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Abstract

In this work, the use of a mechanical pre-treatment such as high-shear homogenization (HSH) in
combination with cell permeabilization by pulsed electric fields (PEF) was proposed to efficiently
recover water-soluble proteins (WSP), carbohydrates (CH), and C-phycocyanin (C-PC) from A.
platensis suspensions during water extraction. Efficiencies of combined treatment (HSH + PEF) were
compared with those of individual HSH and PEF treatments.

HSH promoted the breakage of microalgal trichomes, whereas PEF induced only the permeabilization
of cell membranes, without affecting cell size and morphology. Combined treatments synergically
increased the extractability of WSP and C-PC from A. platensis, as compared with individually
applied treatments, while an additive effect was detected in the recovery of CH. The synergistic effect
of HSH + PEF allowed reducing the specific energy requirement for protein recovery to lower values
than for individual treatments or full cell disruption techniques, such as high-pressure homogenization

(HPH).

Keywords: Arthrospira platensis, high-shear homogenization, pulsed electric fields, hurdle approach,

extraction.
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1. Introduction

Microalgae are eukaryotic or prokaryotic microorganisms, with cell sizes ranging between 0.1 and
40 pm, which can grow rapidly and live in harsh environments due to their unicellular or simple
multi-cellular structure (Mata et al., 2010). Under specific cultivation conditions, they can synthesize
a significant amount of bioactive compounds, such as proteins, lipids, carbohydrates, carotenoids,
and vitamins, of potential interest for food, feed, pharmaceutical, and cosmetic sectors, as well as for
energy production (Carullo et al., 2018; Garcia et al., 2018; Pataro et al., 2019). Some of the most
biotechnologically relevant strains are the green algae (Chlorophyceae), namely Chlorella vulgaris,
Nannochloropsis oceanica, Haematococcus pluvialis, and Dunaliella salina, and the cyanobacteria
such as Arthrospira platensis (Gunerken et al., 2015).

In particular, A. platensis is capable of accumulating a large quantity of proteins (55-70% % dry
weight, (DW)), among which C-phycocyanin (= 20 % DW), a blue-colored compound well
recognized for its high antioxidant and therapeutic properties, in addition to carbohydrates (13 — 16%
DW), and lipids (6-10% DW) (Lupatini et al., 2016).

Traditionally, solvent extraction is utilized to recover bioactive compounds from biological matrices,
including microalgae (Poojary et al., 2016). However, the presence of a rigid cell wall/membrane
system surrounding the cytoplasmatic medium and internal organelles, where the valuable
compounds are stored (Postma et al., 2016; Vanthoor-Koopmans et al., 2013), dramatically limits the
mass transfer phenomena during conventional solvent extraction processes, generally characterized
by poor extraction yields and low selectivity (Carullo et al., 2018; Martinez et al., 2020).

In light of these drawbacks, cell permeabilization/disintegration pre-treatments, able to improve the
extractability of target compounds from microalgae by reducing the mass transfer resistances, are
generally required. Conventional methods are based on the application of high-pressure
homogenization (HPH), bead milling (BM), and freeze/thawing cycles which enable the penetration

of the solvent within the intracellular space and the subsequent increase in solubilization rates through
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cell wall/membrane disintegration (Martinez et al., 2017; Postma et al., 2017; Safi et al., 2014; 2015).
However, despite their high degree of cell rupture, these techniques are typically energy-intensive
and may generate a huge amount of finely sized cell debris, as well as cause irreversible damages to
sensitive compounds, thus leading to a significant reduction in both quality and purity of the achieved
extracts (Carullo et al., 2018; Poojary et al., 2016).

For these reasons, novel tailored approaches for microalgae cell permeabilization have been
investigated, which aimed at enhancing the extraction efficiency of valuable compounds without
affecting their functionality, with the overall goal of pursuing better exploitation of the biomass with
reduced energy consumption (Giinerken et al., 2015; Leonhardt et al., 2020; Vanthoor-Koopmans et
al., 2013).

In this line, pulsed electric fields (PEF) technology has been proposed as a mild and sustainable cell
disruption method to significantly improve the extractability of high-purity valuable compounds from
biomass of vegetable and microbial origin (Carullo et al., 2018; Martinez et al., 2020; Pataro et al.,
2018), through the electroporation of cell membranes while avoiding the formation of cell debris, and
consequent extract contamination (Carullo et al., 2020). Moreover, PEF technology offers the
advantages of wet biomass processing and easy scale-up to great production volumes (Golberg et al.,
2016; Kaferbock et al., 2020).

In the last decade, the capability of PEF pre-treatment to enhance the extractability of target
intracellular compounds has been widely demonstrated for several microalgal strains, mostly
belonging to the Chlorophyceae family (Gunerken et al., 2015; Martinez et al., 2020), whereas, as per
literature survey, only few works focused on A4. plantesis cyanobacteria (Carullo et al., 2020;
Chittapun et al., 2020; Jaeschke et al., 2019; Kéferbock et al., 2020; Martinez et al., 2017).

In particular, it has been highlighted the capacity of PEF to efficiently release small components, such
as carbohydrates and water-soluble proteins of small molecular weight, while, for example, most
proteins, which are likely larger and more bounded to intracellular structure, could require the

application of intense PEF processing conditions (high field strengths and energy input), especially
4
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in the case of “hard-structured” microalgal cells (Pataro et al., 2019; Postma et al., 2016).
Nevertheless, it must be remarked that the extraction yield of specific target compounds (e.g.,
proteins) from PEF-treated microalgae was found significantly lower than those achieved with highly
effective cell disruption techniques, such as BM (Postma et al., 2016) or HPH (Carullo et al., 2018;
Safi et al., 2017).

Therefore, in order to reduce the operative costs and to maximize the extraction efficiency of high-
added-value components up to levels comparable to those obtainable with powerful mechanical
disintegration methods (e.g., HPH, BM), the use of PEF in a hurdle approach has been suggested. For
example, the recent work of ‘t Lam et al. (2017a) demonstrated that the release of proteins from the
hard-structure C. reinhardtii microalgae, at comparable yields to those obtained with BM (70%),
could be reached using PEF in combination with an enzymatic pre-treatment for cell wall removal.
Instead, the combination of PEF with moderate heating (35°C) resulted in a synergistic effect on the
extraction of water-soluble compounds from 4. platensis microalgae (Carullo et al., 2020).

Grimi et al. (2014) investigated for the first time the application of PEF in a sequential cascade mode
with other disruption techniques (e.g., high voltage electrical discharges, ultrasound, and high-
pressure homogenization) for the efficient recovery of proteins from Nannochloropsis sp. microalgae.
However, to the best of our knowledge, this is the first attempt to investigate the effect of PEF
technology, applied in combination with high-shear homogenization (HSH), on the extraction
improvement of intracellular compounds from microalgae.

The main objective of this work was to assess the potential of applying an HSH pre-treatment before
PEF processing for the intensification of the extraction and the selective recovery of valuable
compounds from wet 4. platensis biomass in a continuous-flow system. In particular, the effect of
either single or combined technologies on algal cell morphology, as well as on the release of target

molecules (e.g., water-soluble proteins, C-phycocyanin, and carbohydrates), was investigated.
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2. Materials and Methods

2.1. Microalgal strain and cultivation conditions

Biomass of A. platensis (PHC 8005) was gently supplied by ATI Biotech Srl, an algae producer
located in Castel Baronia (Avellino, Italy). A. platensis was cultivated in open pond systems, in which
a maximum biomass concentration of about 0.4 % DW was achieved at the end of the exponential
growth phase. After harvesting, the biomass was concentrated using a dewatering system consisting
of vibrating screen filters, which allowed to furtherly increase the biomass concentration up to 12%
DW. The microalgae paste was subsequently packed in polyethylene bags and immediately
transported in an EPS box under refrigerated conditions to the laboratory of ProdAl Scarl (University
of Salerno, Fisciano, Italy), where it was stored at 4°C until use, within two days from the delivery
date.

Prior to being processed, the algae paste was diluted with distilled water up to a final concentration
(Cx) of 2% DW with an initial conductivity (o) of about 2.7 mS/cm at 25°C (Conductivity-meter HI
9033, Hanna Instrument, Milan, Italy). The biomass concentration was assessed using the method
described by Goettel et al. (2013), with the paste dried in a circulating air-drying oven for 24 h at

80°C.

2.2. Combination of HSH and PEF treatments

The proposed disruption process of 4. platensis microalgae through the sequential application of HSH
and PEF technologies is described as follows. Freshly prepared microalgal suspensions (0.5 L) were
subjected to an HSH batch pre-treatment using an Ultra Turrax T25 apparatus (IKA Werke GmbH &
Co., DE) equipped with S25-N18-G probe and working at a nominal power of 800 W. The aim of
this step was disaggregating A. platensis trichome clusters in order to avoid their spontaneous
separation from the liquid medium, thus inducing a certain degree of trichome cell disruption.

Temperature control during treatment was achieved by immersing the flasks containing the

6
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biosuspensions in a water bath set at 25°C. From preliminary results (data not shown) it was found
that the application of an HSH treatment at 20000 rpm for 1 min of processing time (t) was capable
of ensuring a high extent of 4. platensis cell clusters disruption and further processing caused only a
marginal improvement in the disruptive effect. Under these conditions, the estimated energy
consumed per unit mass of biosuspension (WusH) was 96 kJ/kgsusp.

Subsequently, the microalgal suspensions were treated by PEF in a bench-scale continuous flow
system, previously described in detail by Postma et al. (2016) and Carullo et al. (2018). During the
experiments, pre-stirred algae suspensions (2% DW) were circulated through the PEF system at a
controlled flow rate of 2 L/h by a peristaltic pump (model PU-2080, Jasco Europe, Cremella (LC),
Italy). The inlet temperature of samples to the treatment chamber was controlled using a stainless-
steel coiled tube submerged in a water heating bath (Thermo Haake DC 10, Henco Srl, Italy) set at
25°C. The treatment chamber consisted of two modules, each made of two co-linear treatment
chambers, hydraulically connected in series, with an inner radius of 1.5 mm and a gap distance of 4
mm. Monopolar square wave electric pulses were delivered to the microalgal suspension by a high
voltage pulsed power (20 kV - 100 A) generator (Diversified Technology Inc., Bedford, WA, USA).
In all the experiments, the pulse width was fixed at 5 us, while the electric field strength (E) and total
specific energy input (W) were set at 20 kV/cm and 100 kJ/kg, respectively, which were previously
identified as optimal PEF treatment conditions to achieve the maximum release of intracellular
compounds from A. platensis cell suspensions with the minimum treatment intensity (Carullo et al.,
2020). T-thermocouples were used to measure the product temperature at the inlet and outlet of each
module of the PEF chamber. Under the selected operating conditions, the maximum temperature
increase of the samples, detected at the exit of the PEF treatment chamber, never exceeded 10°C.

At the exit of the treatment chamber, samples of treated algae suspensions were collected in plastic
tubes, immediately placed in an ice-water bath to be rapidly cooled up to a final temperature of 25°C,
and then undergoing the aqueous extraction process for 3 h at 25°C under gentle agitation (160 rpm),

according to the protocol described in a previous work (Carullo et al., 2020).
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At the end of the extraction process, aqueous supernatants were separated from the spent pellet by
centrifugation of cell suspensions for 10 min at 5700xg (PK121R model, ALC International, Cologno
Monzese, Milan, IT) and stored under refrigerated conditions (T=4°C) until further analysis.

For the sake of comparison, untreated samples (control), and samples treated individually by either
HSH or PEF were also collected and subjected to water extraction by following the same protocol as

for HSH + PEF treated biosuspensions.

2.3.Complete cell disruption by HPH treatment
HPH treatment was used as a benchmark for full disruption of 4. platensis cells, for the estimation of
the total content of target intracellular compounds. HPH treatments were carried out by using an in-
house developed laboratory scale high-pressure homogenizer (Carullo et al., 2018). The 4. platensis
suspensions, at the same concentration as for HSH - PEF treatment tests (2% DW), were forced to
pass through a 100 um diameter orifice valve (model WS1973, Maximator JET GmbH, Schweinfurt,
Germany) upon pressurization at 150 MPa through an air-driven Haskel pump (model DXHF-683,
EGAR S.r.1., Milan, Italy). According to preliminary tests (data not shown), the full disruption of 4.
platensis cells and, hence, the complete release of intracellular compounds, was achieved at a pressure

drop (P) across the orifice of 150 MPa and after 3 homogenization passes (7).

2.4. Energy analysis

To enable the comparison in terms of energy efficiency among the different investigated extraction
processes (i.e., HSH, PEF, HSH + PEF, and HPH), the energy consumed (EC) to extract 1 kg DW of
target intracellular compounds, namely water-soluble proteins (WSP), C-phycocyanin (C-PC) and
total carbohydrates (CH), from 4. platensis cell suspension, was calculated according to Egs. (1-3)

for the individual treatment of HSH, PEF, and HPH, respectively.

(1)
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ECpgr = 2

P-np

EC =
HPH Cx * npymp = 3600 - pgromass = Vi

(3)

where EC is expressed in kWh/kgDW, npunmp is the overall efficiency of HPH pumping system (0.87)
(Carullo et al., 2018), psiomass is the density of microalgal suspensions (~ 1000 kg/m?), 3600 is the
conversion factor between kJ and kWh, and Y; is the recovery yield (in kg/kg of DW microalgae) of

the target compounds (i=WSP, C-PC, CH) achieved upon the different extraction processes.

2.5. Analytical methods

2.5.1. Particle size distribution (PSD)

PSD of untreated and treated (PEF, HSH, HSH + PEF) algae suspensions were analyzed in a
MasterSizer 2000 particle size analyzer (Malvern, United Kingdom) at 25°C. The size distribution of
biosuspensions was evaluated by using the Fraunhofer approximation, and the volume moment mean
diameter (D43) was calculated for each processing condition. The parameters used in the
determination of the PSD were the properties of water at 25 °C (refraction index = 1.33), which was

used as a dispersant medium.

2.5.2. Optical microscopy and Scanning Electron Microscopy

The effect of different treatments (PEF, HSH, or HSH + PEF) on morphological features of algal
cells was evaluated either by optical or Scanning Electron Microscopy (SEM). Micrographs were
obtained with an inverted optical microscope (Nikon Eclipse TE2000-S) at 20 x magnification. SEM
analysis was performed according to the method previously illustrated elsewhere (Carullo et al.,

2018). Metalized dried pellets from untreated and treated (HSH, PEF, HSH + PEF) algae suspensions
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were analyzed in a high-resolution ZEISS HD15 Scanning Electron Microscope (Zeiss, Oberkochen,

Germany) at 5000 x magnification.

2.5.3. Protein analysis

The water-soluble protein content of supernatants was evaluated by using the method of Lowry et al.
(1951), with some modifications as described in Carullo et al. (2018). Specifically, the reactive
system consisted in 0.5 mL of diluted (1/2, v/v in ultra-pure water) Folin-Ciocalteau reactive (Folin
& Ciocalteau, 1927), to which 1 mL of fresh sample (supernatant), previously mixed with 5.0 mL of
the reactive “C” [50 volumes of reactive “A” (2% Na>COs3; + 0,1 N NaOH) + 1 volume of reactive
“B” (1/2 volume of 0.5% CuSOy4 - 5H20 + 1/2 volume of 1% KNaC4H4Os¢ - 4H>0)] (Sigma Aldrich,
Milan, Italy) were added. Absorbance was measured at 750 nm against a blank (5 mL reactive “C” +
1 mL deionized water + 0.5 mL Folin-Ciocalteau reactants), 35 min after the start of the chemical
reaction by using a V-650 Spectrophotometer (Jasco Inc. Easton, MD, USA). Bovine serum albumin
(BSA) (A7030, Sigma Aldrich, Milan, Italy) was used as standard and the results were expressed as

mg equivalent of BSA per g of dry biomass (mg Bsa/gpw).

2.5.4. Carbohydrate analysis

The total carbohydrate concentration of the supernatants was analyzed according to the phenol-
sulfuric acid method previously described by DuBois et al. (1956). 0.2 mL of 5% (w/w) phenol and
1 mL of concentrated sulfuric acid (Sigma Aldrich, St. Louis, USA) were added to 0.2 mL of diluted
supernatant (Dilution Factor = 5). Samples were incubated at 35 °C for 30 min before reading the
absorbance at 490 nm against a blank of 0.2 mL 5% (w/w) phenol, 1 mL concentrated sulfuric acid,
and 0.2 mL of deionized water. D-Glucose (G8270, Sigma-Aldrich, Milan, Italy) was used as a
standard and the results were expressed as equivalent mg of D-glucose per g of dry biomass (mg p-

Gl/gDW).

10
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2.5.5. C-phycocyanin and protein extract purity

The quantification of C-PC content of the supernatants was performed according to the method of
Bennet & Bogorad (1973), which is based on the measurements of the absorbance (A) of the samples
at two fixed wavelengths (A1=615 nm, and A,=652 nm). The C-phycocyanin concentration, expressed

as mg/gpw of supernatant, was evaluated according to Eq. (4):

— (A615 nm -~ 0.474 A652 nm)
534-C,

C—PC (4)

The purity of C-PC extract was monitored spectrophotometrically and calculated by the Eq. (5)

(Abelde et al., 1998; Martinez et al., 2017):

EP = A615 nm (5)

A280 nm

where EP is the protein extract purity, As1snm absorbance represents the maximum absorption of the
C-phycocyanin peak, proportional to its concentration in the supernatant, and A2gonm s the absorbance

at 280 nm, indicating the total concentration of proteins in the supernatant.

2.5.6. UV-Vis Spectrum measurements

UV — Vis spectra of aqueous supernatants obtained after water extraction were plotted as a function
of the investigated range of wavelengths (A = 200 — 800 nm). Characteristics peaks of water-soluble
proteins (A = 280 nm), carotenoids (A =435 nm), C-phycocyanin (A = 615 nm), and chlorophyll (A =
675 nm) were determined from spectra measurements and used to compare the effect of HSH and
PEF technologies, applied individually or in combination, on the achieved degree of selectivity

towards the above-mentioned compounds.
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2.6. Statistical analysis

All treatments and analyses were carried out in triplicate and the results were reported as mean values
+ standard deviations. The statistical analysis was performed with the IBM SPSS Statistics 20.0
(SPSS Inc., Chicago, USA) software using one-way analysis of variance (ANOVA). Tukey's test was
executed at a fixed significance level (p < 0.05), for the determination of any statistical difference

among the untreated and processed samples.

3. Results and Discussion

3.1.Effect of HSH and PEF treatments on A. platensis morphology

The particle size distribution (PSD) analyses and microscopic observations, reported in Figures 1 and
2, respectively, highlight the different effects of HSH and PEF treatments, applied individually or in
combination, on the size and microstructure of 4. platensis trichomes.

Remarkably, PSD curves show that intact 4. platensis trichomes (Control) exhibited a multimodal
size distribution curve, characterized by two main peaks detected in the range between 20 um and
100 um, together with a smaller peak at around 500 um, which could be likely associated to the
presence of trichome clusters. PEF processing (20 kV/em — 100 kl/kg) of 4. platensis suspensions
did not induce appreciable changes in the PSD curve, as also testified by the statistically similar value
(p > 0.05) of the volume-weighted mean diameters of PEF-treated and control samples (D43 = 70
um). These results are consistent with previous findings on different microalgal strains (Carullo et
al., 2018; ‘t Lam et al., 2017b), which demonstrated that PEF is a relatively mild cell disruption
method, preserving the initial structure of the algae cells.

Conversely, HSH treatments drastically affected the A. platensis trichomes, with the PSD
characterized by a single wide peak within the range of 3 — 90 um (Figure 1). As a consequence, the

12
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D43 value was significantly (p < 0.05) reduced up to about 20 um, likely due to the breakage of
microalgal trichomes under the high-shearing forces created by the equipment. Remarkably, Park et
al. (2015) did not observe any significant alteration in the mean cell size of C. vulgaris microalgae
(0.1 —2 % DW) when subjected to a shear homogenization treatment at 7000 rpm, even for very long
processing times (t = 6 — 24 h). However, the higher intensity of the shear treatment used in this work
(20000 rpm) and the different morphological characteristics of the microalgal strains could explain
the observed differences.

It is worth noting that, when cascade treatments (HSH + PEF) were applied, no significant (p > 0.05)
variations neither in the PSD curves nor in the D43 values were detected in comparison with the
individual HSH treatment, further confirming the almost negligible effect of PEF on A. platensis
microstructure.

The interpretation of the data of Figure 1 can be supported by the micrographs of untreated, and
treated (individual HSH or PEF, combined HSH + PEF) microalgae (Figure 2), obtained by either
optical (a) and SEM (b) microscopy. Figure 3a shows that the fluid-mechanical stresses generated
during HSH treatments lead to the partial disruption of microalgal trichomes, with an evident
reduction of the length of the algal filaments, in agreement with the reduction in D43 shown in Figure
1. However, Figures 1 and 2 also suggest that HSH treatment had only a limited effect on the
disruption of the individual cells constituting the trichomes, in agreement with the results already
observed in previous works on different microalgae, where it is suggested that more intense
treatments (e.g., HPH) are needed (Carullo et al., 2018, 2020).

Interestingly, PEF treatment did not affect the trichomes structure, with the only visible effect of the
treatment being the release of intracellular matters towards the aqueous phase (colored areas around
the trichomes in Figure 2a) due to membrane permeabilization of algae cells. Similar conclusions
were drawn by both Carullo et al. (2020) and Kéaferbock et al. (2020) when studying the extractability
of valuable compounds upon PEF processing of microalgae Arthrospira platensis and Arthrospira

maxima, respectively. The authors noticed the presence of filamentous structures and colored spots
13
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in the surrounding media of PEF treated microalgae, which were attributed to the leakage of proteins
and pigments upon the formation of pores at the membrane level.

In accordance with the results of Figure 1, the application of PEF treatments to HSH-treated samples
did not cause any additional visible fragmentation of trichomes, even though an intensification in the
colored areas around microalgal trichomes could be observed. This behavior might be likely
explained by considering the different mechanisms of cell disintegration occurring when HSH or PEF
treatments are applied. It can be hypothesized that the effect of trichome clusters breakage exerted by
HSH positively impacted on the efficiency of the subsequent electroporation step, with a clear
increase in the leakage of intracellular matter. These statements are supported by the findings of Donsi
et al. (2007), who reported that the inactivation of S. cerevisiae achieved upon PEF processing strictly
depended on the initial cell concentration in the treated medium. Specifically, it has been found that,
at cell concentration greater than 10° CFU/mL, yeasts showed a tendency to form clusters that
protected the inner cells from the action of the electric field, thus reducing the lethality of PEF
treatments.

Additional information on the effect of individual or combined treatments on the morphology of A.
platensis trichomes were provided by SEM analysis (Figure 2b). The surface of intact cells appeared
to be regular and smooth, which is consistent with the findings of Choi & Lee (2018). However, the
HSH treatment caused the partial fragmentation of the trichomes, with evidence of some disrupted
cells (yellow arrows in Figure 2b). In contrast, PEF processing only led to an increase in surface
roughness and the formation of cracks and depressions on the surface of the cells, which could be
ascribed to the mentioned electroporation phenomena and subsequent leakage of intracellular
compounds. Similar findings were previously reported by Han et al. (2019), who observed an increase
in surface roughness of C. pyrenoidosa cells upon the electroporation effect induced by the
application of PEF treatment at 20 kV/cm. The increase in surface roughness upon
electropermeabilization was previously reported for different types of microalgal strains, such as

Chlorella vulgaris (Carullo et al., 2018), Chlorella pyrenoidosa (Han et al., 2019), and A. platensis
14
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(Carullo et al., 2020). Interestingly, when HSH and PEF were coupled, an enhanced effect on cell
morphology was observed, resulting from the contribution of the individual treatments, causing a
greater extent of cell permeabilization. However, none of the utilized technologies (HSH, PEF, HSH
+ PEF) lead to the formation of finely sized cell debris, obtained in the case of full cell disintegration

by high-pressure homogenization treatments (Carullo et al., 2020).

3.2.Effect of combined HSH — PEF treatment on the extractability of water-soluble compounds

The quantification of the release of intracellular compounds in the aqueous phase enabled to further
highlight the differences among the investigated treatments (HSH, PEF, HSH + PEF) in terms of the
cell disruption efficiency.

Figure 3 reports the content of WSP (a), CH (b), C-PC (c), and EP (d) of supernatants from untreated
(control) samples and for individual or combined treatments. For the sake of comparison, also the
extraction yields and extract purity obtained after complete cell disruption by HPH treatments (P =
150 MPa, np = 3) are reported.

Results show that the intact cellular structure of A. platensis trichomes enabled only a marginal
leakage of water-soluble compounds during the extraction step, yielding final concentrations of WSP,
CH, and C-PC in the aqueous supernatant of 12.3 mggssa/gpw, 4.2 mgp-ci/gpw, and 0.2 mg/gpw,
respectively. In agreement with previous findings (Carullo et al., 2018; Jaeschke et al., 2019), this
release results from the concentration gradient between cells and the external medium, eventually in
combination with spontaneous cell lysis. Instead, when single HSH or PEF treatments were applied,
significant (p < 0.05) increases in the concentrations of WSP (Figure 3a), CH (Figure 3b), and C-PC
(Figure 3c) in the supernatant were detected, in a manner dependent on the targeted compound. In
particular, assuming a 100% extraction yield upon HPH treatment, HSH enabled the extraction of
about 25.8 % (w/w) of total proteins, 24.2 % (w/w) of total carbohydrates, and 27.9 % (w/w) of total

C-PC. The similar extraction yields of target compounds detected after HSH processing could be
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potentially attributed to the undifferentiated release of intracellular matter deriving from the
mechanical disruption of a fraction of the A4. platensis microalgal cells, whereas a large fraction of
undamaged cells (and undamaged cell walls/membranes) in smaller-sized fragmented trichomes still
limited the release process. The electroporation of cell membranes caused by PEF greatly increased
the extractability of WSP (174 mggsa/gpw), CH (101 mgp-gi/gpw), and C- PH (26 mg/gpw), in
comparison with untreated samples. In agreement with previous findings (Carullo et al., 2018, 2020,
Goettel et al., 2013; Pataro et al., 2017; Postma et al., 2016), Figure 3 shows the capability of PEF to
selectively release low molecular weight proteins and carbohydrates, whereas larger macromolecular
compounds, such as C-PC, remained trapped in the intracellular structure. The larger release of WSP
and CH detected after PEF processing of 4. platensis (Figures 3a - 3b), in comparison with those
reported in other works for green microalgae (Carullo et al., 2018; Goettel et al., 2013; Pataro et al.,
2017; Postma et al., 2016; ‘t Lam et al., 2017b), could be partially explained by considering the
differences in cell wall composition. The algae tested in this work are characterized by a relatively
weak cell wall, mainly composed of murein (peptidoglycan) without any cellulose (Lu et al., 2006;
Safi et al., 2014), whereas green microalgae (e.g. Chlorella vulgaris, Auxenochlorella protothecoides,
Neochloris oleoabundans, Chlamydomonas reinhardtii) are protected by a hard bilayer of cellulose
and hemicellulose (Safi et al., 2015), thus offering greater resistance to disruption processes and,
hence, to the further diffusion step.

The use of a cascade approach markedly promoted the extractability of water-soluble compounds
towards the external medium, in comparison with individual HSH or PEF treatments (Figure 3). In
particular, a clear synergistic effect was observed for the release of both WSP (Figure 4a) and C-PC
(Figure 3c), which were increased up to 460 mggsa/gpw, and 53 mg/gpw, respectively, while an
additive effect was observed in the case of CH (139 mgp-Gi/gpw).

Interestingly, because of the synergy between shear forces and electric field, the extractability of
target compounds was comparable to that achieved by HPH processing, with an estimated recovery

of 67.2 % (w/w) of total WSP, 87.7 % (w/w) of total carbohydrates, and 88.6 % (w/w) of total C-PC.
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Coherently with the results of Figures 1 and 2, it can be concluded that the fragmentation of trichomes
induced by HSH likely increased the free microalgal surface, thus improving the efficiency of the
electropermeabilization treatment of 4. platensis cells.

Despite the scarce data available on the combined use of PEF and mechanical disruption techniques,
except for HPH (Grimi et al., 2014), the present results are consistent with the findings previously
reported for the combination of PEF treatments with other physical or chemical stress factors,
including temperature, alkaline extraction, enzymes or supercritical fluids (Carullo et al., 2020;
Luengo et al., 2015; Martinez et al., 2017; Parniakov et al. 2015; Pataro et al., 2019; ‘t Lam et al.,
2017a). For example, Pataro et al. (2019) investigated the effect of PEF pre-treatment on the
extractability of pigments from Nannochloropsis oceanica microalgae by supercritical CO». It was
observed that the mild cell permeabilization induced by the electrical pre-treatment (10 kV/cm; 100
kJ/kgsusp.) facilitated the penetration of CO» into microalgal cells, with consequent increases in the
recovery of both carotenoids and chlorophyll a. Martinez et al. (2017) reported, instead, the enhanced
susceptibility of A. platensis cell membranes to PEF treatments (20 kV/cm, 150 ps), upon application
of mild heating to 40 °C, which significantly improved the recovery of C-PC during extraction, in
comparison with electropermeabilization at 25 °C.

In general, the application of highly effective cell disruption treatments, such as HPH, is required to
achieve full microalgal cell disintegration and, hence, maximum extraction yields (Carullo et al.,
2018; Safi et al., 2014, 2015). However, due to the undifferentiated release of intracellular matters,
the extracts obtained by HPH are generally characterized by low purity (Carullo et al., 2020). This is
confirmed by the results of Figure 3d, showing that PEF ensured a higher purity of C-PC extract from
A. platensis cells suspensions (0.97) than HSH or HPH (0.51 — 0.53). However, the purity of C-PC
extracts from combined treated microalgae was not significantly (p > 0.05) different from that granted
by PEF alone. This means that in the cascade treatment, PEF still exerts a positive impact on the
selective extraction of C-PC, while the main effect of HSH pre-treatment is to quantitatively improve

the recovery yields of intracellular compounds upon fragmentation of A4. platensis trichomes.
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Remarkably, the C-PC extract from combined HSH + PEF treatments could be used without further
refining stages, because amply exceeding the minimum purity ratio (0.7) required for food-grade
products (Rito-Palomares et al., 2001).

The results of Figure 3d are also reinforced by the UV-Vis absorption spectra of supernatants from
untreated (control) and treated (HSH, PEF, HSH + PEF) microalgae, shown in Figure 4. The HSH
treatment alone leads to the release of all the intracellular matter from disrupted cells, including
different pigments, such as carotenoids and chlorophylls, which remain suspended in the water phase,
thus imparting a green coloration to the extract. Instead, the application of PEF treatment, with a
milder impact on the cellular structure, enabled to selectively recover the proteins and especially C-
PC, as testified by the light-blue coloration of supernatant, with the absence of peaks associated with
yellow-red (420 nm) or green (662 nm) pigments. These results are in good agreement with the
findings of Grimi et al. (2014), who showed that PEF was unable to cause the release of water-
insoluble pigments from Nannochloropsis sp. cells in the aqueous phase.

The spectrum of the extract from the combined treatment reflects the synergistic action of HSH and
PEF, with the significant increase in the peak height at 280 nm (WSP) and 615 nm (C-PC) above the
peaks for individual treatments. However, it is worth noting that in the combined treatment the
extractability of water-insoluble pigments was not enhanced, thus preserving the selective behavior
of PEF technology when applied alone.

These observations are also confirmed by SDS-PAGE analysis, reported in the Supplementary
Material. The electrophoretograms of extracts from individual HSH and PEF treatments and
combined HSH + PEF (Figure S1 of Supplementary Material) show that, regardless of the applied
cell disruption method, a wide range of protein subunits were released, mostly within 17 — 130 kDa
of molecular weight. However, the extracts from the PEF-treated sample exhibited two more distinct
bands between 17 kDa and 20 kDa, which are compatible with a and B subunits of C-PC (Kumar et
al., 2014). The higher intensity of the bands detected at 17 — 20 kDa for PEF and HSH + PEF than

HSH alone is representative of the higher selectivity of PEF processing towards C-PC. Similar to our
18
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observations, Jaesckhe et al. (2019) demonstrated that, in comparison with BM processing, extracts
from PEF-treated A. platensis microalgae showed a greater separation of C-PC characteristic bands,

which was utilized as an indicator of purity.

3.3. Energy efficiency analysis

The different cell disruption techniques investigated in this work (HSH, PEF, HSH + PEF, and HPH)
have been compared in Table 1 in terms of consumed energy per unit mass of target compound
extracted, in the perspective of application in the A. platensis biorefinery. The individual HSH or PEF
treatments were more energy-efficient than HPH for all the targeted compounds (WSP, CH, and C-
PC) because full cell disruption by HPH required high pressure (150 MPa) and 3 homogenization
passes. Moreover, the PEF treatment was characterized by a remarkably higher energy efficiency than
HSH in the case of CH and C-PC, whereas a slightly lower efficiency for WSP recovery was
determined. These results could be likely associated with the limited capability of PEF alone to unlock
high-molecular-weight proteins, rather than CH and C-PC, in comparison with the mechanical cell
disruption induced by HSH. Interestingly, the application of a cascade treatment required
significantly lower energy consumption per unit mass of WSP and C-PC than individual HSH and
PEF treatments, in agreement with the synergistic effect observed in Figures 4a and 4c, while a slight
increase in energy consumption in comparison with the individual PEF treatment was determined for
CH. Table 1 also shows that the combined approach reduced the energy consumption required for
full cell disruption (HPH) on average by more than 50%, with the additional benefit of facilitating
the separation/purification steps in downstream processing, due to either the selective release of target
molecules and the absence of cell debris.

However, it can be expected that the energy efficiency of the different cell disruption methods

investigated in this work is greatly affected by the concentration in the biosuspension and the structure
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and composition of the microalgae strain. Therefore, additional research is required to elucidate these

aspects and support the design of higher scale operations.

4. Conclusions

The application of a HSH treatment, followed by electropermeabilization, to A. platensis suspensions
significantly improved the recovery of target compounds in comparison with single HSH or PEF
treatments, showing a synergistic effect. Moreover, for the combined treatment, extraction yields
comparable to those achieved by HPH were observed, with the additional advantage of a higher
extract purity and significantly lower energy consumption.

These promising results highlighted the potential of HSH + PEF treatments in the frame of microalgal
biorefinery to efficiently recover target compounds during water extraction, thus reducing the overall

processing costs and facilitating separation/purification steps in downstream processing.
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Figure captions

Figure 1. Particle size distribution (PSD) of untreated (control), treated by HSH (96 kJ/kgsusp.), PEF
(E = 20 kV/ecm; Wt = 100 kJ/kgsusp.), and combined (HSH + PEF) processed 4. platensis
suspensions. Insert shows the volume-weighted mean diameter (D43) of the samples. Different letters

above the bars indicate significant differences among the mean values (p < 0.05).

Figure 2. Optical microscopy at 20 x (a) and scanning electron microscopy (SEM) at 5000 x (b) of
A. platensis cells, before (control) and after the applications of HSH and PEF applied individually

and in combination (HSH + PEF). Yellow arrows indicate the fragmentation of microalgal trichomes.

Figure 3. Concentration of water-soluble proteins (a), carbohydrates (b), C-phycocyanin (c), and
protein extract purity (d) of the supernatant from untreated (Control), and treated by HSH alone, PEF
alone, and the combination HSH + PEF A. platensis suspensions. Different letters above the bars

indicate significant differences among the mean values (p < 0.05).

Figure 4. UV-Vis absorption spectra of supernatants from untreated (Control) and treated by HSH
alone, PEF alone, and the combination HSH + PEF A. platensis suspensions. Insert shows the pictures
of the supernatant obtained after centrifugation of microalgae untreated (1), and treated by HSH (2),

PEF (3), and HSH + PEF (4).
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Table 1. Specific energy consumptions (EC, in kWh/kgpw) of the different cell disruption techniques
(HSH, 20000 rpm — 96 kJ/kgsusp; PEF, 20 kV/cm — 100 kJ/kgsusp; HSH + PEF; HPH, 150 MPa — 3
passes) for the recovery of a unit mass of target compounds (WSP: water-soluble proteins, C-PC: C-
phycocyanin, CH: carbohydrates) from A. platensis microalgae suspensions. Different lowerscript

letters within the same column indicate statistical differences among samples (p < 0.05).

Specific energy consumption (kWh/kgpw)

Disruption
method
WSP C-PC CH
HSH 76+1.1%  79.6+10.5° 349 +1.0°
PEF 8.1+0.6° 529+6.12 13.7+£0.32
HSH + PEF 5.9+0.3% 5124132 19.7 + 1.4°
HPH 10.5+0.7° 110.5+5.9¢ 53.7+2.24
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SUPPLEMENTARY MATERIAL

Extraction improvement of water-soluble compounds from Arthrospira platensis through the

combination of high-shear homogenization and pulsed electric fields

SDS-PAGE analysis

Experimental

The electrophoretic pattern of supernatants from single HSH, single PEF, and HSH + PEF treated
microalgal biosuspensions were obtained by reducing SDS-PAGE analysis. Separation of proteins
was performed in a TV100Y twin-plate mini-gel unit equipped with a power supply unit (APELEX-
Massy, France). The acrylamide for the separating gel (12% w/v) was prepared in 1.5 M Tris-HCl
buffer (pH = 8.8), with a stacking gel (6% w/v) prepared in 0.5 M Tris-HCI buffer (pH = 6.8). All
supernatants and standards (25 pL) were diluted with the same amount of loading buffer (0.125 M,
pH = 6.8) containing SDS (2% w/w), glycerol (10% w/w), bromophenol blue (0.02% w/w), and 3-
mercaptoethanol (5% w/w) as reducing agent. The mixture was boiled for 2 minutes, centrifuged, and
loaded into the prepared gel, with the experiments run at constant current intensity (25 mA) for 1h.
Gels were then stained with staining solution (0.2% Coomassie Brilliant Blue R 250, 10% acetic acid,
25% isopropanol) for overnight. Later, a de-staining solution (30% methanol, 10% acetic acid) was

used until the background became clear.

Results
Proteins separation by SDS-PAGE can be used to estimate relative molecular mass, to determine the
relative abundance of major proteins in a sample, as well as the distribution of proteins among

fractions. Figure S1 shows the electrophoretograms of extracts from single HSH/PEF (lanes 2 — 3)
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and HSH + PEF (lane 4) treated 4. platensis suspensions. The pattern of a protein marker (lane 1)

was also reported to identify the molecular weight of released proteins.

MW [KDa]

130

75
63

48

35

25
20

17

11

M HSH PEF HSH + PEF

Figure S1. SDS-PAGE patterns of supernatant from single HSH, single PEF, and combined (HSH +
PEF) treated A. platensis biosuspensions. The letter M in the first lane stands for “marker”. Lane
(HSH), (PEF), (HSH+PEF) refer to single HSH, single PEF, and combined HSH + PEF treated A.

platensis suspensions, respectively.

Regardless of the applied single cell disruption method, it can be observed that a wide range of protein
subunits could be released, mostly within 17 — 130 kDa of molecular weight (lanes 2 — 3). However,
extracts from PEF treated sample exhibited two more distinct bands between 17 kDa and 20 kDa,
which are compatible with a and B subunits of C-PC (Kumar et al., 2014). Based on the Lowry
method, used to quantify the amount of water-soluble proteins in microalgal extracts, an equal amount
of proteins was added per each lane. Therefore, the greater intensity of the bands detected in lane 3

at 17 — 20 kDa, with respect to those of lane 2, is representative of the higher selectivity of PEF
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processing towards C-PC, in agreement with the results of Figures 4d and 5. Similarly to our
observations, Jaesckhe et al. (2019) demonstrated that, in comparison with bead milling processing,
extracts from PEF treated A. platensis microalgae showed a greater separation of C-PC characteristic
bands, which was utilized as an indicator of purity.

In conclusion, as previously observed from the results of Figure 4c, the application of a sequential
HSH-PEF treatment led to an increase in the intensity of C-PC subunit bands, thus again confirming

its greater extractability with respect to single disruption techniques.
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