Starches: A Review. Starch/Star̈ke
2004, 56, 89−99.
(2) Starch Polymers: From Genetic Engineering to Green Applications;
Halley, P. J.; Averous, L., Eds.; Elsevier: Burlington, MA, United
States, 2014 DOI: 10.1016/C2009-0-64023-X.

Figure 7. Thermogravimetric analysis (TGA) of raw microalgal biomass and the films obtained with microalgal starch and corn starch (both with
30% glycerol).

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c04133
ACS Sustainable Chem. Eng. 2023, 11, 16509−16520

16518

https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c04133/suppl_file/sc3c04133_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Di+Caprio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6003-1122
https://orcid.org/0000-0001-6003-1122
mailto:fabrizio.dicaprio@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Serena+Amenta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iolanda+Francolini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0180-2334
https://orcid.org/0000-0002-0180-2334
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Altimari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Pagnanelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?ref=pdf
https://doi.org/10.1002/star.200300218
https://doi.org/10.1002/star.200300218
https://doi.org/10.1002/star.200300218
https://doi.org/10.1016/C2009-0-64023-X?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c04133?fig=fig7&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c04133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(3) Karan, H.; Funk, C.; Grabert, M.; Oey, M.; Hankamer, B. Green
Bioplastics as Part of a Circular Bioeconomy. Trends Plant Sci. 2019,
24 (3), 237−249.
(4) Colwill, J. A.; Wright, E. I.; Rahimifard, S.; Clegg, A. J. Bio-
Plastics in the Context of Competing Demands on Agricultural Land
in 2050. Int. J. Sustainable Eng. 2012, 5, 3−16.
(5) Gifuni, I.; Olivieri, G.; Krauss, I. R.; D’errico, G.; Pollio, A.;
Marzocchella, A. Microalgae as New Sources of Starch: Isolation and
Characterization of Microalgal Starch Granules. Chem. Eng. Trans.
2017, 57, 1423−1428.
(6) Lutzu, G. A.; Ciurli, A.; Chiellini, C.; Di Caprio, F.; Concas, A.;
Dunford, N. T. Latest Developments in Wastewater Treatment and
Biopolymer Production by Microalgae. J. Environ. Chem. Eng. 2021, 9
(1), No. 104926.
(7) Gifuni, I.; Olivieri, G.; Pollio, A.; Franco, T. T.; Marzocchella, A.
Autotrophic Starch Production by Chlamydomonas Species. J. Appl.
Phycol. 2017, 29 (1), 105−114.
(8) de Jaeger, L.; Verbeek, R. E.; Draaisma, R. B.; Martens, D. E.;
Springer, J.; Eggink, G.; Wijffels, R. H. Superior Triacylglycerol
(TAG) Accumulation in Starchless Mutants of Scenedesmus Obliquus:
(I) Mutant Generation and Characterization. Biotechnol. Biofuels
2014, 7, 69.
(9) Fernández, F. G. A.; Reis, A.; Wijffels, R. H.; Barbosa, M.;
Verdelho, V.; Llamas, B. The Role of Microalgae in the Bioeconomy.
New Biotechnol. 2021, 61, 99−107.
(10) Arauj́o, R.; Vázquez Calderón, F.; Sánchez López, J.; Azevedo,
I. C.; Bruhn, A.; Fluch, S.; Garcia Tasende, M.; Ghaderiardakani, F.;
Ilmjärv, T.; Laurans, M.; Mac Monagail, M.; Mangini, S.; Peteiro, C.;
Rebours, C.; Stefansson, T.; Ullmann, J. Current Status of the Algae
Production Industry in Europe: An Emerging Sector of the Blue
Bioeconomy. Front. Mar. Sci. 2021, 7 (January), No. 626389.
(11) Chew, K. W.; Yap, J. Y.; Show, P. L.; Suan, N. H.; Juan, J. C.;
Ling, T. C.; Lee, D. J.; Chang, J. S. Microalgae Biorefinery: High
Value Products Perspectives. Bioresour. Technol. 2017, 229, 53−62.
(12) Abdel Ghaly, M. A. hattab. Microalgae Oil Extraction Pre-
Treatment Methods: Critical Review and Comparative Analysis. J.
Fundam. Renewable Energy Appl. 2015, 05 (4), 1−26, DOI: 10.4172/
2090-4541.1000172.
(13) Dong, T.; Knoshaug, E. P.; Pienkos, P. T.; Laurens, L. M. L.
Lipid Recovery from Wet Oleaginous Microbial Biomass for Biofuel
Production: A Critical Review. Appl. Energy 2016, 177, 879−895.
(14) Cyanotech. Cyanotech Process. https://www.cyanotech.com/
astaxanthin/astaxanthin-process/ (accessed October 25, 2023).
(15) Soto-Sierra, L.; Stoykova, P.; Nikolov, Z. L. Extraction and
Fractionation of Microalgae-Based Protein Products. Algal Res. 2018,
36, 175−192.
(16) Ansari, F. A.; Shriwastav, A.; Gupta, S. K.; Rawat, I.; Guldhe,
A.; Bux, F. Lipid Extracted Algae as a Source for Protein and Reduced
Sugar: A Step Closer to the Biorefinery. Bioresour. Technol. 2015, 179,
559−564.
(17) Ansari, F. A.; Shriwastav, A.; Gupta, S. K.; Rawat, I.; Bux, F.
Exploration of Microalgae Biorefinery by Optimizing Sequential
Extraction of Major Metabolites from Scenedesmus Obliquus. Ind.
Eng. Chem. Res. 2017, 56, 3407−3412.
(18) Visca, A.; Di Caprio, F.; Spinelli, R.; Altimari, P.; Cicci, A.;
Iaquaniello, G.; Toro, L.; Pagnanelli, F. Microalgae Cultivation for
Lipids and Carbohydrates Production. Chem. Eng. Trans. 2017, 57,
127−132.
(19) Sari, Y. W.; Bruins, M. E.; Sanders, J. P. M. Enzyme Assisted
Protein Extraction from Rapeseed, Soybean, and Microalgae Meals.
Ind. Crops Prod. 2013, 43, 78−83.
(20) Chen, C.-Y.; Zhao, X.-Q.; Yen, H.-W.; Ho, S.-H.; Cheng, C.-L.;
Lee, D.-J.; Bai, F.-W.; Chang, J.-S. Microalgae-Based Carbohydrates
for Biofuel Production. Biochem. Eng. J. 2013, 78, 1−10.
(21) Sarkar, S.; Manna, M. S.; Bhowmick, T. K.; Gayen, K. Priority-
Based Multiple Products from Microalgae: Review on Techniques and
Strategies. Crit. Rev. Biotechnol. 2020, 40 (5), 590−607.

(22) Alhattab, M.; Kermanshahi-pour, A.; Brooks, M. S. Microalgae
Disruption Techniques for Product Recovery : Influence of Cell Wall
Composition. J. Appl. Phycol. 2019, 31, 61−88.
(23) Nitsos, C.; Filali, R.; Taidi, B.; Lemaire, J. Current and Novel
Approaches to Downstream Processing of Microalgae: A Review.
Biotechnol. Adv. 2020, 45, No. 107650.
(24) Delrue, B.; Fontaine, T.; Routier, F.; Decq, A.; Wieruszeski, J.
M.; Van den Koornhuyse, N.; Maddelein, M. L.; Fournet, B.; Ball, S.
Waxy Chlamydomonas Reinhardtii: Monocellular Algal Mutants
Defective in Amylose Biosynthesis and Granule-Bound Starch
Synthase Activity Accumulate a Structurally Modified Amylopectin.
J. Bacteriol. 1992, 174 (11), 3612−3620.
(25) Izumo, A.; Fujiwara, S.; Oyama, Y.; Satoh, A.; Fujita, N.;
Nakamura, Y.; Tsuzuki, M. Physicochemical Properties of Starch in
Chlorella Change Depending on the CO2 Concentration during
Growth: Comparison of Structure and Properties of Pyrenoid and
Stroma Starch. Plant Sci. 2007, 172, 1138−1147.
(26) Suarez Ruiz, C. A.; Kwaijtaal, J.; Peinado, O. C.; Van Den Berg,
C.; Wijffels, R. H.; Eppink, M. H. M. Multistep Fractionation of
Microalgal Biomolecules Using Selective Aqueous Two-Phase
Systems. ACS Sustainable Chem. Eng. 2020, 8 (6), 2441−2452.
(27) Suarez Ruiz, C. A.; Baca, S. Z.; van den Broek, L. A. M.; van
den Berg, C.; Wijffels, R. H.; Eppink, M. H. M. Selective Fractionation
of Free Glucose and Starch from Microalgae Using Aqueous Two-
Phase Systems. Algal Res. 2020, 46, No. 101801.
(28) Di Caprio, F.; Chelucci, R.; Francolini, I.; Altimari, P.;
Pagnanelli, F. Extraction of Microalgal Starch and Pigments by Using
Different Cell Disruption Methods and Aqueous Two-Phase System.
J. Chem. Technol. Biotechnol. 2022. 9767.
(29) Di Caprio, F.; Altimari, P.; Iaquaniello, G.; Toro, L.; Pagnanelli,
F. T. Obliquus Mixotrophic Cultivation in Treated and Untreated
Olive Mill Wastewater. Chem. Eng. Trans. 2018, 64, 625−630.
(30) Di Caprio, F.; Altimari, F.; Pagnanelli, P. Ultrasound-Assisted
Extraction of Carbohydrates from Microalgae. Chem. Eng. Trans.
2021, 86, 25−30.
(31) Breuer, G.; De Jaeger, L.; Artus, V. P. G.; Martens, D. E.;
Springer, J.; Draaisma, R. B.; Eggink, G.; Wijffels, R. H.; Lamers, P. P.
Superior Triacylglycerol (TAG) Accumulation in Starchless Mutants
of Scenedesmus Obliquus: (II) Evaluation of TAG Yield and
Productivity in Controlled Photobioreactors. Biotechnol. Biofuels
2014, 7, 70.
(32) Van Wychen, S.; Long, W.; Black, S. K.; Laurens, L. M. L.
MBTH: A Novel Approach to Rapid, Spectrophotometric Quantita-
tion of Total Algal Carbohydrates. Anal. Biochem. 2017, 518, 90−93.
(33) Di Caprio, F.; Altimari, F.; Pagnanelli, P. Ultrasound-Assisted
Extraction of Carbohydrates from Microalgae. Chem. Eng. Trans.
2021, 86, 25−30.
(34) Di Caprio, F.; Tayou Nguemna, L.; Stoller, M.; Giona, M.;
Pagnanelli, F. Microalgae Cultivation by Uncoupled Nutrient Supply
in Sequencing Batch Reactor (SBR) Integrated with Olive Mill
Wastewater Treatment. Chem. Eng. J. 2021, 410, No. 128417.
(35) Lichtenthaler, H. K. Chlorophylls and Carotenoids: Pigments
of Photosynthetic Biomembranes. Methods Enzymol. 1987, 148 (C),
350−382.
(36) Tedeschi, A. M.; Di Caprio, F.; Piozzi, A.; Pagnanelli, F.;
Francolini, I. Sustainable Bioactive Packaging Based on Thermoplastic
Starch and Microalgae. Int. J. Mol. Sci. 2022, 23 (1), 178.
(37) Di Caprio, F. A Fattening Factor to Quantify the Accumulation
Ability of Microorganisms under N-Starvation. New Biotechnol. 2022,
66, 70−78.
(38) Mekonnen, M. M.; Hoekstra, A. Y. The Green, Blue and Grey
Water Footprint of Crops and Derived Crop Products. Hydrol. Earth
Syst. Sci. 2011, 15 (5), 1577−1600.
(39) Loftus, S. E.; Johnson, Z. I. Cross-Study Analysis of Factors
Affecting Algae Cultivation in Recycled Medium for Biofuel
Production. Algal Res. 2017, 24, 154−166.
(40) Bardone, E.; Bravi, M.; Keshavarz, T.; Capocelli, M.;
Prisciandaro, M.; Lancia, A.; Musmarra, D. Comparison Between

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c04133
ACS Sustainable Chem. Eng. 2023, 11, 16509−16520

16519

https://doi.org/10.1016/j.tplants.2018.11.010
https://doi.org/10.1016/j.tplants.2018.11.010
https://doi.org/10.1080/19397038.2011.602439
https://doi.org/10.1080/19397038.2011.602439
https://doi.org/10.1080/19397038.2011.602439
https://doi.org/10.3303/CET1757238
https://doi.org/10.3303/CET1757238
https://doi.org/10.1016/j.jece.2020.104926
https://doi.org/10.1016/j.jece.2020.104926
https://doi.org/10.1007/s10811-016-0932-2
https://doi.org/10.1186/1754-6834-7-69
https://doi.org/10.1186/1754-6834-7-69
https://doi.org/10.1186/1754-6834-7-69
https://doi.org/10.1016/j.nbt.2020.11.011
https://doi.org/10.3389/fmars.2020.626389
https://doi.org/10.3389/fmars.2020.626389
https://doi.org/10.3389/fmars.2020.626389
https://doi.org/10.1016/j.biortech.2017.01.006
https://doi.org/10.1016/j.biortech.2017.01.006
https://doi.org/10.4172/2090-4541.1000172
https://doi.org/10.4172/2090-4541.1000172
https://doi.org/10.4172/2090-4541.1000172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4172/2090-4541.1000172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2016.06.002
https://doi.org/10.1016/j.apenergy.2016.06.002
https://www.cyanotech.com/astaxanthin/astaxanthin-process/
https://www.cyanotech.com/astaxanthin/astaxanthin-process/
https://doi.org/10.1016/j.algal.2018.10.023
https://doi.org/10.1016/j.algal.2018.10.023
https://doi.org/10.1016/j.biortech.2014.12.047
https://doi.org/10.1016/j.biortech.2014.12.047
https://doi.org/10.1021/acs.iecr.6b04814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b04814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3303/CET1757022
https://doi.org/10.3303/CET1757022
https://doi.org/10.1016/j.indcrop.2012.07.014
https://doi.org/10.1016/j.indcrop.2012.07.014
https://doi.org/10.1016/j.bej.2013.03.006
https://doi.org/10.1016/j.bej.2013.03.006
https://doi.org/10.1080/07388551.2020.1753649
https://doi.org/10.1080/07388551.2020.1753649
https://doi.org/10.1080/07388551.2020.1753649
https://doi.org/10.1007/s10811-018-1560-9
https://doi.org/10.1007/s10811-018-1560-9
https://doi.org/10.1007/s10811-018-1560-9
https://doi.org/10.1016/j.biotechadv.2020.107650
https://doi.org/10.1016/j.biotechadv.2020.107650
https://doi.org/10.1128/jb.174.11.3612-3620.1992
https://doi.org/10.1128/jb.174.11.3612-3620.1992
https://doi.org/10.1128/jb.174.11.3612-3620.1992
https://doi.org/10.1016/j.plantsci.2007.03.001
https://doi.org/10.1016/j.plantsci.2007.03.001
https://doi.org/10.1016/j.plantsci.2007.03.001
https://doi.org/10.1016/j.plantsci.2007.03.001
https://doi.org/10.1021/acssuschemeng.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.algal.2020.101801
https://doi.org/10.1016/j.algal.2020.101801
https://doi.org/10.1016/j.algal.2020.101801
https://doi.org/10.1002/jctb.6910
https://doi.org/10.1002/jctb.6910
https://doi.org/10.3303/CET1864105
https://doi.org/10.3303/CET1864105
https://doi.org/10.3303/CET2186005
https://doi.org/10.3303/CET2186005
https://doi.org/10.1186/1754-6834-7-70
https://doi.org/10.1186/1754-6834-7-70
https://doi.org/10.1186/1754-6834-7-70
https://doi.org/10.1016/j.ab.2016.11.014
https://doi.org/10.1016/j.ab.2016.11.014
https://doi.org/10.3303/CET2186005
https://doi.org/10.3303/CET2186005
https://doi.org/10.1016/j.cej.2021.128417
https://doi.org/10.1016/j.cej.2021.128417
https://doi.org/10.1016/j.cej.2021.128417
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.3390/ijms23010178
https://doi.org/10.3390/ijms23010178
https://doi.org/10.1016/j.nbt.2021.04.001
https://doi.org/10.1016/j.nbt.2021.04.001
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1016/j.algal.2017.03.007
https://doi.org/10.1016/j.algal.2017.03.007
https://doi.org/10.1016/j.algal.2017.03.007
https://doi.org/10.3303/CET1438003
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c04133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hydrodynamic and Acoustic Cavitation in Microbial Cell Disruption
2014, DOI: 10.3303/CET1438003.
(41) Wong, P. Y.; Lai, Y. H.; Puspanadan, S.; Ramli, R. N.; Lim, V.;
Lee, C. K. Extraction of Starch from Marine Microalgae, Chlorella
Salina: Efficiency and Recovery. Int. J. Environ. Res. 2019, 13 (2),
283−293.
(42) Mark, G.; Tauber, A.; Laupert, R.; Schuchmann, H. P.; Schulz,
D.; Mues, A.; Von Sonntag, C. OH-Radical Formation by Ultrasound
in Aqueous Solution − Part II: Terephthalate and Fricke Dosimetry
and the Influence of Various Conditions on the Sonolytic Yield.
Ultrason. Sonochem. 1998, 5 (2), 41−52.
(43) Woodall, A. A.; Lee, S. W. M.; Weesie, R. J.; Jackson, M. J.;
Britton, G. Oxidation of Carotenoids by Free Radicals: Relationship
between Structure and Reactivity. Biochim. Biophys. Acta, Gen. Subj.
1997, 1336 (1), 33−42.
(44) He, Z.; Liu, Y.; Kim, H. J.; Tewolde, H.; Zhang, H. Fourier
Transform Infrared Spectral Features of Plant Biomass Components
during Cotton Organ Development and Their Biological Implications.
J. Cott. Res. 2022, 5 (1), No. 11.
(45) Laurens, L. M. L.; Wolfrum, E. J. Feasibility of Spectroscopic
Characterization of Algal Lipids: Chemometric Correlation of NIR
and FTIR Spectra with Exogenous Lipids in Algal Biomass. Bioenergy
Res. 2011, 4 (1), 22−35.
(46) He, Z.; Liu, Y.; Kim, H. J.; Tewolde, H.; Zhang, H. Fourier
Transform Infrared Spectral Features of Plant Biomass Components
during Cotton Organ Development and Their Biological Implications.
J. Cott. Res. 2022, 5 (1), No. 11.
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