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HIGHLIGHTS

e New process configurations to refine microalgal starch are described.

o Alcalase allows starch refining up to 58 % along with protein hydrolysate extraction.

e Sonication in DMSO and starch precipitation in ethanol allows starch purification.

e Up to 91 % starch purity and 80 % extraction recovery attained with DMSO extraction.
o Chitosan-starch films were produced with purified algal starch and defatted algae.

ARTICLE INFO ABSTRACT

Keywords: Microalgae could become a more sustainable starch source than conventional crops. However, available refinery
Tetradesmus obliquus processes are lacking. In this study, we develop different innovative processes to refine microalgal starch and
Bioplastic obtaining starch-based bioplastics. After lipid extraction, defatted microalgae were treated by different routes:
Ein;r}:gi::ytreamem enzymatic treatment with Alcalase; sonication in hot water or dimethyl sulfoxide (DMSO) followed by precip-
Protease itation with ethanol.

Thermoplastic starch

Enzymes allows to extract 70 % of proteins while recovering 75 % of the initial starch in the residual pellet,

with a purity of 58 %. The most effective configuration based on sonication and water/DMSO extraction allowed
to recover up to 80 % starch with 80-91 % purity.

Chitosan improved the mechanical properties of the obtained starch-based films. The use of defatted algae or
purified starch gave different properties to the films (as rigidity and water stability) showing the possibility to
tailor the material characteristics depending on the biorefinery route applied.

1. Introduction

Starch is a biodegradable biopolymer with diverse applications in
sectors such as food production, food additives, and bio-based materials.
The worldwide production has been estimated between 88-98 million
tons per year in 2020 (Vilpoux and Santos Silveira Junior, 2023). This
starch is primarily sourced from terrestrial crops like corn (75 %), cas-
sava (14 %), wheat (7 %) and potatoes (4 %) (Vilpoux and Santos Sil-
veira Junior, 2023). Microalgae represent a promising alternative source
of starch. They can achieve starch productivities per hectare up to ten
times higher than terrestrial plants (Gifuni et al., 2017), requiring
significantly less water, and including the use of wastewaters or
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saltwater as a water source (Wang et al., 2016). Additionally, micro-
algae can use fertilizers more efficiently than terrestrial plants, with
yields close to 100 % (Wang et al., 2016; Zhang et al., 2015). Taken
together, these characteristics position microalgae as a promising future
alternative for starch production, potentially with lower environmental
impacts compared to conventional crops.

In addition to starch, microalgae can serve as a source of other bio-
molecules, including lipids as triglycerides (TAGs), pigments and pro-
teins with biological value comparable to eggs and meat (Fernandez
et al., 2021). Currently, microalgae industry predominantly focuses on
single products such as dry biomass, pigments (astaxanthin, phycocy-
anin), and omega-3 fatty acids, intended for use as food and feed
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additives (Aratijo et al., 2021). Implementing a biorefinery process
could enable the valorization of various biomass components, including
starch (Nitsos et al., 2020). Nevertheless, the potential for integrating
lipid and protein extraction with starch recovery has been largely
overlooked. A primary technical challenge in starch purification lies in
its insolubility in many common solvents. Native starch can be refined
only as result of the removal of non-starch components, such as lipids,
proteins, and other cellular components (do Carmo Cesario et al., 2022),
by their selective extraction. This is the approach employed by con-
ventional processes for extracting starch from terrestrial plants sources:
mechanical cell disruption followed by protein separation in a water
suspension (El Halal et al., 2019). However, this kind of process is
difficult to be applied to microalgae due to their smaller cell size, smaller
starch granule size, and lower starch content (<45 % compared to
80-85 % for terrestrial plants)(Alhattab et al., 2019; Nitsos et al., 2020).
In previous studies, microalgal starch has been purified using cell
disruption methods followed by centrifugation through a Percoll
gradient (Gifuni et al., 2017; Izumo et al., 2007). However, Percoll
gradient is hardly applicable at industrial scale. Recently, cell disruption
followed by aqueous two-phases systems (ATPS) and ethanol extraction
have been reported as promising methods to separate microalgal starch
from other cellular components (Di Caprio et al., 2022; Suarez Ruiz
et al., 2020b, 2020a). However, the reported purity of refined starch
obtained with these approaches was not higher than 56 %. Previous
approaches were based on conditions that prevented starch gelatiniza-
tion, to recover it in the native form. The limitations in the final purity
attained suggest that achieving higher purity with such an approach
may not be feasible. The main limit of such an approach is the presence
of other insoluble components, mainly empty cell walls (made of pro-
teins, cellulose and sporopollenin) (do Carmo Cesario et al., 2022), that
can remain in the insoluble fraction along with native starch.

The aim of this study is to overcome these previous issues by testing
and comparing different innovative approaches for refining microalgal
starch: i) an enzymatic treatment of defatted biomass, to selectively
separate proteins from starch after lipid extraction; ii) a starch extrac-
tion from defatted biomass by its solubilization in hot water or dimethyl
sulfoxide (DMSO), followed by starch precipitation with ethanol.
Finally, for the first time, a plastic-film composed by a blend of micro-
algal starch and chitosan has been synthetized and assessed for its me-
chanical and physical properties.

2. Materials and methods
2.1. Microalgae cultivation

A non-axenic strain of Tetradesmus obliquus was isolated as previ-
ously described (Di Caprio et al., 2022), and cultivated in two 500 mL
column glass photobioreactors (PBRs) (h = 35 cm, d = 5 cm), at an
initial concentration of 0.3 g L. The temperature was maintained at 28
+ 1 °C and pH was kept at 7.5 £+ 0.5 (controlled by CO2 supply). The
PBRs were illuminated 24 h/d using LED light lamps (GROWSTAR L-
QB1), providing 500 + 50 pmol s' m~2 photons (measured by a lux-
meter at three different heights; conversion factor: 0.0257). Each PBR
was fed with 1 L min ! air (filtered at 0.2 pm) and 10 mL min~! of pure
CO3. Modified M8 medium was used as culture medium (see supple-
mentary material). To generate sufficient biomass, various cultivation
batches were repeated. The biomass was harvested at concentrations
ranging between 4-8 g L7!, following the guidelines previously
described to enhance starch accumulation by exploiting N-starvation (Di
Caprio et al.,, 2023). The biomass was harvested by centrifugation
(3000g x 10 min), then suspended in distilled water aliquots at 90 g L™},
and finally frozen at — 18 °C until its utilization for the experiments. The
dry weight of microalgae suspensions was determined by filtering
samples through 0.7 pm glass fiber filters and then oven dried at 105 °C
before weighing.
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2.2. Lipid extraction on fresh biomass

Defrosted wet biomass was centrifuged to remove residual water and
suspended in pure ethanol (99 %) at a ratio of 10 mL solvent per 1 g of
dry biomass equivalent. This suspension was transferred into 50 mL
glass reactors, under magnetic stirring, heated at the boiling tempera-
ture of ethanol. After 15 min, the suspension was centrifuged (3000g x 5
min), the solvent removed, and the pellet was suspended again in
ethanol for a new extraction cycle. The procedure was repeated for 9
extraction cycles, and the residual pellet was dried at 105 °C, finally
ground, and then stored.

2.3. Enzymatic treatment with Alcalase for protein extraction

After extracting lipids from the wet biomass, the resulting defatted
biomass was used for enzymatic protein extraction tests. For each test,
600 mg of dry defatted biomass was suspended in 30 mL buffer solution
(93.5 mM K3HPOy, 6.5 mM KH3POy4, pH 8.0) in a 50 mL reactor (h =
11.4 cm, d = 3.5 cm) maintained at a constant temperature using a water
jacket connected to a thermocryostat (CB5-10, Giorgio Bormac srl,
Modena, Italy). The biomass suspension underwent magnetic stirring for
30 min to achieve a homogenous suspension and a constant tempera-
ture. The extraction process was started by adding 0.3 mL of an enzy-
matic solution containing the endo-peptidase Alcalase from Bacillus
licheniformis (>0.75 Anson units mL_l, cod. 126741, Merck). The
extraction was carried out at 30 °C, 40 °C and 50 °C for 6 h. After 6 h, the
residual pellet was harvested by centrifugation (7000g x 5 min), washed
twice with distilled water, and finally dried overnight in the fume hood.
These extractions were performed in duplicate, and negative control
tests without enzyme were conducted for each temperature. The
biomass recovery was calculated by eq. (1):

Yo =t o)
My o
With mx o and my ¢ the initial and final biomass respectively.
The protein extraction efficiency (Yp) was quantified by eq. (2):
Cn(t) —Cno )V
v, = (Cul) = Cuo)V @)

My 0Xn,0

with Cn(t) the nitrogen concentration in the liquid phase at extraction
time t, Cy, the nitrogen concentration measured at t = 0 (nitrogen
contribution by Alcalase), V the volume of the suspension, and Xy o the
nitrogen content in the defatted biomass. The calculation assumes that
released N is proportional to proteins.

Xn,0 was measured by a CNHS analysis carried out by an elemental
analyzer (EA 1110 CHNS/O).

The starch extraction recovery in the residual pellet (Ystarch) was
quantified by eq. (3):

Xt fMye g
th,Omx,O

3

Ysarech =

With X, ¢ the starch content in the final biomass after treatment and X o
the starch content in the initial defatted biomass.

2.4. Sonication pre-treatments of raw biomass in different solvents under
different temperatures

Microalgae aliquots were thawed and suspended at 90 g L™! in either
20 mL of water or ethanol (96 %) for sonication. The suspensions were
placed in a 50 mL jacketed glass chamber (h = 5 cm; d = 4.4 cm).
Sonication was performed using a Branson 450 Digital Sonifier (20 kHz,
400 W maximum output power) with a 12 mm replaceable probe
immersed inside, operated in pulsed mode (t,, = 0.3 s, togs = 0.1 s), at 60
% amplitude (90 pm) for a total treatment time (T) of 240 min. For both
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ethanol and water as solvents, three different temperatures were tested:

e No temperature control. Sonication was carried out without any
water recirculation in the jacket of the sonication chamber.

e Temperature control at 5 °C. Recirculating water at 5 °C in the jacket
of the sonication chamber.

e Temperature control at 40 °C. Recirculating water at 40 °C in the
jacket of the sonication chamber.

To prevent errors due to solvent evaporation, solvent was added to
the chamber to restore the original volume before collecting samples,
when required. Cell disruption efficiency of the sonication treatments
was determined by measuring cell concentration at various time in-
tervals using optical counting in a Thoma chamber and an optical mi-
croscope. The disruption efficiency was then calculated using Eq. (4):

Co — C(Ton)

Cell disruption (%) = C
0

100 (C)]
With Cy and C(T,,), the initial cell concentration and the concentration

measured after a certain treatment time T, = T; ti"t,f'
T

At the end of the sonication treatment, 1.5 mL sample aliquot was
collected and centrifuged (7000g x 5 min). The resulting pellet was
washed once with water, frozen at — 18 °C, and subsequently spray-
dried (Labogene CoolSafe 55-4 PRO). The pellet was then analyzed
for starch and total carbohydrate content, and the recovery calculated
using Eq. (3). Total carbohydrates in the supernatant were also analyzed
to quantify the fraction dissolved in the liquid phase during the
treatment.

Simultaneously, another 10 mL aliquot was collected from each
sample after sonication and centrifuged (3000g x 5 min). The resulting
pellet was suspended in 10 mL of ethanol (96 %), and the tube was
heated in a heat block at 100 °C for 15 min. After centrifugation, the
solvent was separated, and ethanol was added again for a new extraction
cycle. This procedure was repeated until the solvent remained trans-
parent. Finally, the residual pellets were spray-dried and starch and
carbohydrate content were analyzed once more. The recovery was
calculated again using Eq. (3). These experiments were conducted in
duplicate.

2.5. Starch extraction with DMSO and boiling water from defatted
biomass

The extraction of starch from the defatted biomass was conducted
under various conditions, as follows:

e D1. Defatted biomass was placed at 2 mg mL~! in DMSO at 80 °Cina
block for 90 min.

e D2. Defatted biomass was placed at 2 mg mL ™! in DMSO at 100 °C in
a block for 90 min.

e W1. Defatted biomass was placed at 2 mg mL ™ in pure Hy0 at 100 °C

in a block for 90 min.

D3. Defatted biomass was placed at 2 mg mL™! in DMSO, and a 20

mL suspension was subjected to sonication (Branson 450 Digital

Sonifier, 20 kHz, 400 W maximum output power) in a 50 mL jacketed

glass chamber (h =5 cm; d = 4.4 cm), with a 12 mm ultrasonic probe

immersed inside. The sonication was carried out in pulsed mode (to,

=0.1s, togf= 0.4 5), at 60 % amplitude (90 pum) for a total time (to, +

toff) of 60 min.

e W2. Defatted biomass was placed at 2 mg mL~! in water, and a 20 mL

suspension was subjected to sonication, which was performed in the

same conditions as D3, but with to, = 0.1 s, toff = 0.2 s.

Kinetic test. For this test, the conditions of the test “W1”, “W2” and

“W1 + magnetic stirring” have been carried out for an extraction

time of 240 min, and the supernatant (after centrifugation) was
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analyzed at different sampling times for total carbohydrate
concentration.

e Effect of biomass concentration. The condition W1 was tested for
three different defatted biomass concentrations: 0.5, 2, 8 and 20 mg
mL~L; for a treatment time of 240 min.

After extraction, all samples were centrifuged (3000g x 10 min) and
1 mL of the supernatant was transferred into a new tube. Then, 3 mL of
pure ethanol were added to obtain starch precipitation. The sample was
centrifuged again (3000g x 10 min) and the resulting pellet was
analyzed to quantify starch extraction recovery and purity. These ex-
tractions were conducted in duplicate.

2.6. Starch extraction with DMSO and boiling water from pellet after
sonication

The extraction of starch was also tested for all the different samples
obtained after the raw biomass underwent sonication pre-treatment in
water or ethanol, at various temperatures, as described in section 2.4,
followed by defatting with ethanol. These different pre-treatments
resulted in six different samples, replicate in duplicate. The pellets of
these samples were spray-dried and then tested for starch extraction
with the following procedures:

e Samples were placed at 2 mg mL~! in DMSO at 100 °C in a block
heater for 90 min.

e Samples were placed at 2 mg mL ™! in pure H,O at 100 °C in a block
heater for 90 min.

After extraction, all samples were centrifuged (4000 rpm x 10 min)
and 1 mL of the supernatant was transferred into a new tube. Subse-
quently, 3 mL of pure ethanol were added to induce starch precipitation.
The sample was centrifuged again (5000 rpm x 10 min) and the resulting
pellet was analyzed to determine starch extraction recovery. These ex-
tractions were conducted in duplicate.

2.7. Chemical analysis

The starch content inside samples was measured by enzymatic hy-
drolysis by using the “total starch assay kit” (Megazyme, ref. K-TSTA,
Ireland), following the protocol previously described (Di Caprio et al.,
2022). Total carbohydrate content inside biomass samples was quanti-
fied by acid saccharification followed by spectrophotometric determi-
nation of sugars with the phenol-sulfuric acid method (Di Caprio et al.,
2023). It should be noted that, as carbohydrates inside cells are almost
exclusively made of polysaccharides, even the “total carbohydrates”
value was obtained by multiplying for 0.9 factor, as for total starch, to
account for water incorporated during the hydrolysis. Total nitrogen
(TN) was analyzed by using the method for water analyses described by
IRSA-CNR 4060 (Di Caprio et al., 2021b), based on the oxidation of
organic nitrogen to nitrate followed by spectrophotometric analysis.
Fourier Transform Infrared Spectroscopy was carried out using a FTIR
model Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a Golden Gate ATR accessory (angle of incidence 45).

Spectra were recorded at 200 scans and a spectral resolution of 4 cm ™.

Absorbance was normalized with respect to the peak at 995 cm™! cor-

responding to the C-OH stretching (Tedeschi et al., 2021).
2.8. Synthesis and characterization of starch-based films

Microalgal biomass processing was repeated for higher amount of
biomass to have sufficient starch for the synthesis. 26 g of dry biomass
with 31 % starch content were treated for lipid extraction with ethanol
as previously described (see supplementary material) to obtain the
defatted biomass sample (DMS). DMS (50 % starch content) was then
treated with sonication in DMSO, followed by ethanol precipitation, as
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previously described, apart from little variations of the sonication con-
ditions: 1.6 g defatted biomass in 100 mL DMSO, 160 min at 60 %
amplitude and t,, = 0.2 s, togf = 0.2 s. The sample collected from pre-
cipitation was the purified microalgal starch sample (PMS).

Microalgal starch sample (MS) was blended with chitosan (CHIT,
molecular weight 190-310 kDa, viscosity 200-800 cps, 75-85 %
deacetylation degree) to prepare films (2D-matrices) by solvent casting.
The process started by suspending 3 % (w/v) MS sample in 12.5 mL
distilled water at 90 °C under stirring (800 rpm) for 90 min, for the
gelatinization process. Then, 12.5 mL of a CHIT solution (2 % w/v) in 1
% w/v acetic acid was added and mixed for 20 min. Finally, temperature
was decreased to 40 °C and glycerol was added at 10 % w/w of MS mass,
as plasticizer, and mixed for 20 min. The final solution was then poured
into a Teflon Petri dish with 6 cm diameter and dried at room temper-
ature for 4 days. Three different chitosan/starch blends using different
starch samples were made: with corn starch (CS), used for comparison;
with DMS and with PMS.

The obtained film had the following composition with respect to the
dry weight: 56.6 % starch sample (CS, DMS or PMS), 37.7 % chitosan
and 5.7 % glycerol.

The films were called CS-CHIT, DMS-CHIT and PMS-CHIT and
characterized as described in detail in a previous study (Tedeschi et al.,
2021). Thermogravimetric analysis (TGA) was performed by Mettler TG
50 thermobalance on 6-8 mg of sample in a thermal range from 25 to
500 °C, under N5 flow and at a heating rate of 10 °C min~!. Mechanical
properties: Tensile Strength (TS), Young’s Modulus (E), Elongation at
break (¢) and Toughness (T) of the prepared films were measured using
an INSTRON 4502 (Instron Inc., Norwood, MA, USA). Films were cut
into rectangular specimens (5 cm x 0.5 cm x 0.2 mm) and measure-
ments were carried out at 10 mm min ' deformation rate, using a 2 kN
load cell. Water vapor permeability test was performed by the ASTM
method E96 (Standard Test Methods for Water Vapor Transmission of
Materials) with some modifications: circle shape films were fixed on the
glass containers entrance (d = 8.4 cm and h = 4.5 c¢m) containing 3 mL
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of water. The vial weight was monitored during time (from O to 5 h) and
water vapor transmission rate (WVTR) was calculated in triplicate at 5 h.
The swelling ability of polymer films was obtained by immersing
weighted films in water. At predetermined times (from 0 to 120 min),
films were collected and weighted after removal of extra solvent with
filter paper. The soluble fraction was measured by submerging a
weighted sample for 2 h in water and then drying it for 24 h at room
temperature. Light absorbance of the films was measured at 580 nm in a
single-beam UV-Vis Spectrophotometer, HP DIODE ARRAY, (HP8452A,
Hewlett Packard, Palo Alto, CA, USA) on a 5 x 30 mm specimen, and
used to calculate the opacity as Asgp/h, with h equal to the film thickness
(mm).

2.9. Statistical treatment of data

All experiments were carried out in duplicate except for WVTR, made
in triplicate. All data are reported as mean =+ standard deviation (SD).
The significance of the difference between sample means has been
assessed by statistical tests: t-test and analysis of variance (ANOVA)
followed by Tukey’s HSD (honestly significant difference) test. The tests
were performed using Microsoft Excel and R. For calculations including
experimental data, the resulting error was calculated using the equa-
tions for error propagation. Difference have been considered statistically
significant when p < 0.05.

3. Results and discussion

The biorefinery conceptual scheme investigated in this work includes
a first phase in which lipids are the first compounds extracted (Fig. 1).
Various reasons motivate this choice: lipids include molecules with high
added value (fatty acids, carotenoids) that can be the most valuable
product of the biorefinery; therefore, extracting them initially can allow
for a higher recovery of the product with more added value (Ansari
et al., 2017). Additionally, lipids consist of many sensitive molecules

Protein extraction
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Fig. 1. Schematic representation of the different biorefinery routes tested for starch refinery from microalgae.
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that are easily degradable during storage and chemical and physical
treatments. Following the extraction of lipids, the resulted biomass ob-
tained is primarily composed of starch, proteins, and cell-wall compo-
nents (e.g. cellulose, sporopollenin) (Alhattab et al., 2019). The main
challenge addressed by this study is to develop a process to separate
starch from such other compounds.

3.1. Treatment with Alcalase (subtilisin A)

The use of enzymatic treatment for protein hydrolysis was driven by
the idea that selectively extracting proteins would allow for the recovery
of high-purity starch in the residual pellet, with also extracting a high-
value protein hydrolysate. Various previous studies have investigated
protein extraction from raw and defatted microalgae using various
methods, including enzymatic treatment with protease (Gerde et al.,
2013; Sari et al., 2013). However, these studies did not pay attention to
the recovery of starch in the residual pellet. Alcalase has an optimal
catalytic activity at around 60 °C (Ramalho and de Castro, 2023).
However, this study was conducted between 30 and 50 °C due to the
gelatinization temperature of starch of this microalgae, which was found
to be between 45-55 °C (Di Caprio et al., 2022). To prevent starch
gelatinization in the aqueous phase, temperatures over 50 °C were

d
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avoided. Across all tested temperatures, good protein extraction effi-
ciencies were achieved after 2 h, ranging from 70 + 3 % at 30 °C to 90 +
10 % at 50 °C (Fig. 2a). At 40 °C and 50 °C, no significant increase in
protein extraction efficiency was detected with longer treatment times,
while at 30 °C extraction efficiency slowly increased to 83 + 1 % after 5
h (p = 0.03). The protein extraction efficiency achieved in this study is
higher than those reported in previous studies on microalgae using
proteases (Rojo et al., 2021; Sari et al., 2013). The use of defatted
biomass may explain this improved result (Sari et al., 2013). Negative
control groups without enzyme exhibited negligible protein extraction
efficiency, ranging between 2.5-10 %, with no effect of extraction time,
likely due to the limited content of water-soluble proteins. Starch re-
covery (Ystarch) gradually decreased as the temperature increased, from
75 + 7 % at 30 °C to 28 + 2 % at 50 °C (p = 0.01). The most relevant
decrease occurred between 40-50 °C, attributable to starch gelatiniza-
tion (Fig. 2b). When tests were conducted without enzymes, there was
no significant decrease in Ygtarch, which remained constant at 84 + 6 %.
This result suggests that cell wall rupture operated by proteases is
crucial for the extracellular release of starch. Biomass recovery followed
a similar trend to starch recovery (Fig. 2b). Starch content inside
biomass increased slightly after lipid extraction, from 38 + 5 % to 45 +
2 % (p = 0.17), due to the selective extraction of lipids by ethanol

b
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Fig. 2. Results for protein extraction on defatted biomass with Alcalase. A) Kinetics of protein extraction efficiency for different reaction temperatures, along with
the control tests without Alcalase. B) Continuous lines indicate the final starch recovery (Ysarch), while dashed lines indicate the final biomass recovery (Yx), both in
the residual pellet. C) Starch content in the different samples before and after treatment. D) Total carbohydrate content and fraction of starch relative to total

carbohydrates for the different samples before and after treatment.
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(Fig. 2¢). After lipid extraction, the starch content could be significantly
increased by using enzymatic treatment (Fig. 2c), up to a maximum
value of 58 + 3 % with treatment at 30 °C (p = 0.03). However, tem-
perature has a significant effect on the starch content in the recovered
pellet (p = 0.004). As temperature increased, the starch content in the
pellet decreased, reaching a minimum value of 33.2 4+ 0.8 % at 50 °C. In
the controls without enzyme, there was no significant variation in starch
content regardless of the temperature used (p = 0.23). In terms of total
carbohydrates, the recovery showed a trend comparable to starch, with
values of 63 & 5 %, 58 &+ 9 % and 41 £ 3 % at 30 °C, 40 °C and 50 °C
respectively. Total carbohydrate content increased significantly after
enzymatic treatment compared to defatted biomass, rising from 75.3 +
0.8 % to an average value of 80.3 + 0.9 % (p = 0.02). This increase
remained consistent regardless of the temperature used for the enzy-
matic treatment (Fig. 2¢). The fraction of starch/total carbohydrates did
not remain constant; it slightly increased after enzymatic treatment at
30 °C, from 0.61 + 0.02 g g~ t0 0.72 + 0.03 g g~ (p = 0.04), while it
decreased to 0.41 + 0.01 g g~ (p = 0.004) when the treatment was
performed at 50 °C. This behavior confirms a gelatinization-induced loss
of starch in water when enzymatic treatment was performed at 50 °C,
while other carbohydrates (likely cell-wall cellulose)(do Carmo Cesario
et al., 2022) didn’t dissolve proportionally.

Among the various conditions tested for enzymatic treatment, the
condition at 30 °C for 5 h was the most effective for recovering a pellet
phase enriched in starch. The maximum starch content achieved in the
residual pellet was 58 %, comparable to a previous study in which starch
refining was conducted using cell disruption followed by ethanol
extraction (Di Caprio et al., 2023). This starch content demonstrated
suitability for producing plastic films with mechanical properties com-
parable to films made with pure corn starch (Di Caprio et al., 2023). One
advantage of the enzymatic process is its effectiveness without the need
for energy-intensive physical cell disruption methods (e.g. sonication).
Additionally, the resulting protein hydrolysate extract has a potential
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applicability in bio-stimulants and other high-value products (Colla
et al., 2017).

3.2. Starch extraction with solvent from defatted biomass

An alternative method for separating starch from other cellular
components could involve selective starch extraction from defatted
biomass, followed by its precipitation with ethanol. To test this strategy,
defatted biomass containing 45 % starch was treated with boiling water
and hot DMSO (80-100 °C), both solvents known for their ability to
dissolve starch (Schmitz et al., 2009). Since pure DMSO and water are
also known to be ineffective at solubilizing cellulose and other macro-
molecules (Ren et al., 2021; Seymour and Johnson, 1976), these solvents
could potentially enable starch refinement. Ethanol was added to the
resulting starch-containing supernatant in a 3:1 vol ratio to precipitate
starch. When defatted biomass was subjected to extraction with hot
DMSO, starch extraction was negligible (<10 %) at both 80 and 100 °C
(Fig. 3a). However, the use of sonication remarkably enhanced starch
extraction in DMSO, achieving up to 82 + 7 % (p = 0.005), and yielding
starch with increased purity of up to 81 + 6 % after precipitation.
Sonication facilitated starch release by disrupting cell walls and raising
the temperature of the DMSO. Pulsed sonication was crucial in pre-
venting excessive heating of the DMSO. In this experiment a tof/ton =
0.1/0.4 s was used, but it might change depending on the specific
experimental setup. This protocol kept DMSO temperature between
80-100 °C for most of the treatment (Fig. 3b). This temperature range is
considered optimal for starch extraction in DMSO, as it is high enough to
allow solubilization but low enough to prevent its degradation (Schmitz
etal., 2009). DMSO is a solvent with low toxicity, potentially suitable for
food and pharmaceutical applications. However, using water as a sol-
vent for starch extraction could be more cost-effective for industrial
applications. Boiling water without sonication extracted 44 + 3 % the
starch, approximately 7 times more than DMSO without sonication. The
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purity of the recovered starch after precipitation was similar to that
obtained with DMSO (Fig. 3a). Sonication in water was less effective
than in DMSO, showing only a negligible increase in starch extraction (p
= 0.076) (Fig. 3a). This may be because water’s operating temperature
is closer to its boiling point, leading to excessive bubbling, which re-
duces sonication efficiency. When sonication is performed near the
boiling point, the applied power decreases remarkably, possibly due to
reduced solvent density caused by overbubbling (Di Caprio et al., 2023,
2021a). Various attempts were made to enhance starch extraction in
water, assessing the effects of extraction time and mechanical stirring
(Fig. 2¢). In boiling water, with or without mechanical stirring, no sig-
nificant increase in starch extraction was observed for times longer than
90 min. However, with sonication, a further increment was observed
after 90 min, from 49 + 2 % to 69 + 2 % at 240 min of treatment
(corresponding to Ty, = 80 min). This latter value is comparable to that
achieved with DMSO (p = 0.14). Lastly, the possibility to use different
biomass to solvent ratio was tested; however, reducing biomass con-
centration to 0.5 mg mL ™ or increasing it to 20 mg mL ™ did not affect
extraction efficiency (p = 0.19) (Fig. 3d), indicating no limitation due to
the achievement of a saturation concentration. These experiments
indicate that cell disruption is necessary to extract starch from defatted
biomass using hot water or DMSO. Sonication is more effective in
DMSO, but comparable efficiencies can be achieved with water by
extending the treatment time.
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3.3. Exploring the configuration with cell lysis applied before lipid
extraction

The initial experiments reported in this work show that starch can be
extracted at high percentages using either boiling water or DMSO.
However, cell disruption remains a crucial requirement for the release of
starch into the solvent. In biorefinery processes, cell disruption is typi-
cally carried out after harvesting to enhance the subsequent cascade
extractions (Mittal and Ranade, 2023). Moreover, implementing a
dedicated cell disruption step allows for direct operation under optimal
conditions for cell lysis. A recent study indicates that the temperature
employed during the sonication of microalgae can significantly affect
the efficiency of this treatment (Di Caprio et al., 2023). Therefore, in this
study, two solvents were systematically investigated (water and
ethanol) at three different temperatures: i) without temperature control
(autogenous temperature), ii) with cooling water at 5 °C, and iii) with
cooling water at 40 °C.

Ethanol was tested with the aim of coupling cell lysis with lipid
extraction and minimizing starch loss.

The condition (i) allowed the system to reach a temperature close to
the solvent’s boiling point; cooling water at 5 °C aimed to maintain a
temperature near ambient temperature, while the condition (iii) aimed
at investigating an intermediate temperature. In both ethanol and water,
variations in operating temperature affected the kinetics of cell lysis and
the maximum lysis achieved at the end of the treatment (Fig. 4a and b).
The temperature inside the reactor was consistently higher than inside
the jacket, due to heating induced by sonication. Almost all conditions
attained a stable temperature after 5 min (Fig. 4c and d). Only in ethanol
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without temperature control, the increase in temperature was slower,
taking about 90 min to stabilize. The operating temperatures achieved
approximately 50 °C in the intermediate condition and 25-30 °C in the
lower condition, for both ethanol and water. Without temperature
control, the temperatures approached the respective boiling points of
the solvents.

In the case of ethanol, the highest disruption rate was observed at the
lower temperature, consistent with previous reports (Di Caprio et al.,
2023). In contrast, with water, the highest disruption rate was achieved
at the intermediate condition (~ 55 °C), with increase between 7-20 %
compared to the treatment at 25-30 °C (p = 3 10~ ') and up to 47 %
compared to the treatment without temperature control (Fig. 4b).
However, the difference with respect to the intermediate condition
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became negligible at the end of the treatment (p = 0.25). For both sol-
vents, the least efficient cell disruption was observed without tempera-
ture control. This effect may be due to bubbling near the boiling point,
which reduced the apparent density of the solvent and led to decreased
applied power, as shown in the Fig. 4e and f. Indeed, the applied power
in treatment without temperature control was half that observed at the
lower temperature. The superior cell lysis observed in water at
controlled temperature (25-30 °C) aligns with previous findings (Di
Caprio et al., 2023). Furthermore, this study’s results demonstrate that
better lysis is achieved with water at the intermediate temperature (~
55 °C) (p = 0.01), while no significant difference was found between the
solvents when sonication was performed without external temperature
control (p = 0.43). Analysis of the residual pellet recovered after

a b
50
45 2 EtOH 100 & FtoH
40 o H,0 80 £ H,0
= 35
=30 b - ———- - -——- -4 < 60 3
RS H
8 20 > 40
D 45
10 20
5
0 0
No T cont 5“C cooling 40°C cooling No T cont 5 "C cooling 40°C cooling
c d
90 6
~ 80 g
9 5
£ 7 2
8 e0 2 4
£ °
S 50 85,
Sol-Et-l Bl -4 §£
£ » z 2
5 8
o 22 3
1
o o L =] ==
No T cont 5 °C cooling 40°C caoling No T cont 5 °C cooling 40°C cooling
90
ODMSO
80 e 100 [ ©H20 f
oH20
70 % ©DMSO
80
3z e z +
5 50 _5 60
3 3 ==
> 40 >
30 40 §
20
20
N [| D e - .
o
o LI [l [ I+| . — o o<
EtOH EIOH EtOH "»C;m H:0 H,0 0 20 40 60 80 100
- 5°C . no T 5°C ‘ :
no T cont 40°C 40°C Cell lysis (%)
- -
Corn starch jco g
— Raw biomass /i
|
Son. H;0-5 °C + lip. extr t
—— Final precipitate from DMSO extr, o [ 1
o |
—— Residue after starch extr. Mt |4
3
<
3700 3450 3200 2950 2700 2450 2200 1950 1700 1450 1200 950 700

cm

Fig. 5. A) Content of starch in the residual pellet recovered after cell lysis with sonication performed in different conditions. B) Starch recovery in the residual pellet
after sonication. C) Total carbohydrate content in the residual pellet after sonication. D) Residual content of carbohydrates (as percentage with respect to the
biomass) in the liquid phase (supernatant) after sonication. The dashed lines indicate the values in the raw biomass before sonication. E) Final starch recovery at the
end of the whole extraction process: sonication of fresh biomass in different conditions (with ethanol or H,O, at three different temperatures as indicate in the X-
label), then followed by lipid extraction with ethanol, starch extraction in DMSO or water at 100 °C, and finally precipitation with ethanol. F) Relation between final
cell lysis obtained with the different sonication conditions tested and final starch recovery after precipitation with ethanol. G) ATR-FTIR spectra of the pellets
obtained with the different treatments compared with raw biomass and pure corn starch.



F. Di Caprio et al.

sonication indicated that, when sonication was performed in water,
there was no significant variation in starch content (Fig. 5a) (p = 0.13).
When sonication was performed in ethanol, the starch content increased
from the initial 29 + 2 % of the raw biomass to an average of 41 + 2 %
(p = 0.0005), regardless of the temperature during sonication. This in-
crease was likely due to lipid extraction in ethanol. FTIR analysis
confirmed this explanation, as all the pellets obtained after sonication in
ethanol showed a remarkable reduction of the characteristic fatty acid
peaks of -CH, and —C=0 at 3000-2800 cm ' and 1750-1680 cm ™’
respectively (see supplementary material). The same trend was observed
for total carbohydrates (Fig. 5¢), which increased from 40 £+ 5 % to an
average of 67 + 3 % after sonication in ethanol (p = 0.001). Starch
recovery after sonication in ethanol was, on average, 93 + 3 %, irre-
spective of the temperature employed (Fig. 2b). When sonication was
performed in water, the recovery decreased to an average of 70 & 10 %,
significantly lower than with ethanol (p = 0.018). In the residual su-
pernatants after sonication, only a negligible amount of carbohydrates
remained, between 0.3-5.3 % of the initial amount (Fig. 5d).

3.4. Extraction of starch in DMSO or water after cell lysis and lipid
extraction

Each sample pre-treated with sonication for cell lysis, at the different
conditions described in the previous section, was further processed for
lipid extraction, followed by starch extraction. Lipid extraction was
conducted using the same protocol for all samples, based on ethanol
extraction. After lipid extraction, the starch content significantly
increased (p = 1  107°), with 3.1-7.5 % improvements (see supple-
mentary material). Following lipid extraction, the starch content varied
between 35-47 %, while total carbohydrates ranged between 58-73 %
(see supplementary material). Starch extraction was then tested using
both DMSO and water at 100 °C, without sonication during the extrac-
tion process. Only two pre-treatments allowed to attain a Ysearch com-
parable to the previous tests (Fig. 5e), where sonication was applied
during starch extraction. These pretreatments were those where soni-
cation was performed in water at 5 °C or 40 °C, which also correspond to
the conditions where the highest cell disruptions were achieved. There is
a relationship between Ygaren in water and DMSO and the preceding cell
lysis efficiency (Fig. 5f). For cell lysis < 80 %, Ystarch remained constant
at7 + 2 % in water and 16.9 + 0.8 % in DMSO. For these samples, water
allowed higher Ygeareh (p = 1079, possibly because of a certain positive
contribution by hot water on cell lysis. For cell lysis > 80 %, the best
result, Ygiarch = 74 £ 6 %, was achieved with DMSO on sample sonicated
in water with cooling water at 5 °C. DMSO confirmed to be a more
effective solvent than water (p = 0.025). The starch obtained from this
treatment was precipitated with ethanol, yielding a precipitate with
91.2 + 0.4 % purity. This is a notable high purity for microalgal starch
obtained through a refinery process that does not include centrifugation
through a Percoll gradient. The residual pellet remaining after DMSO
extraction was analyzed and showed a residual starch content of 4.6 +
0.2 %, confirming the effectiveness of the extraction.

To have an independent assessment of the starch purity, FTIR anal-
ysis was carried out on the samples obtained after the different treat-
ments (Fig. 5g). In the 3000-2800 em™! range, characteristic bands of
—-CH, and —CH3 groups, present in lipids, were identified, while the
—C—0 groups of fatty acids were identifiable by a peak at 1750-1680
em~! (Laurens and Wolfrum, 2011). Proteins were identified by amide I
and amide II adsorption bands of the peptide bond between 1700-1450
em ! (Arrondo and Goni, 1999). Raw biomass showed a larger number
of peaks, due to the presence of relevant amounts of lipids, starch,
proteins and other compounds. After sonication and lipid extraction, a
remarkable reduction in the peaks of lipids was observed, while peaks of
peptide bonds remain well visible between 1700-1450 cm ™. The final
starch sample obtained after DMSO extraction and precipitation with
ethanol showed the disappearance of the peak at 1538 cm™! (amide II),
indicating the complete removal of proteins. The spectrum of the final
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microalgal starch was identical to that of pure corn starch (Fig. 5g),
confirming the high purity of the sample. In contrast, the residual pellet
remained undissolved after DMSO extraction showed a remarkable
presence of protein peaks, confirming that proteins remained in the
pellet.

3.5. Comparison among the different biorefinery routes

In this study, starch extraction recovery was calculated for each unit
operation within the investigated biorefinery routes. These data enabled
the calculation of overall starch recovery in the various process con-
figurations (Table 1). Through enzymatic treatment, a final starch purity
of 58 % with a recovery of 70 % was achieved. This purity can be
adequate for the synthesis of plastic films (Di Caprio et al., 2023).
Additionally, this biorefinery route allows for the efficient extraction of
both lipids and proteins. These can be utilized in high-value applications
as bioactive compounds, such as for the production of nutraceuticals and
agricultural bio-stimulants (Munaro et al, 2024). An additional
advantage of this process is avoiding sonication, which can pose chal-
lenges during the scale-up, due to its associated energy consumption (Di
Caprio et al., 2022). However, the cost of pure enzymes used must be
carefully assessed, considering the final markets of the resulting prod-
ucts. When sonication was directly applied during DMSO extraction on
defatted biomass, the highest starch recovery (80 %) was achieved.
Sonication with DMSO on defatted biomass also resulted in a starch
purity of 81 %, significantly higher than that obtained with enzymatic
treatment (p = 0.04). In the process where cell lysis was conducted
before lipid extraction, the highest starch purity (91 %) was achieved,
though with a reduced starch recovery of 63 %. This lower recovery can
be attributed partly due to the application of 4-unit operations instead of
3, and partly to the lower recovery obtained from DMSO extraction. The
differences in recovery among the compared processes were not statis-
tically significant. It’s important to note that the lack of significant
difference among the overall recoveries was likely influenced by rela-
tively high associated errors. Errors in final recovery were calculated
using error propagation formulas, which inevitably resulted in increased
uncertainty.

There is no single process configuration that is universally better
than the others. Case-by-case assessments should be conducted,
depending on the final application, as each has specific constrains
regarding cost and product quality targets. In this study, the objective
was to produce starch-based plastic films. For this application, the
process in which DMSO extraction was carried out during sonication
was chosen, as it offered the best compromise between extraction re-
covery, purity, and workload.

Table 1
Comparison between the three different biorefinery routes studied in this work
for extracting and purifying starch from microalgae biomass.

Enzymatic treatment

Lipid extraction  Protein extraction Final
Ystarch Ystarch Ystarch Purity
0.97 £0.11 0.75 £ 0.07 0.7 £ 0.1 58 £ 3%
Direct sonication of defatted biomass in DMSO
Lipid extraction =~ DMSO extraction + Final
Ystarch precipitation Ystarch Purity
Ystarch
0.97 + 0.11 0.82 + 0.08 0.8 +0.1 81+6%
Sonication — Lipid Extraction — DMSO extraction
Cell lysis Lipid extraction = DMSO Final
Ystarch Ystarch extraction + Ystarch Purity
precipitation
Ystarch
0.94 + 0.03 0.91 + 0.04 0.74 + 0.06 0.63£0.06 91+4%




F. Di Caprio et al.
3.6. Production of plastic film using microalgal starch

Due to its low cost and renewability, starch is considered a valid
material to produce biodegradable films for packaging applications in
replacement of fossil-based polymers. However, the application of
starch in this sector is limited by its brittleness and low water resistance
(Chaléat et al., 2014). To overcome these drawbacks, starch is usually
plasticized with polyols (e.g., glycerol) (Ma et al., 2023) or used as a
component in composites and blends (Jayarathna et al., 2022). The
applicability of microalgal starch was assessed in this study by
comparing the properties of films produced using corn starch (as con-
trol), with the use of defatted microalgal biomass (50 + 1 % starch) and
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purified microalgal starch (81 + 6 % starch) produced from DMSO
extraction under sonication from defatted biomass, followed by pre-
cipitation with ethanol.

The production of a plastic film with microalgal starch was described
so far only in a prior study (Di Caprio et al., 2023). In this work the
authors obtained a sample with 56 % starch, which is comparable to the
sample of defatted biomass (DMS). In this previous work the synthesis of
the film was carried out mixing starch with only water and 30 % glyc-
erol, as plasticizer, obtaining a film comparable to that one obtained
with corn starch, but with limited mechanical properties. The aim of this
work was to improve physical and mechanical properties of films made
with microalgal starch. To this aim the amount of glycerol was lowered

PMS-CHIT A B
DMS-CHIT 1001~
CS-CHIT ~
cs ~
; CHIT 80
< -
e
g e o
8 8
M\ =
N
g //\\\ A~ 40 \\
__/ —_—
20 PMS-CHIT
DMS-CHIT
CS-CHIT
4000 3600 3200 2800 2400 1600 1400 1200 1000 800 N 100 200 300 400 500
wavenumbers (cm™) Temperature (°C)
5107 1500
pmschir  C —e—pPMs-CHIT D
DMS-CHIT —&— DMS-CHIT
) CS-CHIT ~—a— CS-CHIT
4104 /
_ |V __ 1000
& 3107 2
2 I/ 2
/ — — =
.’,s, 210" S
7]
5004
11074
5 10 15 20 25 ° 20 40 60 80 100 120
deformation (%) time (min)
50 - 900 - 8.0 -
- E F G 3 cs-cHiT
] 800 1 7.0
5 o] — 0 - 3 pms-cHIT
< o 1 e 6.0
> s € £ _ ] DMS-CHIT
H ~ 600 1 £ 50
T 307 & 500 - S
Il - .
E 25 - P < 4.0
® <= 200 z
5 20 4 o« £ 3,
3 g 30 - 2
S 15 1 2 5 20
an 0 4
10 | 200 A o
5 J 100 4 1.0 1
0 4 0 0.0
H
| —
-~
74
Fd
CS-CHIT

e

Fig. 6. Results from plastic film preparation. ATR-FTIR spectra (A), thermogravimetric curves (B), stress-strain curves (C) and swelling in water (D) of CHIT and of
the produced CS-CHIT, DMS-CHITS, and PMS-CHIT films. Comparison among plastic films obtained with chitosan-corn starch (CS-CHIT), chitosan-defatted
microalgae (DMS-CHIT) and chitosan-purified microalgal starch (PMS-CHIT) for soluble fraction (E), WVTR (F) and transmittance (G). Data are reported as mean

+ SD (n = 2). In H, I and L, pictures of the obtained films are shown.

10



F. Di Caprio et al.

to 10 % and chitosan was blended to produce plastic films. Indeed,
previous studies demonstrated the ability of chitosan in improving the
tensile strength of starch based films (Jantanasakulwong et al., 2016), as
well as on providing antimicrobial properties (Perdana et al., 2021).

In Fig. 6A, the FTIR spectra of the pristine materials, corn starch (CS)
and chitosan (CHIT), and the blended samples CS-CHIT, DMS-CHIT and
PMS-CHIT are reported. All spectra showed a broad band from 3700 to
3000 cm ™}, attributed to the stretching vibrations of free O—H groups
(Dai et al., 2019), whereas peaks in the range 3000-2800 em ! are
associated to the C—H stretching (-CHa, 2920 em™ L —CH3, 2855 cm™ D).
In CHIT spectrum, O-H vibrations overlapped to the N—H bond
stretching vibration (Bajer et al., 2020). Instead, stretching at 1650 em™!
is attributed to the acetylate groups (amide I), as well as a peak at 1538
em™! is ascribed to the N—H bending of primary amines (amide II);
bending vibrations at 1404 ¢cm™! and 1377 cm™! are associated to
methylene and methyl groups (Theophanides and Theophanides, 2012);
a peak at 1311 cm ™! is related to the C—N stretching. The absorption
peaks in the spectral range 1150-1020 cm ' can be attributed to
C—0—C and C—O—H stretching and the peak at 896 cm™! to the
C—O—C pyranose ring stretching (Brugnoli et al., 2023). In CS spec-
trum, the peak at 1640 cm ™! is related to the bending of the H—O—H
bond of the absorbed water. Furthermore, absorption bands associated
with C—O—H bending are present in the region of 1200 and 950 cm !,
while the C—O—C stretching in the 950-700 cm ™! region (Romano
et al., 2023).

When starch was blended with CHIT, an enlargement of the band
related to O—H and N—H vibration was observed (Stuart, 2005),
together with a shift from 1538 cm™! to 1548 cm™! in the absorption
peak of the -NH; of chitosan, suggesting possible interactions between
the hydroxyl groups of starch and the amino groups of CHIT, as previ-
ously reported (Bourtoom and Chinnan, 2008). No significant differ-
ences were found by comparing the spectra of the blends obtained with
different types of starch, suggesting a similar behavior of microalgal and
corn starch.

Thermal stability of the blended films was similar (Fig. 6B), with
comparable degradation temperatures (T4) ranging from 293 to 307 °C
(Table 2). An initial weight loss (ca. 10 %) occurring around 100 °C can
be attributed to absorbed water. The residual mass remaining at 500 °C
is mainly due to CHIT, that forms cross-linked networks during thermal
degradation (Zawadzki and Kaczmarek, 2010). A fraction of the residue
is also made of ashes, and, for DMS-CHIT, of sporopollenin, as was
described in a previous work (Di Caprio et al., 2023). PMS-CHIT showed
a lower residue percentage (ca. 18 %), possibly because the purification
step led to the removal of high-temperature resistance components as
sporopollenin.

To study the mechanical performances of the starch-chitosan blends,
tensile tests were performed. In Fig. 6C, the stress—strain curves of the
blends are shown while the mechanical properties of the three films
obtained are reported in Table 2. The Young’s modulus (E) of the film
made with corn starch (CS-CHIT) was two folds higher than with puri-
fied microalgal starch (PMS-CHIT) (p = 0.02), while comparable with
defatted biomass (DMS-CHIT) (p = 0.09). Tensile strength (TS) was

Table 2

Properties of plastic films obtained with chitosan-corn starch (CS-CHIT),
chitosan-defatted microalgae (DMS-CHIT) and chitosan-purified microalgal
starch (PMS-CHIT). Young’s modulus (E), Elongation at break (e), Tensile
strength (TS), Toughness (T). Data are reported as mean + SD (n = 2). For each
column, statistically significant differences among samples (p < 0.05) are
indicated with different letters.

E (MPa) € (%) TS (MPa) T (MPa)
cs 300 + 100 3422 30 +£1° 0.34 + 0.05%
CS-CHIT 15.7 + 0.1%° 7 + 2% 40.9 + 0.2° 2.8 £0.7°
DMS-CHIT 12422 11 + 3% 32422 2.5+ 0.3"
PMS-CHIT 8.5 + 0.4° 16.4 + 0.6° 22 +1°¢ 3.5+ 0.1°
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different among the three samples (p < 0.01), with the highest value for
CS-CHIT, and the lowest value for PMS-CHIT (—45 % compared to CS-
CHIT). Elongation at break (e¢) and toughness (T) both showed an
increasing trend towards more purified starch (Table 2), but the differ-
ences were not statistically significant, with p-value 0.07 and 0.052,
respectively. When compared to the reference test where CHIT was not
used, it is evident that CHIT increases about one order of magnitude the
toughness and 2-5 fold the elongation at break, while the tensile
strength was not affected by CHIT (Di Caprio et al., 2023). Blending with
CHIT also reduces about 20-30 folds the elastic modules (Table 2). Such
reduction is of minor magnitude when compared with films made with
30 % glycerol (Di Caprio et al., 2023). This finding suggests that CHIT
may interfere with starch-starch interactions, by establishing hydrogen
bonds with starch in replacement of the starch-starch inter and intra-
molecular H-bond interactions, weakening the structure and promot-
ing deformation (Mendes et al., 2016). The blends obtained with
different starch samples showed similar WVTR but different stability in
water. The susceptibility or damage of materials in water environment is
a key factor when a biodegradable material is used, as most biopolymers
are hydrophilic (Jiménez-Regalado et al., 2021). To analyze the water
stability of the obtained films, the swelling in water of each film was
determined (Fig. 6D). Compared to corn starch (CS-CHIT), both samples
with microalgal starch (DMS-CHIT and PMS-CHIT) showed up to 4 times
lower swelling percentages (p < 0.01). Among them, DMS-CHIT
appeared the most stable in water, with 5.9 + 0.8 % soluble fraction,
which is about 4-5 folds lower than for DMS-CHIT and PMS-CHIT (p <
0.01). Such a finding might be related to the higher content of insoluble
impurities in the blend (cellulose, sporopollenin), which acted as
strengthening fillers of the films. The film with corn starch was that one
with the highest transmittance (12.5 &+ 0.5 %), likely due to the thick-
ness ~10 % lower (p = 0.0007) and minor presence of impurities. Film
thickness was 0.18 £ 0.01 mm for CS-CHIT, 0.198 & 0.007 mm for PMS-
CHIT and 0.204 £ 0.007 mm for DMS-CHIT. The opacity of the films was
not statistically different among samples (slightly above 5 mm™}), which
is the maximum threshold for being considered a transparent material
(Guzman-Puyol et al., 2022). The sample DMS-CHIT showed higher
variability in the measured opacity, possibly due to higher heterogeneity
caused by the presence of residual cell wall debris.

These results indicate that blending starch with chitosan was a suc-
cessful strategy to improve material toughness (Table 2). The
enhancement of toughness by CHIT is significant because it is a critical
property for materials used in flexible packaging. Starch, while being a
biodegradable and renewable resource, is inherently brittle, limiting its
practical application in packaging solutions. By incorporating CHIT,
blended films gain the needed toughness to withstand the stresses
encountered during use. The biorefinery route applied has relevant
impacts on the properties of the microalgal starch. Films with defatted
microalgal showed better water stability and higher Young’s modulus
and tensile strength than purified microalgal starch, indicating higher
rigidity. Instead, the results suggests that an increased purification of
microalgal starch can improve toughness and elongation at break.
Overall, although the differences in toughness among DMS and PMS
starch types are not statistically significant, the trend highlights the
potential benefits of using high-purity starch in combination with CHIT
for creating more robust bioplastics. These insights could guide future
research and development towards optimizing the composition of
biodegradable packaging materials for enhanced performance. Further
studies are required to elucidate the reasons of such differences. Likely, a
relevant role is played by impurities, as sporopollenin, cellulose and
proteins, that can improve the heterogeneity and act as points of
weakness, but also as reinforcing fillers with lower water solubility.
Possible modifications to starch during the sonication treatment might
also have played a role (Airlangga et al., 2021).
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4. Conclusions

A novel microalgae starch refining process was developed using
extraction in hot water/DMSO followed by ethanol precipitation,
achieving up to 91 % purity. Additionally, defatted microalgae treat-
ment with Alcalase shows promise for integrating the production of
starch with that of nutraceuticals/biostimulants.

Blending starch with chitosan shows positive effects on starch-based
films, while the starch refining method significantly influences bio-
plastic properties, providing strategic approaches to tailor materials for
specific applications. Future research should focus on evaluating the
performances of the developed plastic materials for targeted
applications.
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