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Abstract

BACKGROUND:Microalgae can synthesize starch with productivity higher than conventional terrestrial crops, without the need
for arable land. However, little is known about processes to extract starch from microalgae. Here, a biorefinery process is
described including microalgal cell disruption followed by extraction of starch and pigments with aqueous two-phase system
(ATPS) using choline chloride and polypropylene glycol 400. Sonication and beadmillingwere compared for cell disruption rate
and starch extraction efficiency.

RESULTS: A first order kinetic model described well the cell disruption for both the methods, with a rate 2.6 times higher for
bead milling than sonication. By applying ATPS on samples with comparable cell disruption (>93%), starch was separated bet-
ter after sonication (67% recovery in the pellet) than after bead milling, for which it remained equally distributed between pel-
let (40%) and choline chloride phase. Pigments were extracted with 42–66% yield irrespective of the cell disruption method.
Microalgal starch granules had a normal and narrow distribution for size (0.93 ± 0.14 ∼m) and a gelatinization temperature
between 45–55 °C.

CONCLUSION: For the same cell disruption yield, different starch separation efficiencies can be achieved, depending on the cell
disruptionmethod applied. Although beadmillingwas faster than sonication in disrupting cells, it gaveworst starch separation
efficiency. The properties of the extracted microalgal starch indicate potential technical advantages, with respect to conven-
tional starch sources, for applications in the bioplastic and food sector.
© 2021 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
Microalgae are a promising future new source of starch because
they are potentially able to attain starch productivities (t ha−1

y−1) up to ten folds higher than conventional terrestrial plants,
such as corn.1 In addition, contrarily to conventional terrestrial
crops, microalgae can be cultivated on wastewaters, saltwater,
and non-arable lands. When cultivated under specifically tailored
conditions (e.g. nitrogen starvation), microalgae can accumulate
remarkable starch content, up to 40–45% of dry weight.1-4 Micro-
algal starch could be potentially used for several industrial appli-
cations, such as bioplastics,5 food ingredients and carrier
materials.6 However, to date, there is little information about the
properties of microalgal starch. Microalgal starch contains gran-
ules between 0.5–1.5 μm, with 17–29% amylose.1,7 No relevant
information was found about its gelatinization temperature and
granule size distribution, which are very important parameters
to know for developing appropriate extraction processes and for
practical applications. A major limitation in studying and using

microalgal starch is given by the difficulties encountered for its
extraction and purification. Since starch is insoluble in solvents
in its native form, the general approach for starch extraction con-
siders two main steps: (i) cell disruption to allow the release of the
intracellular starch granules, without relevant starch degradation;
(ii) starch purification by its separation from the other biomole-
cules, usually performed by starch precipitation. However, the
conventional procedures used to extract starch from terrestrial
plant sources are ineffective with microalgae, likely because
microalgal cells have size (~2–10 μm) lower than terrestrial plant
cells (~10–100 μm), lower size of starch granules, lower starch
content (40–45%) than the plant cells inside the grains (~75%),
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and microalgal cell walls are hard to break down for the presence
of resistant polymers such as sporopollenin.8

Different cell disruption methods were applied to obtain micro-
algal starch, including sonication,9 bead milling,1,10,11 and French
pressing.12 However, in these studies the starch recovery yield
was not assessed, the different cell disruption methods were not
compared, and the starch was purified through centrifugation
on Percoll® gradient, that is hardly scalable to process volumes
larger than a fewmilliliters. Different cell disruptionmethods have
been compared mainly for the extraction of proteins and lipids,
while little is known about the effects of these methods on starch
extraction. Furthermore, the comparisons were usually performed
without ensuring that the same cell disruption yield was attained
by the different cell disruption methods. With this approach, the
differences found on the extraction yield attained with different
cell disruption methods might have been simply related to the
achievement of different cell disruption yields. A recent review
underlined how this approach is hampering the comparison of
results reported in previous studies.13 The authors suggested to
use cell counting as an objective way to assess cell disruption effi-
ciency. In accordance with this principle, an objective comparison
of the effects of different cell disruption methods on biomolecule
extraction efficiency should be performed by evaluating the
extraction yields attained on samples delivered by the different
disruption methods at identical cell disruption yield.
Recently, aqueous two-phase systems (ATPS) were reported as

promising scalable method to separate microalgal starch from
other cellular components (proteins, soluble sugars, and pig-
ments) after cell disruption. In this framework, the protocol devel-
oped by Suarez Ruiz and co-workers was based on the utilization
of polypropylene glycol 400 (PPG 400), choline dihydrogen phos-
phate andwater.10,11 By applying this method after cell disruption
by bead milling, 79% of starch was recovered from Neochloris
oleoabundans at the interface, while 82% proteins were separated
in the bottom phase (water - choline dihydrogen phosphate) and
98% pigments in the upper phase (water- PPG 400).11

Based on this literature survey, threemajor gaps were identified:
(i) the effect of different cell disruption methods on starch recov-
ery is not known. (ii) The ATPS previously used included only the
utilization of choline dihydrogen phosphate, that is currently an
expensive and hardly obtainable chemical for larger industrial vol-
umes. (iii) Little is known about the properties of microalgal
starch, such as gelatinization temperature and granule size
distribution.
Therefore, the aim of this work was to fill in these gaps. To this

end, two of the most promising cell disruption methods for large
scale application (sonication and bead milling), were compared
for their effects on starch and pigment extraction yield and repar-
tition among the different ATPS phases. The ATPS used in this
study was made with choline chloride, which is a chemical
cheaper and more available than the previously tested choline
dihydrogen phosphate. The comparison was performed by using
cell lysates produced by the two different methods with the same
cell disruption yield. The obtained starch was finally characterized
in terms of granule size distribution and gelatinization
temperature.

MATERIAL AND METHODS
Microalgae cultivation
A strain of the microalga Tetradesmus obliquus (generally known
as Scenedesmus obliquus) was selected and identified as

previously described.14 The strain was maintained in solid and liq-
uid BG11 medium, in phototrophic and non-axenic conditions, as
previously described.14 Microalgae suspension was then trans-
ferred to two 500 mL column photobioreactors (h = 35 cm,
d= 5 cm)made of glass, attaining an initial biomass concentration
of 0.1 g L−1. The reactors were filled with the following culture
medium: KNO3 10 mM; Na2SO4 0.7 mM; MgSO4·7H2O 1 mM;
CaCl2·2H2O 0.5 mM; K2HPO4 2.5 mM; NaHCO3 10 mM; NaFeEDTA
28 μM; Na2EDTA·2H2O 80 μM; MnCl2·4H2O 19 μM; ZnSO4·7H2O
4 μM; CoCl2·6H2O 1.2 μM; CuSO4·5H2O 1.3 μM; Na2MoO4·2H2O
0.1 μM. The culture medium was filtered through 0.7 μm filters
before use. The temperature of the culture was maintained at
28 ± 1 °C and the pH at 7.5 ± 0.5. The photobioreactors were illu-
minated 24 h with 35 W led light lamps (equally composed by
6500 K and 4000 K strips) supplying 200 μmol s−1 m−2 photons.
The reactors were continuously fed with 1 L min−1 air (filtered
by 0.2 μm filter) and 10 mL min−1 pure CO2. The cultivation was
repeated in three sequential batches under the same conditions,
and each batch was replicated in two separate column photobior-
eactors. The biomass concentration was monitored by measuring
the dry weight during the cultivation. When a concentration of
3.0–3.5 g L−1 was attained, the batch was stopped and the bio-
mass was harvested by centrifugation at 3000 × g, rinsed twice
with distilled water and suspended in distilled water at 90 g L−1

and frozen at −18 °C until its utilization for cell disruption treat-
ment. Dry weight was measured by filtering the samples through
0.7 μm glass fiber filters, then dried at 105 °C. The aliquots of bio-
mass harvested from three independent cultivations carried out
in the same culture conditions were used as replicates for the fol-
lowing experiments.

Cell disruption methods
Sonication
The microalgal suspension (20 mL, 90 g L−1) was defrosted and
then treated with sonication. The suspension was transferred to
a 50 mL glass reactor (h= 5 cm, d= 4.4 cm) with an external jacket
connected to a thermocryostat (CB5-10, Giorgio Bormac srl,
Modena, Italy) for cooling water recirculation. The recirculation
water was maintained at 6 °C to maintain the microalgal suspen-
sion below 35 °C throughout the treatment. The sonication was
started when the microalgal suspension was at 6 °C by using
the Branson 450 Digital Sonifier (20 kHz, 400 W maximum output
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, respec-
tively. A 12 mm replaceable horn probe was used for the sonica-
tion and immersed inside the suspension. Cell concentration
was measured throughout the treatment by optical counting in
a Thoma chamber by means of an optical microscope (Leitz
Laborlux 12). The experiment was carried out in triplicate.

Bead milling
The microalgal suspension (1 mL, 90 g L−1) was defrosted and
then treated with the bead beater (Minilys, Bertin Technologies,
Montigny-le-Bretonneux, France). Microalgal samples were
placed inside 2 mL beating tubes containing 0.1 mm ZrO2 beads
(Precellys - Ref: KT03961-1-010.2). Samples were treated with sev-
eral (up to 25) milling cycles, 60 s each one (ton), at 5000 rpm.
Between cycles the tubes were placed for 120 s (toff) on ice batch
for cooling. The temperature was measured at each cycle before
and after the cooling. Cell concentration was measured after each
cycle by optical counting.
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Analysis of cell disruption kinetics
With both the sonication and bead milling, the cell disruption
yield was determined by Eqn (1):

Cell disruption Tonð Þ %ð Þ= Ccells,0−Ccells Tonð Þ
Ccells,0

100 ð1Þ

With Ccells,0 and Ccells(Ton) denoting the initial cell concentration
and the concentrationmeasured at a treatment time Ton. The time
Ton appearing in Eqn (1) is the sum of the ton times elapsed since
the start of the cell disruption treatment (Ton=∑t

t=0tonÞ. The toff
was not included in the kinetic study because it was assumed that
the cell disruption yield was only depending on the sum of the
elapsed ton periods, which was the period in which the mechani-
cal energy was applied. The toff was set up mainly to avoid over-
heating of the biomass suspension. It would not be consistent
to compare sonication and bead milling based on the sum of
the ton and toff periods, because much larger toff times were nec-
essary in the application of bead milling method just to control
the temperature. This different toff period could be removed at
industrial scale by the utilization of a cooling water jacket. The
kinetics of cell disruption were analyzed by fitting the solution
of the following first order model (Eqn (2)) to the evolution of cell
disruption data against Ton:

dCcells

dTon
=−kCcells Tonð Þ ð2Þ

The kinetic constant k was estimated by nonlinear fitting of the
experimental data to the Eqn (3):

Ccells Tonð Þ=Ccells,0e
−kTon ð3Þ

where Ccells,0 denotes the initial cell concentration.

Extraction with aqueous two-phase system (ATPS)
After cell disruption, the obtained lysed biomass suspensions
were treated with ATPS for biomolecule separation. ATPS was
composed by polypropylene glycol- 400 (PPG-400; AlfaAesar,
Ref. 40811) and choline chloride (98%, Alfa Aesar, Ref. A15828)
with 40:14 w/w ratio, as described in a previous work.11 For the
preparation of the ATPS, 3.6 g of distilled H2O, 1.4 g di choline
chloride, 4.0 g di PPG-400 and 1 mL (1 g) of lysed microalgal sus-
pension obtained from sonication or bead milling (containing
90 mg biomass equivalent) were mixed in 15 mL polypropylene
centrifuge tubes (VWR International. Ref. 525-0629). The compo-
nents were mixed in the dark for 1 h in a rotary shaker at 25 rpm
at room temperature, according to the method reported by
Suarez Ruiz and co-workers.11 After that, samples were centri-
fuged at 1670 × g for 10 min to favor phase separation and the
upper (PPG 400) and bottom phase (ChCl) were separated with
a glass pipette. The interface and pellet were submitted to a sec-
ond and a third extraction cycle. All the obtained solid and liquid
phases were separated and stored at –18 °C in the dark. The
experiment was carried out in triplicate, each replicate corre-
sponding to the lysate biomass obtained by repeated cell disrup-
tion treatments.

Starch quantitative analysis
Starch was analyzed in initial microalgal biomass before cell dis-
ruption and on the pellet phase, interphase and bottom liquid

phase obtained after the ATPS extraction. For the analysis, the
mass of starch was quantified by means of selective enzymatic
hydrolysis by using the thermostable ⊍-amylase and amylogluco-
sidase from the commercial Total Starch assay kit (Megazyme, ref.
K-TSTA, Ireland), following the protocol as described by de Jaeger
et al..15 The recovery yield of starch in the different phases (ηstarch,i)
was calculated by Eq. 4:

ηstarch,i=
ViCS,i

mXCS,x
ð4Þ

with Vi the volume of the i-phase (interphase, pellet phase, bot-
tom phase), CS,i the starch concentration in the i-phase, mX the ini-
tial biomass used for ATPS extraction and CS,X the starch content
in this biomass (measured before cell disruption).

Scanning electron microscope (SEM) and granule size
measurement
For SEM analysis, the samples were pretreated for fixation and
dehydration. An aliquot of sample (0.1 mL) was centrifuged at
3000 × g for 10 min and supernatant was removed. The pellet
was suspended in 1 mL of PBS (Phosphate Buffer Saline) solution
at 2% of glutaraldehyde and stored in the fridge for 1 h. The sam-
ple was centrifuged again, and the supernatant was removed. The
pellet was then suspended in ethanol-water solution with increas-
ing ethanol content: 30%, 50%, 70%, 80%, 90% and 100%. A drop
of the suspension in ethanol was placed on a microscope glass
slide and quickly evaporated. Samples were covered with a thin
chromium film and finally analyzed by means of a HR-FESEM
(High resolution Field Emission Scanning Electron Microscopy)
model AURIGA Zeiss. Starting from the obtained micrographs,
the diameter of 100 starch granules was determined using ImageJ
software. The distribution of starch granule size was modelled by
Gaussian distribution (Eqn (5)):

f xð Þ= 1

⊞
ffiffiffiffiffiffi
2π

p e − x−⊘ð Þ2
2⊞2

� �
ð5Þ

With x the diameter, μ the mean diameter and ⊞ the standard
deviation of the diameter.

Determination of starch gelatinization temperature
This analysis was conducted on starch in the pellet phase
obtained after ATPS extraction on sonicated biomass. The pellet
phase was placed on a microscope slide and covered with glass
cover slide. The sample was placed on a block heater and gradu-
ally heated at different temperatures (Supporting Information,
Fig. S1). To account for the temperature gradient along the glass
slide, the temperature was measured both at the bottom and
upper side of the slide. Different temperature ranges were
assessed: 25 °C, 30–35 °C, 45–50 °C and 50–55 °C. The sample
was maintained 30 min on the preheated block for each different
temperature range and then observed on the optical microscope
(Leitz Laborlux 12) to detect whereas starch gelatinization
occurred.

Determination of pigment extraction yield
The extraction yield of photosynthetic pigments was determined
on the upper phase (PPG-400) by spectrophotometric analysis
(Varian Cary 50 Scan). The content of Chlorophyll a, Chlorophyll
b and carotenoids inside the initial biomass was determined as
follows. Microalgal biomass was centrifuged (8000 × g, 10 min)
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and the aqueous supernatant was removed. The pellet was sus-
pended in acetone and heated for 30 min at 50 °C. Acetone was
then collected and the absorbance was measured at 661.6 nm,
644.8 nm and 470 nm. From the absorbance values, the pigment
concentration was quantified by using the equations reported by
Lichtenthaler.16 To quantify the pigments extracted with PPG-400,
a correlation line wasmade between pigment absorbance in PPG-
400 and their absorbance in acetone. To this aim, pigments were
extracted with acetone from different samples of microalgae and
analyzed as described. After analysis, acetone was evaporated
under N2 flow and the residual pigments were suspended in equal
volume of PPG-400 and analyzed with the spectrophotometer,
using the same wavelengths as for acetone. The correlation lines
(Eqns (6)–(8)) were determined and applied to obtain the equiva-
lent absorbance in acetone.

OD661:6,PPG−400=0:80OD661:6,Acetone R2=0:99 ð6Þ
OD644:8,PPG−400=0:85OD644:8,Acetone R2=0:97 ð7Þ
OD470,PPG−400=0:56OD470,Acetone R

2=0:98 ð8Þ

For each upper phase (in PPG-400) obtained in the samples after
the three ATPS cycles, the absorbance was read directly in PPG-
400, the corresponding absorbance in acetone was calculated
and used to quantify pigment concentration.
The pigment recovery yield was calculated by Eqn (9).

ηP=
VPPGCP,PPG

mXCP,x
ð9Þ

With VPPG the volume of the PPG 400 phase, CP,PPG the concentra-
tion of pigment in the PPG400 phase and CP,x the concentration of
pigment inside the initial biomass (measured before cell
disruption).

Statistical treatment of data
All the experiments were carried out in triplicate and the results
reported as mean ± standard error (SE). Significant differences
(⊍ = 0.05) among treatments were evaluated by using one way
analysis of variance (ANOVA) or Studentʼs t-test. Nonlinear fitting
was performed by the MATLAB function ‘nlinfit’, which performs
the minimization of the sum of the squared residuals. The uncer-
tainty inmodel parameter predictionwas indicatedwith 95% con-
fidence intervals (CI), calculated with the MATLAB function
‘nlparci’.

RESULTS AND DISCUSSION
Biomass and starch production by microalgae
Microalgae were cultivated in photobioreactors under their opti-
mal growth conditions (pH = 7.5, T = 28 °C, nutrient replete).17

The biomass increased from 0.1 g L–1 to 3.2 ± 0.2 g L–1 in 4 days
(Fig. 1(A)), corresponding to an average biomass productivity of
0.78 ± 0.05 g L–1 per day. This growth corresponded to the bio-
logical CO2 fixation of 1.43 ± 0.09 g L–1 per day (about 6% of
the supplied CO2). The nitrogen source (NO3

−) was depleted after
2 days of cultivation (Fig. 1(B)). With the aim to increase the bio-
mass starch content, the cultivation was prolonged for 2 days
under nitrogen (N) starvation condition. During N-starvation, cell
duplication was blocked (because of the exit from the cell cycle,
G0) and the biomass increase was mainly given by the accumula-
tion of storage compounds, including starch. The starch content

attained in the biomass harvested at the end of the batches was
33% ± 4%, significantly higher (P= 3 × 10−6) than the starch con-
tent in the first two cultivation days (N-replete), which was only
9.6% ± 1.5%. These results are comparable with those reported
by Breuer et al.,3 who found, for the same species and with the
same cultivation medium, 38% starch content when a biomass
concentration of 3.1 g L–1 was attained. The starch content
attained is slightly lower than the maximum value reported for
this species, which is 42%.18 The mean starch productivity of the
batches was 0.25 ± 0.02 g L–1 per day. The biomass harvested at
the end of the batch contained 4.4% ± 0.6% of N, corresponding
to 28% ± 4% proteins, significantly lower (P= 0.006) than the pro-
tein content attained in the first 2 days under N-replete condi-
tions (54% ± 1%).

Comparison between sonication and bead milling on cell
disruption efficiency
The biomass enriched in starch was harvested from the photo-
bioreactors and employed to evaluate the ability of the selected
cell disruption treatments to enforce the release of intracellular
starch granules.
Native starch is made of insoluble molecules (amylose and amy-

lopectin) of high molecular weight (typically >40 000 Da), which
are partially in crystalline form and arranged in granules inside
the chloroplasts. Starch granules are typically insoluble in sol-
vents. Therefore, the extraction of starch from cells requires cell
disruption to allow the release of the insoluble granules and their
subsequent separation from the other biomolecules. Chemical

Figure 1. Biomass production (A) and nitrogen consumption (B) on three
repeated batches. Mean value ± SE, n = 2. Dotted lines indicate the repe-
tition of the points of the first batch, to show the reproducibility of the
growth.
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methods based on acids or alkaline reagents cannot be applied
for cell disruption because they would induce starch hydrolysis
and/or gelatinization. Therefore, two different physical methods
were tested, namely sonication and bead milling, which are
among the most promising for large scale application. The treat-
ments were applied on a biomass suspension with relatively high
biomass concentration (90 g L–1), which can be considered repre-
sentative of a suspension obtained in a real plant after a dewater-
ing phase (harvesting). The two methods were separately applied
until reaching comparable (P > 0.05) cell disruption yields, which
was 93% ± 3% for beadmilling and 97% ± 1% for sonication. The
evolution of cell concentration during both bead milling and son-
ication was satisfactorily described by the first order kinetic model
(Eqn (3)) (Fig. 2), which is in agreement with other previous stud-
ies.19,20 In Fig. 2, a comparison between experimental data (cell
disruption yield and cell concentration) and the predictions of
the first order model with the kinetic constant k determined by
nonlinear fitting is shown for the two cell disruption methods.
It is important to notice that cell disruption yield and cell con-
centration are plotted in Fig. 2 against the Ton, which is the
sum of the ton periods and thus represents the time during
whichmechanical energy was effectively supplied to the system,
excluding the toff periods. In accordance with this analysis, the
characteristic time needed with bead milling to attain the pre-
scribed cell disruption yield was about 2.6 times lower than with
sonication. Particularly, the kinetic constant k estimated by non-
linear fitting of Eqn (3) to the evolution of cell concentration data
against Ton was 0.063 ± 0.008 min−1 with bead milling and
0.024 ± 0.002 min−1 with sonication (P < 0.05), corresponding
to characteristic times (τ = k−1) of 16 min and 42 min, respec-
tively. The k found for bead milling was remarkably lower than
those found in previous studies,20,21 which were between
0.54 min−1 and 4.8 min−1. This difference could be explained
by differences in the specifications of the employed beadmilling
system, including, for example, bead size, filling percentage and
the microalgal strain tested.20,21 In this respect, it is worth

remarking that the microalga T. obliquus employed in the pre-
sent study is one of the microalgal species with higher cell wall
robustness,22-24 and it was not considered in the previous stud-
ies using bead milling.
The temperature was controlled and monitored during the

treatments to avoid any starch denaturation due to temperature
increase. It was maintained at comparable values for the two
methods (Supporting Information, Fig. S2). During sonication it
increased rapidly (within less than 5 min) from 6 °C up to 27
± 5 °C, and then remained stable throughout the treatment. Dur-
ing bead milling, the temperature oscillated by increasing during
the milling phase (ton) to 32 ± 1 °C and then decreasing during
the cooling phase (toff) to 21 ± 1 °C (the mean value of the whole
treatment was 27 °C).
Few data are available from previous studies about the com-

parison between the effects of sonication and other different
methods on microalgal cell disruption yield. A previous study
indicated, in agreement with our results, that sonication was
less effective than bead milling.25 Other studies indicated that
sonication was less effective also when compared to other
methods, such as high-pressure homogenization.13,26 How-
ever, the comparison was often performed based on data
derived by the application of the different cell disruption treat-
ments with different treatment times and temperatures. There-
fore, the results reported here in this study are a more solid
comparison and indication about the better performance of
bead milling. In this study, the two treatments were compared
by considering only the time during which mechanical energy
was effectively supplied to the system (Ton), thus not including
the off times (toff), which were 0.33·ton and 2·ton for sonication
and bead milling, respectively (Fig. 2). Although the higher off
time fraction for bead milling affects the difference in the time
effectively required for the treatment, it is expected that this
difference will be remarkably reduced at industrial scale, where
a cooling jacket can be used for bead milling cooling, thus
allowing for continuous milling.20

Figure 2. (A) Cell disruption yield (%) during bead beater and sonication treatment. (B) cell concentration during bead beater and sonication treatment.
As treatment time, the ton time was only considered, corresponding to the time of mechanical energy application (Ton=∑t

t=0ton). Circles indicate exper-
imental data (mean value± SE, n= 3) while lines indicate the fitting obtainedwith the first order kineticmodel. The treatments were performed at 90 g L–1

biomass.
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Separation of starch with ATPS
The lysate biomass obtained from bead milling and sonication
treatment was then processed for biomolecule separation by
ATPS. ATPS made of PPG400-choline dihydrogen phosphate
(ChDHp) aqueous phases was reported in previous studies to
allow for the separation of pigments, proteins and starch
from N. oleoabundans biomass previously lysed by bead
milling.10,11,27 In these latter studies, up to 79% of starch was
recovered in the interphase after 3 cycles of extraction, while
proteins and pigments were separated in the ChDHp and
PPG400 phase respectively. In the present study, a similar sys-
tem was employed to separate the different microalgal
biomolecules starting from the two lysates obtained by sonica-
tion and bead milling. Although Suarez Ruiz et al. selected
ChDHp as optimal bottom phase for ATPS,11 we did not use
ChDHp because it is quite expensive and its supply is difficult
(to our knowledge, to date it is sold in Europe only by Iolitec,
Germany), making difficult its industrial use. Choline chloride
(ChCl) showed better results in protein separation as compared
to ChDHp,11 and it is already produced at low cost in large
amount at industrial scale, so it can be easily supplied sustain-
ing the industrial scale-up of the proposed separation method.
Therefore, it was studied in this study because of its better
potential for large scale application.
After ATPS separation, four phases were obtained, namely an

upper PPG-400-water phase, a solid interphase, a bottom ChCl-
water phase and a solid pellet (Supporting Information, Fig. S3).
This qualitative repartition was found with both the lysed bio-
masses from bead milling and sonication. The only difference
was the presence of ZrO2 beads in the pellet phase in case of
application of the biomass produced by bead milling. These
beads were not removed to minimize biomass loss, based on
the assumption that they did not affect the repartition of the bio-
molecules in the ATPS.
The analysis of starch repartition indicated relevant differences

(P < 0.01) between the samples from bead milling and sonication
(Fig. 3). Although a comparable cell disruption yield was achieved
with the two methods, the starch repartition was better with the
lysate biomass obtained by sonication. For this latter lysate bio-
mass, the starch was preferentially recovered in the solid pellet
phase with 67% ± 7% yield, and only 14% ± 2% in the interphase
(Fig. 3). This repartition is qualitatively comparable to that
observed for corn starch with PPG400-ChDHp, for which starch
was preferably recovered in the bottom pellet.10 We tested the
PPG400-ChCl system also with pure corn starch and this was
entirely recovered in the pellet phase, similarly to the T. obliquus
starch. This behavior was expected considering that native starch
is insoluble in water and its density (1.5 g mL–1) is higher than
PPG400 (1.01 g mL–1) and water-ChCl (1.02 g mL–1) phase.28

When the lysate biomass from beadmilling was used, the amount
of starch that moved in the solid phases (pellet and interphase)
was lower (P < 0.01) than for biomass pre-treated with sonication
(Fig. 3). When ATPS was performed after bead milling, starch did
not accumulate preferentially in the pellet phase, rather it was
equally distributed with ~40% yield both in the pellet and
water-ChCl bottom phase (Fig. 3). This means that for the biomass
pre-treated with beadmilling, a larger amount of starch remained
suspended in the ChCl phase. The sum of starch mass inside the
three phases gave 90% total yield for sonication treatment and
80% for bead milling, without significant difference. The missing
10–20% starch was likely lost in the laboratory procedures carried

out. It might be thought that the separation and recovery of
starch should be mainly proportional to the cell disruption yield
(namely, the release of starch granules outside cells). However,
the results reported in this study indicated that the separation
of microalgal starch is more complex. For our knowledge, this
work is the first one in which such a remarkable difference in
extraction yield is observed on samples with the same cell disrup-
tion yield, for microalgal starch. The reason for such a different
behavior induced by the two cell disruption treatments may be
explained by the different molecular interactions between starch
and other biomolecules in the lysed biomasses obtained with the
two methods. By looking at the SEM images (Fig. 4(B)–(E)), in the
lysate obtained from sonication, the starch granules looked intact
and well separated from the surrounding biomass, while, in the
lysate from bead milling, the granules appeared partially
degraded and more bridled inside the surrounding biomass.
Therefore, it is possible that, after the bead milling treatment,
there was a higher fraction of starch trapped inside cell fragments
or still bound to hydrophilic compounds (e.g., proteins), or starch
could partially degrade as result of milling. Such degraded starch
could be more soluble, which can explain why a higher fraction of
it remained in the aqueous ChCl phase. Yet, the two disruption
treatments took different operative times to attain the same cell
disruption yield. The sonication took ~2 h, while beadmilling took
~0.5 h. These different times could give different yields in the sep-
aration of other intracellular biomolecules (e.g. proteins),21 which
could ultimately make the starch differently bound, affecting its
repartition among the different phases.
For both the treatments, the fraction of starch in the interphase

was the lowest (Fig. 3). This result is different to that by Suarez Ruiz
et al., who found starch preferentially recovered in the inter-
phase.10,11 This difference may be explained by the use in the

Figure 3. Recovery yield of starch (ηstarch,i) obtained in three i-phases
(pellet, interphase and ChCl phase) by ATPS performed on lysed biomass
obtained after bead beater and sonication. Mean value ± SE, n = 3.
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present study of ChCl instead of ChDHp, and by the different
microalgal species (N. oleoabundans) used by Suarez Ruiz et al.,
which has a different biochemical composition. The biomass used
in this study contained indeed a higher initial starch content
(33%) as compared to the biomass used by Suarez Ruiz et al.
(14%). In addition, there are significant differences between the
cell walls of T. obliquus and N. oleoabundans. The latter microalga
presents a cell wall mainly composed of proteins (31.5%), lipids
(22%) and carbohydrates (24%),29 while Scenedesmus cell wall con-
tains a higher amount of carbohydrates (40%) and less proteins
(15%).23 Finally, preliminary data indicate thatN. oleoabundans starch
is smaller than T. obliquus starch (Table 1), which could induce a lower
settleability in the bottom pellet.
The morphologies of the interphases obtained after 3 ATPS

cycles looked different starting from the biomass lysates pro-
duced by bead milling and sonication. In the case of sonication,
the interphase in ATPS (Fig. 4(F)) was quite similar to the initial
lysate biomass (Fig. 4(E)). When applying bead milling, the inter-
phase obtained at the end of the extraction was rich in empty cell
walls (Fig. 4(C)), that appeared as thin sheets. These sheets were
also found in suspension in the water-ChCl phase. The pellet
phase recovered at the bottom of the water-ChCl phase was also
different between bead milling and sonication. The pellets
obtained after sonication appearedmuchmore enriched in starch
granules (Fig. 4(E)-(G)) as compared to the pellets after cell disrup-
tion operated with bead milling (Fig. 4(B)-(D)). For all, a visible

fraction of residual biomass was still visible surrounding the starch
granules. In the pellet after sonication and ATPS (Fig. 4(G)), there
were large areas completely made of starch granules, and some
other areas showing both starch granules and residual biomass
in equivalent proportions. The purity of starch in the pellet phase
recovered after sonication and ATPS (3 cycles) was equal to 50
± 5% as dry weight. This remained substantially equal indepen-
dent of the ATPS treatment because this percentage was the
same in the pellet recovered after sonication and in those recov-
ered after 1 cycle or 3 cycles of ATPS. This was probably due to
a comparable solubilization of water-soluble compounds (pro-
teins) in water and in ChCl-water solution, while the pigments
removed by the PPG 400 phase did not contribute remarkably
on changing the purity of the starch.
Although sonication gave better starch separation than bead mill-

ing, it should be underlined that the sonication probe was affected
by relevant superficial erosion during the treatment (Supporting
Information, Fig. S4), which resulted in the release ofmetal fragments
inside the sample. This phenomenon is quite common for sonication
and was described in previous studies.30,31 The released metal frag-
ments inevitable contaminated the recovered pellet, which resulted
light grey. This release was measured making a sonication test with
only water and separating the released metal fragments with
0.7 μm filter. These fragments were 11 mg in 20 mL, after 3 h of
treatment, corresponding to ~3% of the starch mass in the pellet.
This negative effect could be overcomeby using an extraction cham-
ber not in direct contact with the probe; however, this would inevita-
bly reduce sonication yield and cell disruption rate.
The ChCl phase was analyzed for its glucose content because

microalgae contain a certain fraction of it that was expected to
be extracted mainly in the more polar phase.10 In this phase, the
glucose concentration was the same independently of the cell
disruption method used, and corresponded to 10.5% ± 1.5% of
the initial microalgal biomass.

ATPS extraction of pigments
Themicroalgal biomass contained a relevant number of pigments
that were extracted in the PPG400 phase with the ATPS (Fig. 5).
The microalgal biomass was characterized for the initial content

Figure 4. SEM images of initial biomass (A); pellet obtained after cell disruption with bead beater (B) and sonication (E); interphase after the third cycle of
ATPS extraction on disrupted biomass from bead beater (C) and sonication (F); pellet phase after the third cycle of ATPS extraction on disrupted biomass
from bead beater (D) and sonication (G).

Table 1. Comparison among mean starch granule size (diameter)
found in this study and in previous studies

Species
Mean size (μm)

(n° analyzed granules) Reference

Chlorella sorokiniana 0.96–1.27 (n. d.) 7
Neochloris oleoabundans 0.52 (7) 35
Chlorella sorokiniana 1.5 (n. d.) 1
Tetradesmus obliquus 0.93 (100) This study
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of pigments before being treated with sonication and bead mill-
ing. The biomass contained 1.9% ± 0.4% of pigments, 55% of
which was chlorophyll a, 26% chlorophyll b, and 19% carotenoids.
Up to 57–66% Chlorophylls (a + b) and up to 42–53% carotenoids
were recovered after three ATPS extraction cycles. There was no
significant difference given by the two pre-treatment methods
used for cell disruption. Some residual pigments remained in
the pellet phases, which remained still green at the end of the
extraction with ATPS (Supporting Information, Fig. S3), for both
treatments. The ChCl phase and the interphase were colorless at
the end of the extraction, for both the pre-treatments, indicating
a negligible content of residual pigments. The pigment extraction
yield was lower than the 98% yield attained for lutein from
N. oleoabundans by using PPG400- ChDHp.11 As for the starch,
also for the pigments these relevant differences could be deter-
mined by the different microalgal species used. For instance,
while the N. oleoabundans used by Suarez Ruiz et al. contained
mainly lutein as pigment, in the biomass used here in this study
81% of the pigments was made of Chlorophylls (a + b), that have
lower polarity and are often linked to proteins in the chloroplast
membranes. The fact that both chlorophylls and carotenoids were
not completely extracted can be an indication that a fraction of
these pigments was still linked to biomass residues. Yet, the pig-
ment extraction yield was calculated with respect to their initial
amount inside the biomass before cell disruption (Eqn (9)). There-
fore, any loss occurred during the cell disruption treatment was
included in the yield in this study. When only the extracted

pigments were considered, it was found that almost all pigments
were extracted in the first ATPS cycle (Fig. 5(B)–(D)), these were
81% ± 1% for chlorophylls (a + b) and 83% ± 3% for carotenoids,
without difference for the cell disruptionmethod. This means that
an optimized process could be carried out with only one extrac-
tion cycle, reducing substantially the consumption of solvent
and energy cost, which increase with the number of extraction
cycles performed.32

Assessment of energetic yield of the extraction with
sonication
The sonication treatment gave the better results in term of biomole-
cule separation. However, to evaluate the potential of industrial scale-
up, energy consumption of this technologymust be also assessed. In
this respect, insufficient information was found in literature about
energy consumption of sonication treatment applied to the microal-
gal cell disruption. Therefore, the performance of the sonication
treatment was evaluated more in depth by assessing the energy
demand of this cell disruption process. A constant 150 W power
(P) was applied during the Ton periods and thus the consumed
energy (E) could be calculated by Eqn (10):

E=P Ton ð10Þ

Based on Eqn (10) and the kinetic equation for cell disruption
(Eqn (3)), the specific energy demand (ηE) for disrupted cells was
then calculated as follows:

Figure 5. Chlorophyll and carotenoid recovery yield (%) calculated as cumulative yield (A and C respectively) and for each single extraction cycle (B and D
respectively). Mean value ± SE, n = 3.
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ηE=
P Ton

V C0,cell−Ccell Tonð Þð Þ=
P Ton

V C0,cell 1−e−kTonð Þð Þ ð11Þ

with V denoting the volume of the sonication chamber. The
results of Eqn (11) are reported in Fig. 6. During the first part of
the treatment, the energy demand for disrupted cells increases
slightly, varying from 50 kWh kg–1 to 100 kWh kg–1 to disrupt
from 0.2% to 62% cells (t = τ), while further 82 kWh kg–1 were
required to increase the cell disruption yield from 62% to 95%
(3 τ). This energy consumption is likely still too high for starch uti-
lization in low-cost applications, as bioplastics, but it could be
acceptable for high value applications as for instance food addi-
tive, pharmaceutical or medical applications (e.g. antimicrobial
materials). The energy demand is higher than those reported in
other studies for other cell disruption methods (usually between
0.3–10 kWh kg–1).13 However, in these previous studies the energy
demand was usually calculated for undefined cell disruption
yields, for different microalgal species and often calculated at
arbitrary extraction yield of solvent soluble biomolecules, as solu-
ble proteins, for which a complete cell disruption is not required.21

A general scheme of the possible industrial process is proposed
in Fig. 7. This process scheme includes a single ATPS cycle, by
which large part of starch and extractable pigments could be

separated. The process includes a three-phase centrifugation to
separate the pellet phase, the PPG400 phase and the ChCl phase
with a single step. The regeneration of the solvents is an open
issue that is worth of investigation in future studies. The ChCl
phase could be recovered by ultrafiltration, while the PPG400
phase by back extraction of pigments in a hydrophobic solvent
immiscible in water (e.g. hexane).

Properties of the microalgal starch
The physical–chemical properties of the starch can strongly influ-
ence the efficiency of the extraction and separation processes.
The radius (r) of the granules influences the settling velocity (v)
inside a fluid (liquid phase) during sedimentation or centrifuga-
tion (v∝r2 according to the Stokeʼs Law). The distribution of
T. obliquus starch granule size was measured in this study
(Fig. 8). The distribution of the diameter was well described by a
Gaussianʼs function (Fig. 8(A)), with 0.93 μm mean value and
±0.14 μm SD. The size distribution of granules was very narrow,
with 95% of granules between 0.645 –1.215 μm. For comparison,
superior plants like corn, barley, and wheat usually have bimodal
distributions (A-type and B-type starch) with sizes of 1–5 μm (B-
type) and 10–36 μm (A-type).6,33 The A-type is predominant in
superior plants and the resulting average size of starch granules
is about one order of magnitude higher as compared to microal-
gal starch.34 The size distribution found here in this study is even
more narrow than that previously reported for the microalga
Chlorella sorokiniana, which was 0.8–5.3 μm with 15% particles
>5.3 μm.1 However, in this previous study the distribution was
analyzed by a laser granulometer, therefore any foreign particle,
as residual cell fragments, could give interferences. Instead in this
study the image analysis allowed to include selectively only the
starch granules.
The difference in granule size can contribute to explain the dif-

ferent behavior between corn starch and N. oleoabundans starch,
which was observed in the ATPS by Suarez Ruiz et al.10 A differ-
ence in starch granule size might also explain the different behav-
iors observed for N. oleoabundans and T. obliquus starch in ATPS.
Since N. oleoabundans starch granules have mean size (0.52 μm)
about half as compared to T. obliquus starch (Table 1), they will
have a settling velocity 4 times lower than T. obliquus starch. For
sake of clarity, it should be underlined that we calculated the aver-
age starch granule size for N. oleoabundans from a single image,
reported by Giovanardi et al.,35 that only included seven granules.
Themean starch granule size of T. obliquuswas close to that found
for C. sorokiniana, which was a little larger (Table 1).

Figure 6. Energy demand of the cell disruption treatment carried out
with sonication. The energy demand is expressed as kWh of consumed
energy per kg of disrupted cells. Data were calculated by Eqn (11) for
90 g L–1 initial biomass concentration.

Figure 7. Summary of the process scheme developed in this study to produce and extract starch and pigments from microalgae. The scheme also
includes two possible ways to regenerate the ChCl and PPG400 phase by using ultrafiltration and back extraction with solvent, respectively.
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Qualitatively, the starch granules observed with SEM showed
two different morphologies (Fig. 4). The large part of the granules
showed a globular-shape, which is characteristic of stroma starch,
while a little part of granules showed a cup-shape, which is char-
acteristic of pyrenoids starch. These two morphologies are typical
for microalgal starch and were described also for C. sorokiniana
and N. oleoabundans.7,12,35

An important physical property of starch is the temperature at
which gelatinization occurs. This value determines the tempera-
ture to which a water-starch suspension should be heated to
attain starch gelatinization, which includes a phase transition
from the native crystalline form to a soluble amorphous gel. This
phase transition is needed to ensure starch processability in prac-
tical applications as for producing bioplastics or food cooking. The
gelatinization of starch is usually described by three specific tem-
peratures: onset temperature (temperature at which the gelatini-
zation starts), peak temperature (peak in viscosity variation) and
completion temperature (ending of the process). The gelatiniza-
tion temperature was evaluated by observing the starchmorphol-
ogy with optical microscopy. Particularly, a starch-water
suspension (using the pellet obtained after sonication and ATPS)
was analyzed after heating at different temperature ranges

(Fig. 9). Starch granules remained visible and unchanged in the
samples treated up to 35 °C, start to disappear at temperatures
of 45–50 °C and eventually disappeared completely when tem-
peratures between 50–55 °C were attained. No crystallization
was observed in the sample subsequently cooled down. This
behavior was due to the solubilization of starch granules in the
form of a gel and was often reported for starch from superior
plants.36 From these results it was deduced that the gelatinization
started at temperature between 45–50 °C and was complete at
50–55 °C. To confirm the effective formation of a stable gel, the
sample was heated at 55 °C, subsequently cooled down at room
temperature and finally observed with SEM. The SEM analyses
showed the presence of a uniform gel layer (Fig. 9(E)), significantly
different from the granules in the original sample before heating
(Fig. 4(G)). These temperature values for starch gelatinization are
remarkably lower than the gelatinization temperatures usually
found for the starch produced from conventional sources, as corn,
potatoes and wheat. For these latter sources, starch gelatinization
usually starts at temperatures between 58–71 °C and ends at tem-
peratures between 70–90 °C.34 The starch gelatinization temper-
ature was reported to be mainly affected by the amylose/
amylopectin ratio.34 However, different previous studies reported

Figure 8. Starch granule size distribution measured on starch sample obtained in the pellet phase after ATPS extraction from biomass obtained after
sonication treatment. (A) Distribution frequency obtained for 9 bins (0.1 μmeach one) with experimental data (histograms) and Gaussian distribution (cir-
cles) with μ = 0.93 and ⊞ = 0.14. (B) Cumulative probability obtained for Gaussian distribution with μ = 0.93 and ⊞ = 0.14. The diameter was measured on
100 starch granules.

Figure 9. Observation with optical microscopy of starch granules treated at different temperatures from 25 °C (A) to 50–55 °C (D). (E) SEM image of gela-
tinized starch sample after treatment at 55 °C. The analysis was conducted on the pellet phase obtained after ATPS extraction from biomass obtained
after sonication treatment.
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amylose content in microalgal starch between 17–29%,1,7 compa-
rable with the starch from conventional plant sources as corn,
wheat and potatoes.34 Probably, factors as granule size and amy-
lopectin chain length are responsible for such difference and
deserve therefore to be investigated in future studies. It should
be here remarked that the lower gelatinization temperature of
microalgal starch introduces significant advantages as compared
to conventional starch sources. In addition to reducing the energy
consumption required to enforce starch processability in indus-
trial applications, it could also be an advantage for starch-based
bioplastic functionalization with bioactive molecules, which are
usually thermolabile. The temperature here reported also indi-
cates that every protocol to extract native starch from microalgae
should avoid temperature higher than 45 °C.

CONCLUSIONS
The work described a biorefinery route to produce microalgal
starch. Cell disruption kinetics was satisfactorily described by a
first order model for sonication and bead milling, with the latter
presenting a disruption rate 2.6 times faster. There was a remark-
able difference in starch recovery from samples in which a compa-
rable cell disruption yield was achieved with different methods.
Indeed, the starch was separated better with ATPS from the bio-
mass lysed by sonication than by bead milling, despite the com-
parable fraction of disrupted cells. After the sonication, 67%
starch was recovered in the residual pellet after ATPS, while after
bead milling this was only 40% and remained equally distributed
between residual pellet and water-ChCl liquid phase. This insight
indicates that the cell disruption yield alone does not allow to pre-
dict the recovery yield of starch.
The erosion of the probe tip during sonication released metal

particles that contaminated the obtained starch. Pigment extrac-
tion occurred mainly in the first extraction cycle (80%) in the
PPG 400 phase and was comparable for the two cell disruption
methods.
As compared to conventional starch sources, the microalgal

starch showed lower gelatinization temperature, between 45–
55 °C, and lowermean granule size, with a narrow and normal dis-
tribution with 0.93 ± 0.14 μm diameter. These differences from
conventional starch sources can introduce significant advantages
in the application of microalgal starch for bioplastic production,
including reduced energy consumption and easier functionaliza-
tion with thermolabile bioactive molecules.

SUPPORTING INFORMATION
Supporting informationmay be found in the online version of this
article.
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