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Highlights
- Pre-treatments enhanced cell disruption in Nannochloropsis slurries
- Neutral lipid yield was directly dependent on the degree of cell disruption.
- Mechanical disruption was more effective for neutral lipid recovery.
- Protein yield was determined by both cell disruption and linkage hydrolysis.

- Chemical disruption was able to extract both structural and soluble proteins.

Abstract

Cell disruption is a critical step in the recovery of intracellular products from microalgae. In this study,
novel biomass pre-treatments (autolytic incubation, hypotonic osmotic shock) were systematically
combined with standard mechanical (high-pressure homogenisation) or chemical (pH 12) disruption
steps to investigate the fundamental mass transfer behaviours associated with the recoveries of
intracellular lipids and proteins from lipid-rich Nannochloropsis slurries (biomass content = 140 mg
biomass / g slurry, total lipid content = 600 mg lipid /g biomass).

Since neutral lipids exist as non-structural globules in the cytosols, their mass transfer was directly
dependent on cell-wall disintegration. Neutral lipid yield was found to increase linearly with the degree
of cell rupture regardless of the mechanical or chemical nature of the applied cell disruption process,

reaching almost complete recovery (up to 90% of biomass neutral lipid) with complete cell disruption
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(100% disruption). Since HPH combinations were more effective in disintegrating cellular structures
than pH12 combinations, they generally led to higher neutral lipid yields and were preferred for neutral
lipid extraction.

On the other hand, proteins exist as both water-soluble fractions in the cytosols and structural fractions
in the cell-walls and have a more complex extraction behaviour than neutral lipids. The mass transfer
of the cytosolic proteins was found to be dependent on cell-wall disintegration, while that of the
structural proteins was governed by both cell-wall disintegration and severance of protein linkage from
the cell walls. HPH combinations lacked the capacity to cleave structural proteins from the cell-walls
and were only able to release soluble proteins (up to 30% of total protein for our biomass). HPH
disruption thus performed poorly in protein extraction despite having a high disruption efficiency. pH12
combinations had a robust rupture mechanism through the hydrolysis of chemical linkages in the cell-
walls. This facilitated the release of both soluble and structural protein fractions and led to a more
prolific protein yield (up to 80% of total biomass protein) compared to HPH combinations. pH12

disruption was therefore preferred for protein extraction.

1. Introduction

The establishment of a commercially viable microalgal bioindustry is paramount to the global pursuit
of circular and sustainable bioeconomy and climate-change mitigation. The high costs associated with
large-scale biomass processing, in particular that of biomass dehydration and cell disruption for the
release of intracellular products, however, has continued to hamper the commercialisation of microalgae
bioindustry (Halim, 2020; Halim et al., 2013; Vanthoor-Koopmans et al., 2013). Microalgal metabolites
are intracellular in nature and can generally only be made accessible after liberation from cell-wall
encapsulation.(Halim et al., 2019b; Halim et al., 2020). Microalgal cell walls are comprised of
multilayered biopolymers that confer the cells with formidable defence against external processing
(Baudelet et al., 2017; Canelli et al., 2021; Scholz et al., 2014).

The Nannochloropsis genus is industrially attractive because of its high basal level of valuable ®-3
eicosapentaenoic acid (EPA) fatty acid (up to 12 wt% of biomass), ability to aggressively accumulate
biofuel-precursor neutral lipids when subjected to nutrient depletion (total lipid content of up to 60 wt%
of biomass) and proven metabolisms in assimilating waste nutrients during mixotrophic growth
(Menegol et al., 2019; Olmstead et al., 2013; Poddar et al., 2018; Russo et al., 2021; Shene et al., 2016).
Nannochloropsis cells are highly resistant to cell rupture, having previously been shown to possess a
mechanically rigid and structurally complex cell wall that comprise of an outer algaenan layer and an
inner layer made primarily of cellulose (Scholz et al., 2014). Finding an innovative means to rupture
Nannochloropsis cell walls and render their intracellular components more accessible in their native
wet state is critical in improving product recovery and resource efficiency of a microalgae biorefinery,

while reducing the energy demand (and thus cost) of biomass processing.



We have previously reported the use of autolytic incubation and hypotonic osmotic shocks as novel
preparatory steps to weaken Nannochloropsis biomass in a concentrated slurry state (10 — 30 wt%
biomass) and enhance product recoveries without drying (Halim et al., 2019a; Halim et al., 2019b;
Halim et al., 2020; Halim et al., 2016). Even though they had different mechanisms, both pretreatments
were shown to be highly effective in catalysing cell-wall/cell membrane degradation and rendering the
Nannochloropsis biomass more susceptible to subsequent mechanical or chemical disruption steps. In
the case of autolytic incubation (or thermally coupled dark anoxia incubation), the structural integrity
of Nannochloropsis biomass was weakened via the activation of endogenous fermentation pathways
which consumed structural sugars in the cell walls and thinned their overall thickness (by ca. 40%)
(Halim et al., 2019a; Halim et al., 2019b). Endogenous fermentation was induced by anaerobically
incubating concentrated slurries in darkness at 35-38°C for an extended period (16 — 24h) (Halim et al.,
2019a; Halim et al., 2016). When subjected to subsequent disruptions (by HPH), the weakened post-
incubated slurries achieved ca 2x the level cell disruption of the untreated slurries (Halim et al., 2019a).
In the case of hypotonic osmotic shock, the structural integrity of the biomass was compromised via the
delivery of a reverse osmotic gradient which resulted in the net diffusion of water into the cells, the
build-up of internal pressure and the progressive damage to cell membrane (Halim et al., 2020). Reverse
osmotic gradient was generated by freshwater washing (and reconstitution) of the slurry. When
subjected to subsequent disruptions (by HPH), the washed slurries resulted in 2x the level of cell
disruption of the untreated slurries (Halim et al., 2020). We have yet to directly compare the
performance of autolytic incubation and hypotonic osmotic shock within the same study.

Despite the prolific number of studies investigating the release of bioproducts from microalgae biomass,
most have investigated product yields from either dried biomass or dilute culture (<5 wt% biomass)
rather than from concentrated slurries (Lee et al., 2010; Lee et al., 2017; Mubarak et al., 2015). Given
the high energy cost and the risk of product degradation associated with biomass dehydration, it is
critical that we focus our attention on product recovery from concentrated slurries (Dong et al., 2016;
Laurens et al., 2015). Even though it has generally been understood that product yields increased with
cell disruption, direct correlations between the degree of cell rupture and product extraction kinetics
have rarely been reported (Halim et al., 2016; Safi et al., 2020; Yap et al., 2014). To the best of our
knowledge, no study has yet to investigate the fundamental discrepancies in the mass transfer behaviour
of different intracellular products from disrupted concentrated slurries. Products that are incorporated
into the organellar and cell-wall structures (such as proteins) can be expected to exercise different mass
transfer behaviours compared to non-structural products (such as neutral lipids).

Biofuel-convertible neutral lipids (or triglycerides) are accumulated in Nannochloropsis cells as
cytosolic storage globules under nutrient deprivation (Bongiovani et al., 2020; Hulatt et al., 2017; Jia et
al., 2015; Law et al., 2018; Simionato et al., 2011; Yap et al., 2016). Given their non-structural nature,
the mass transfer of neutral lipids from the biomass to a non-polar extracting solvent is anticipated to

depend on their accessibility which in turn is directly dependent on the degree of their liberation from
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the cell-wall encapsulation and the extent of cell rupture. On the other hand, proteins in the cells exist
as both integral (or structural) components of the cell walls and cell membranes (e.g. glycoproteins) as
well as in non-structural cytosolic forms (e.g. nucleic acids) (Phusunti & Cheirsilp, 2020; Safi et al.,
2017; Safi et al., 2013; Safi et al., 2014; Scherer et al., 2019; Soto-Sierra et al., 2018). Unlike lipids
which require organic solvents, proteins can be directly extracted by the aqueous supernatants in the
slurry upon being ‘freed” from the biomass. Their dual structural/non-structural nature, however,
implies that proteins will likely have a complicated mass transfer behaviour where cell rupture alone
will not be sufficient to render them accessible. Additional chemical reactions which severe protein
linkages with cell structures may be needed to liberate them the biomass.

Our study had dual objectives. The first objective was to investigate the effect of novel biomass
pretreatments previously reported as being able to compromise microalgae structural integrity on the
performance of standard mechanical and chemical treatments. To achieve this objective, we
systematically subjected concentrated slurries of thickly walled Nannochloropsis biomass (140 mg
biomass / g slurry) to different combinations of biomass pre-treatment (e.g. autolytic incubation,
hypotonic osmotic shock, or both) with mechanical (high-pressure homogenisation) or chemical (pH
12) disruption steps and evaluated the performance of the resulting biorefinery system in terms
disruption efficiency, neutral lipid yield and protein yield. The second objective of the study was to
investigate the relationships between the recoveries of cytosolic products (e.g. neutral lipids) and
structural products (e.g. proteins) from concentrated microalgae slurries on the degree of cell disruption.
To achieve this, we correlated the values of cell disruption obtained from our investigation on
Nannochloropsis slurries with their respective neutral lipids yields and protein yields across all
combinations. Through these correlations, we were able to elucidate the underpinning mass transfer
mechanisms that drives the recovery of intracellular products from microalgae slurries and distil the
discrepancies in the extraction behaviours of cytosolic and structural products. This study is the first to
simultaneously investigate the dependence of neutral lipid recovery and protein recovery from

concentrated microalgae slurries on the disruption of cell walls.

2. Materials and Methods
2.1. Strain, cultivation and harvest

N.gaditana strain (SAG 2.99) was acquired from the Culture Collection Centre at Georg-August-
Universitdt Gottingen (SAG, Germany). After inoculation into a modified 3f medium on synthetic
seawater in a bubble-column photobioreactor with 25 L working volume, the culture was cultivated
with permanent white illumination (daily step increase from 120 to 370 pmol m? s) and continuous
COq-enriched aeration (air flow rate of 0.15 vwm and a CO»-to-air ratio of 1/100 v/v) for 18 days as
previously described (Halim et al., 2020). Nitrogen in the medium was depleted on day 10 of cultivation.
There was a total of 7 cultivation cycles for biological replicates. At the end of each cultivation cycle,

the culture was harvested from the PBR and centrifuged to form a slurry with a biomass concentration



of 139.6 + 12.6 mg biomass / g slurry. Approximately 480 g of slurry was generated from each harvest
cycle. This was sufficient to supply all of the biomass needed for the experiments in section 2.2.
2.2. Biomass pre-treatment, cell disruption, lipid extraction, protein extraction

The slurry from each harvest (referred to as harvested slurries) was subjected to a series of pre-
treatment, cell disruption and lipid/protein extraction steps as shown in Figure 1. The slurry was divided
into four separate batches, each undergoing a different pre-treatment step to weaken cell-wall integrity:
no pre-treatment, autolytic incubation, osmotic shock and a dual pre-treatment of osmotic shock
followed by autolytic incubation. Details of the pre-treatment steps are presented in section 2.2.1 —
2.2.3. The pre-treated slurries were further divided into three batches, each subjected to no disruption,
mechanical disruption (with high-pressure homogenisation), or chemical disruption with base (~pH 12).
Details of the cell-disruption steps are given in section 2.2.4 — 2.2.5.
Table 1 shows the complete matrix of experiments carried out in the study. Overall, there are 12
different combinations of pre-treatment + cell disruption. The disrupted slurries were then subjected to
either lipid extraction (with hexane) or protein extraction. Details of the lipid extraction and protein
extraction steps are provided in section 2.2.6 and 2.2.7 respectively. For every harvest, microalgal slurry
was harvested and immediately subjected to the combination of pre-treatment and disruption steps
outlined in Table 1 immediately on the same day that it was harvested. Approximately 5 mL of each
slurry (i.e. harvested slurries, pre-treated slurries and disrupted slurries) was collected between each
step and stored at -20°C for analytical characterisation in section 2.3.

2.2 1. Autolytic incubation pre-treatment
Autolytic incubation was carried out by incubating the harvested slurry in darkness at 38°C for 16 h
using a method modified from our previous studies (Halim et al., 2019a; Halim et al., 2019b). The
slurry (~100 g) was placed in 2 x 50 ml vials leaving a small headspace for gas generation, covered in
foil and stored in the oven at the required conditions.

2.2 2. Osmotic shock pre-treatment
Harvested slurry was subjected to hypotonic osmotic shock through two cycles of centrifugation and
freshwater washing as previously described (Halim et al., 2020). In brief, 270 g of slurry was
centrifuged (7500 g, 20°C, 10 min), supernatant decanted and weighed before DI water at a mass equal
to the collected supernatant (~143 g) was added to the microalgal pellet in order to reconstitute the
slurry. The mixture was agitated, first with a spatula and then moderately with magnetic stirring for 30
min, to ensure complete homogeneity and the delivery of osmotic shock. Once the slurry was
reconstituted, the hypotonic osmotic cycle was repeated a second time through another series of
centrifugation, supernatant decanting, DI water addition and mixing.

2.2 3. Osmotic shock + autolytic incubation dual pre-treatment
Harvested slurry was subjected both osmotic shock and autolytic incubation. The slurry first underwent
osmotic shock pre-treatment as described in section 2.2.2 before being incubated according to the

autolytic incubation pre-treatment outlined in section 2.2.1.



2.2 4. Mechanical cell disruption with HPH
Pre-treated slurry (~40 g) was passed once through a high-pressure homogenisation (HPH) unit (Avestin
EmulsiFlex-C3, Avestin, Canada) at 1000 - 1500 bar without any further dilution.

2.2 5. Chemical cell disruption with base (pH 12)
Agueous sodium hydroxide solution (1M) was added dropwise to 25 g of pre-treated slurry to increase
its pH value from 6.0 £ 0.3 t0 12.3 £ 0.2. A total of 3 — 9 g of NaOH solution was added depending on
the pre-treatment that the slurry had previously been subjected to. The mixture was moderately agitated
before being incubated at 65°C for 2 h.

2.2 6. Neutral lipid extraction
Lipid was extracted from disrupted slurry using two stages of biphasic hexane extraction. Disrupted
slurry (4 g) was mixed with an equal mass of hexane, tumbled using a rotation wheel at room
temperature (20°C) for 2 h and centrifuged to form four layers (7000 g, 20°C, 10 min). After carefully
isolating the top hexane layer with a glass pipette, the remaining post-centrifugation layers were mixed
using a spatula and the resulting mixture was further subjected to another hexane extraction stage.
Hexane phases recovered from both extraction stages were pooled and dried under N, gas to enable
gravimetric determination. The dried lipid extract was weighed before being re-dissolved in
chloroform/methanol solution (2:1 v/v) and stored at -20°C until further analysis.

2.2 7. Protein extraction
Protein was extracted from disrupted slurry by centrifugation (30000 g, 20°C, 10 min) and careful
isolation of the resulting supernatant with a glass pipette. The supernatant was weighed and filtered
(0.22 pm) to remove any residual biomass. After appropriate dilution with DI water to ensure that
protein concentration falls within the linear range of the Lowry method, the supernatant was subjected
to a modified Lowry analysis in accordance with the supplier’s instructions. Protein concentration was
measured against a bovine serum albumin (BSA) calibration curve and corrected for dilution factor.

2.3. Analytical characterisation

2.31. Biomass concentration and salt concentration of microalgal slurry
The biomass concentration of microalgal slurries (140 mg biomass / g slurry) was determined
gravimetrically by oven drying a known amount of slurry at 60°C for 16 h.

2.3 2. Total lipid content of microalgal biomass
The total lipid content of microalgal biomass (harvested slurries and pre-treated slurries) was
determined using a multiple-stage monophasic Bligh and Dyer extraction method as previously
described (Halim et al., 2019b; Olmstead et al., 2013). Complete lipid recovery was verified through
total bleaching of the cell debris after the final stage. The chloroform phases isolated from all extraction
stages were pooled together, filtered (0.2 um nylon syringe filter) and dried under N2 gas for gravimetric
measurement. The dried lipid was then re-dissolved in chloroform/methanol solution (2:1 v/v) for lipid
fractionation and/or fatty acid methyl ester analysis.

2.3 3. Total protein content of microalgal biomass



The total protein content of microalgal biomass (harvested slurries and pre-treated slurries) was
determined through high-temperature alkaline hydrolysis of the slurry to release all intracellular
proteins and subsequent analysis of the isolated serum with a Lowry assay. Microalgal slurry (130 mg)
was added to 2 ml of 1 N NaOH solution, heated at 95°C for 1 h, cooled, and diluted appropriately with
DI water to ensure that protein concentration falls within the linear range of the Lowry method. After
centrifugation, the protein-rich serum was subjected to a modified Lowry analysis according to the
supplier’s instructions and the protein concentration was measured against a BSA calibration curve and
corrected for dilution factor.

2.3 4. Total sugar content of microalgal biomass
The total sugar content of microalgal biomass (harvested slurries or pre-treated slurries) was determined
using an anthrone-sulphuric acid assay. Microalgal slurry was diluted in DI water to a biomass
concentration ranging between 0.1 and 0.4 g biomass /L. Freshly prepared starch standard solutions
(Merck 1.01257, Merck, USA) in DI water were processed at the same time with microalgal slurries to
generate a calibration curve. An aliquot of the diluted slurry or standard solution (400 ul) was mixed
with 800 pl of freshly prepared anthrone reagent (0.1% wi/v in 95% sulphuric acid) prior to being heated
at 95°C and 300 rpm for 16 min and transferred to ice for cooling. Absorbance of the solution was
measured at 625 nm and the carbohydrate was calculated using the standard curve generated during the
analysis and corrected for the appropriate dilution factor.

2.3 5. Lipid fractionation
Lipid solutions (e.g. lipid extracts from hexane extraction in section 2.2.6 or total lipid extracts
from Bligh & Dyer extraction in section 2.3.2) were separated into constituent fractions by sequential
elution with different solvent systems (chloroform for neutral lipids, acetone/methanol 9:1 v/v for
glycolipids and methanol for phospholipids) in a SampliQ pre-packed silica cartridge (Agilent
Technologies, USA) as previously described (Halim et al., 2019b; Olmstead et al., 2013).

2.36. Fatty Acid Methyl Ester (FAME) analysis
Lipid solutions (e.g. lipid extracts from hexane extraction in section 2.2.6 or total lipid extracts from
Bligh & Dyer extraction in section 2.3.2) were subjected to lipid transesterification and FAME analysis
as previously described (Halim et al., 2019a). Chromatographic separation was carried out using an
Agilent 7890B Gas Chromatography unit with a Flame lonisation Detector (Agilent Technologies,
USA) and a capillary column. A known amount of C15:0 FAME internal standard was spiked to each
solution to enable quantification (Sigma Aldrich, USA). Individual FAMEs were identified by
retention-time comparison with a mixed FAME 18917 Supelco standard (Sigma Aldrich, USA).

2.3 7. Cell disruption evaluation
The disruption efficiency of the pre-treatment (section 2.2.1 — 2.2.3) and cell disruption (section 2.2.4
— 2.2.5) steps was evaluated via automated cell count of the captured microscopic images. Harvested,
pre-treated or disrupted slurry was diluted to an appropriate concentration for microscopic imaging

(mass dilution ratio ca 540 and 630x) and placed on a standard Neubauer haemocytometer (10 pl) for
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15 min before being observed under a Zeiss Axioplan 2 light microscope (roughly 12 images of different
0.04 mm? haemocytometer grids were captured). The apparent number of intact cells in each captured
image was evaluated using an automated ImageJ algorithm as previously described and corrected for
dilution factor (Halim et al., 2019a). The extent of cell rupture (% of cells) for a specific slurry (e.g.
pre-treated or disrupted slurry) measured the level of physical destruction of the cells and was calculated
as follows:

C

(_: — )
harvestfd slurry “specific slurry 100 [1]

Charvested slurry

The extent of cell rupture =

where Charvested sturry Was the average apparent number of intact cells for the harvested slurry (cells/g
slurry) and Cspeciﬁc slurry Was the average apparent number of intact cells for the specific slurry (cells/g

slurry).

3. Results and Discussion
3.1. Biomass composition

The harvested Nannochloropsis biomass is rich in lipid, having a total lipid content of 607.0 + 102.5
mg/g biomass (total fatty acid content = 449.0 mg/g biomass), total sugar content 249.9 + 40.1 mg/g
biomass, and total protein content 143.1 + 34.6 mg/g biomass.

The biomass appears to have a suitable lipid fractions and fatty acid composition for biofuel conversion,
with neutral lipid fraction constituting the majority of the total lipid extract (neutral lipid content = 76.0
+ 16.1 wt% of total lipid or 461.4 + 97.6 mg/g biomass) and saturated (SFA) and monounsaturated
(MUFA) fatty acids dominating the fatty acid profile of the total lipid (Table 2, total SFA and MUFA
contents = 91.7wt% of fatty acids or 411.8 mg/g biomass). Neutral lipid is the preferred fraction for
biofuel application given the potential toxicity of polar lipid head groups to transesterification catalyst
(Halim et al., 2012; Olmstead et al., 2013). High levels of SFAs and MUFAs are also desirable as they
form biodiesel with better cold-flow properties and higher oxidative stability (Halim et al., 2012;
Olmstead et al., 2013). The alignment between lipid fraction and fatty acid suitability for biofuel
production was expected as N-depleted Nannochloropsis biomass has previously been shown to
accumulate neutral lipids (in the form of TAGs) constituting primarily of SFAs and MUFAs
(Bongiovani et al., 2020; Jia et al., 2015; Olmstead et al., 2013; Simionato et al., 2013).

3.2. Effect of pre-treatment on cell disruption

Figure 2a and Table 1 showed that the pre-treatment steps generally had a positive effect on the extent
of Nannochloropsis cell rupture by both mechanical and chemical cell disruptions steps. Without the
pre-treatment steps, HPH disruption and pH212 disruption were relatively ineffective in disrupting
cellular structure, being able to only rupture a mere 28 and 13% of available cells. These findings further
underscored the toughness of lipid-rich Nannochloropsis cell walls and the need for a preparatory or
pre-treatment step able to weaken cell wall integrity and enhance the performance of subsequent cell
disruption for maximum product liberation. Theoretically, the disruption performance of either HPH

and pH12 can be increased by subjecting the slurries to more severe process conditions (e.g. higher
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pressure and more passes for HPH or higher temperature and higher pH for alkali treatment), but this
also increases cost/energy requirements, degradation probabilities of thermolabile components and
undesirable hydrolytic side reactions.

The autolytic incubation was able to enhance cell disruption of HPH and pH12 by 2.4 and 4.9 fold
respectively. As described in our previous studies (Halim et al., 2019a; Halim et al., 2019b), the increase
in disruption efficiency was derived from cell-wall thinning which weakened cellular integrity and
rendered the biomass more susceptible to subsequent processing.

Hypotonic osmotic shock was also found to be able to enhance cell disruption, increasing the extent of
cell rupture of HPH and pH12 by 1.6 fold and 1.4 fold respectively. Compared to autolytic incubation,
however, the weakening effect of hypotonic osmotic shock was less pronounced. This could be
attributed to the fact that osmotic shock weakened biomass by increasing membrane permeability rather
than directly thinning cell walls (Halim et al., 2020).

For HPH, the combination of the two pre-treatment steps (autolytic incubation and hypotonic osmotic
shock) produced a synergistic effect which disrupted close to 90% of available cells. Overall, these
findings suggested the effectiveness of the pre-treatment steps in enhancing Nannochloropsis cell
disruption when applied either as an individual step or in combination with each other.

In industrial settings, it is important to note that the inclusion of a pre-treatment step would lead to
increased cost and energy requirements for biomass processing. These extra costs should be balanced
against the benefits of implementing such pre-treatment steps in terms of product yields. In our previous
study, we have shown that implementing the hypotonic osmotic shock in industrial scale (processing
one tonne of slurry) accounted for less than 6% of the overall energy expenditure of biomass processing
and led to a positive overall net energy balance of biomass processing for oleaginous microalgae with
a neutral lipid content of more than 30 wt% biomass, such as the Nannochloropsis biomass used in this
study (Halim et al., 2020). A comprehensive cost-benefit and energy assessment for the pre-treatment
steps reported in this study, however, is beyond its scope. Instead, this study will use the microalgae
biorefinery system to achieve multiple levels of cell disruption for thickly walled Nannochloropsis

biomass for investigation into the fundamental behaviours of lipid and protein mass transfer.

3.3. Partitioning behaviour of mechanical and chemical cell disruption

In this section, we examined the partition behaviour of the different slurries generated by the mechanical
(HPH) and chemical (pH12) biorefineries. As illustrated in Figure 1, the disrupted Nannochloropsis
slurries (post HPH or pH12 treatment) were subjected to both neutral lipid extraction (with hexane) and
protein extraction. Once the extraction mixture was centrifuged, the desired products can be recovered
from the appropriate phases.

Figure 3 shows phase partitioning of the four representative key scenarios encountered in our
experimental matrix: 1) HPH + neutral lipid extraction with hexane (exp 11), 2) pH12 + neutral lipid

extraction with hexane (exp 12), 3) HPH + protein extraction (exp 11), and 4) pH12 + protein extraction

9



(exp 12). We note that there were no discernible differences in the partitioning behaviour of
biorefineries obtained from differently pretreated biomass, i.e. untreated slurries (exp 2), autolytically
incubated slurries (exp 5), osmotically shocked slurries (exp 8) and both autolytically incubated and
osmotically shocked slurries (exp 11) all shared the same partitioning behaviour once subjected to HPH
and neutral lipid extraction with hexane. As discussed below, however, since pretreated slurries are
likely to experience more prolific cell disruption and product liberation, they produced darker layers
with higher levels of dissolved products.
For HPH + neutral lipid extraction, the slurries partitioned into four distinct layers (Figure 3a): 1) a top
hexane layer containing the extracted lipids (which included neutral lipids and non-polar pigments, such
as chlorophyll), 2) an emulsion layer comprised of a mixture of cell debris/intact cells, water and
residual hexane, 3) an aqueous layer containing salts, and 4) a bottom cell debris layer containing water
and cell debris. Readers are referred to our previous study for detailed understanding of the HPH +
hexane extraction layers (Halim et al., 2016). Neutral lipids were gravimetrically quantified from the
hexane phase.
For pH12 + neutral lipid extraction, the slurries partitioned into five layers (Figure 3b): 1) a top hexane
layer containing the extracted lipids, 2) a saponification layer where part of the extracted lipids appeared
to have reacted with NaOH to form a gel-like soap layer, 3) an emulsion layer comprised of a mixture
of cell debris/intact cells, water and residual hexane, 4) an aqueous layer containing salts and water-
soluble pigment breakdown products, and 5) a bottom cell debris layer containing water and cell debris.
The primary difference between HPH-lipid extraction layers with pH12-lipid extraction layers lies on
the location of the recovered pigments. Unlike HPH layers where the extracted pigments remained
water insoluble and thus partitioned in the hexane phase together with extracted neutral lipids (thus
contributing to the dark coloration of the lipid layer), the pigments in the pH12 biorefinery have reacted
with NaOH to form water-soluble chlorophyllin which partitioned in the aqueous phase, contributing
to the dark coloration of the aqueous layer and a lighter hexane phase (L. et al., 2016). The use of NaOH
as a bleaching agent to remove chlorophyll from microalgae biomass/oil has previously been reported
(Li et al., 2016). Extracted neutral lipids were gravimetrically quantified from the hexane phase.
Both HPH + protein extraction slurries (Figure 3c) and pH12 + protein extraction slurries (Figure 3d)
separated into three layers: a top emulsion layer comprised of cell debris in water, a middle supernatant
aqueous layer (or mid-natant layer) consisting of the released proteins, a bottom cell debris layer
containing intact cells, cell debris and dissolved salts in water. The extracted protein was quantified
from the middle supernatant layer using a Lowry method.

3.4. Relationship between cell disruption and neutral lipid recovery
HPH combinations were generally found to be more effective in disintegrating cellular structures
compared to pH12 combinations (Figure 2b). This was expected given the high level of shear force
delivered by HPH disruption (Lee et al., 2017; Safi et al., 2017; Safi et al., 2014). Neutral lipid yield of

subsequent hexane extraction step appeared to follow the same pattern as cell rupture, with HPH

10



combinations obtaining a higher yield compared to pH12 combinations and being the preferred
disruption options for lipid recovery. These findings suggested a positive connection between cell
rupture and neutral lipid yield.

To further probe the relationship between the extent of cell rupture and neutral lipid recovery, we plotted
neutral lipid yield as a function of cell rupture across all experiments which included either mechanical
or chemical disruption (Figure 4a). The correlation revealed a linear relationship between the two
variables (r> = 0.91). Equally importantly, with a gradient close to 1 (k = 0.89), the correlation
established that almost all of the available neutral lipids in the biomass can be recovered (e.g. neutral
lipid yield = 90 wt% of total neutral lipid in the biomass) if complete cell disruption had been achieved
(e.g. extent of cell rupture = 100% of cells in the slurry).

The direct dependence of neutral lipid recovery on the extent of cell rupture can likely be attributed to
the nature of neutral lipids as cytosolic globules that are ‘trapped’ within the cell walls but are not
chemically linked to any cellular structures or organelles (Bongiovani et al., 2020; Law et al., 2018;
Simionato et al., 2013; Yap et al., 2016; Yap et al., 2014). The mass transfer of neutral lipids from the
biomass into the extracting solvent was hence almost entirely dependent on the extent of their liberation
from cell-wall encapsulation. Once these barriers were physically destroyed, the ‘freed’ neutral lipid
globules became accessible to the extracting solvent for solubilisation. An increase in the degree of cell
disruption therefore led to an increase in the amount of liberated neutral lipids which subsequently
increased their mass transfer to the extracting solvent.

An interesting element of the relationship between cell disruption and neutral lipid recovery was its
independence from disruption mode. The correlation depicted in Figure 4a spanned both mechanically
and chemically disrupted biomass, producing a single equation for both disruption modes. The
correlation appeared to be accurate regardless of whether cell-wall breakage was achieved via a
mechanical means or a chemical means. Such independence from cell disruption mode was again likely
ascribed to the non-structural nature of neutral lipids. As long as the disruption process was able break
the cell walls and release the neutral lipid globules (without inflicting noticeable lipid degradation) for
solvent solubilisation, the specific mechanism by which the wall breakage was achieved (e.g. shear by
HPH or linkage hydrolysis by pH12) did not seem to contribute to the resulting neutral lipid mass
transfer from the biomass into the solvent phase. Within the limits of our experiments, the HPH
combinations generally achieved a higher cell disruption and thus a higher neutral lipid yield compared
to pH12 combinations. For this reason, they occupied the upper half of the correlation in Figure 4a.
Figure 5 depicts our proposed mass-transfer mechanism for the extraction of neutral lipids from
Nannochloropsis slurry using hexane. At partial cell disruption (i.e. the extent of cell rupture < 100%
of cells in the slurry), a mixture of intact cells and disrupted cells exists in the slurry. When subjected
to extraction with hexane, liberated lipid globules from the disrupted cells can interact with the solvent
and diffuse out of the biomass, while those in the intact cells remain inaccessible to the solvent. Upon

centrifugation, the solubilised lipids will partition in the hexane phase while those in the intact cells
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remain with the biomass. The lipid extraction efficiency is therefore proportional to the level of
disrupted cells in the slurry. At complete cell disruption (i.e. the extent of cell rupture = 100% of cells
in the slurry), all available cells in the slurry have been disrupted, leading to the release of all neutral
lipid globules from cell-wall encapsulation. Hexane extraction of the slurry would therefore
theoretically lead to complete solubilisation (and thus recovery of all neutral lipids from the biomass.
In practice, however, a level of residual neutral lipids would likely remain in the biomass due to
incomplete solvent separation (i.e. the formation of post-centrifugation emulsion layer in Figure 3a
where some solvents containing dissolved lipids appeared to have partitioned together with the biomass
in the aqueous phase). The proposed mass-transfer was valid across both mechanical (HPH) and

chemical (pH12) disruption.

3.5. Relationship between cell disruption and protein recovery
The pattern for protein extraction yield in Figure 2c appeared to be in opposite direction to the extent
of cell rupture. The apparent protein yields of pH12 combinations were higher than those reported by
HPH combinations, despite the chemical treatment’s lower disruption efficiency. These results
contradicted our initial understanding of the effect of cell disruption and prompted us to further probe
the relationship between the two variables by plotting protein yield as a function of cell disruption
across all HPH experiments and all pH12 experiments (Figure 4b).
A plot of protein yield as a function of the extent of cell rupture generated two separate correlations,
one for HPH combinations (or.mechanical treatment) and another for pH12 combinations (or chemical
treatment). Unlike neutral lipid extraction, the behaviour of protein mass transfer was hence found to
be dependent on the mode of cell disruption.
Both correlations established a positive relationship between protein yields and the extent of cell
rupture, confirming that cell-wall disintegration led to a higher protein release from the biomass into
the interstitial space. However, the extent to which this release occurred was vastly different between
pH12 experiments and HPH experiments. With a much steeper gradient (k = 0.96), pH12 treatment was
shown to be superior in facilitating protein release compared to HPH treatment (k = 0.22). The
discrepancy in extraction behaviours can be attributed to the complex nature of intracellular proteins
and the. differing abilities of the two disruption modes in interacting with different proteins.
Intracellular proteins exist as both non-structural proteins dissolved/suspended in the cytosols and
structural proteins that form an integral component of the cell wall/membrane through biochemical
linkages. Both types of proteins are ‘trapped’ by the cell walls. However, unlike non-structural proteins
that can be ‘freed’ or liberated from the biomass by mere physical destruction of the cell walls, structural
proteins require additional reactions able to severe their connection with cellular structure to be released
(Phusunti & Cheirsilp, 2020; Safi et al., 2014; Scherer et al., 2019; Soto-Sierra et al., 2018). Without

breaking the bonds that connect them to cell membranes/walls, structural proteins cannot be separated
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from the broken cell debris after cell disruption and simply partition in the biomass layer (instead of the
aqueous layer, Figure 3c,d) after centrifugation.

HPH disintegrated the cell walls through brute shear force mediated by physical collisions. Even though
these actions were able to ‘free’ cytosolic proteins from the biomass, they failed to cleave structural
proteins from the biomass. Mechanical disruption was therefore able to efficiently release cytosolic
proteins, yet it had a limited capacity in liberating structural proteins. A closer inspection of the HPH
curve verified this hypothesis. The curve had a positive gradient (albeit at a low value), demonstrating
increased release of cytosolic proteins with cell rupture. However, the HPH curve had an imposed upper
limit in the total amount of recoverable proteins. Despite being very effective in disintegrating cellular
structure (i.e. the extent of cell rupture reaching almost 100% of cells for some experiments), the most
efficient HPH combinations were only able to recover a maximum protein yield of 30%. This upper
threshold in the level of extractable protein by HPH disruption represented the amount of cytosolic
proteins available in the biomass. Structural proteins remained embedded in the cell debris after cell
disruption.

Alkaline (pH12) treatment hydrolysed cell wall linkages and achieved cell disruption through slow
solubilisation of cell-wall layers (Mendez et al., 2013; Safi et al., 2014; Wu et al., 2017). Chemical
treatment is often carried out at extreme and highly degradative temperature range (> 100°C) to exert
sufficient disruption of thickly walled microalgae species (e.g. Chlorella sp. and Nannochloropsis sp)
in slurry form (Laurens et al., 2015). However, the inclusion of pretreatment steps in our experiments
has considerably weakened the biomass to a point that we were able to observe significant disruption
at milder conditions (T = 65°C). Alkaline treatment had the capacity to achieve quantitative protein
extraction as it was able to release both cytosolic proteins through cell wall disintegration and structural
proteins through bond-cleaving reactions. A closer inspection of the pH12 curve in Figure 4b confirmed
this hypothesis. With a gradient close to one, the treatment can be projected to recover all available
biomass proteins at 100% disruption efficiency (likely achievable by extending the duration of the alkali
treatment or increasing pH).

Figure 6 illustrates our proposed mass-transfer mechanisms for the extraction of proteins from
Nannochloropsis slurry with either mechanical disruption or chemical disruption. For mechanical
disruption, at partial cell disruption (i.e., the extent of cell rupture < 100% of cells in the slurry), a
mixture of intact cells and disrupted cells exists in the slurry. Mechanical disruption’s limited capacity
in cleaving structural proteins means that only cytosolic proteins are released from the disrupted cells,
while structural proteins in the cell fragments and all proteins in the intact cells remain inaccessible.
Upon centrifugation, the water-soluble proteins will partition in the water phase while the structural
proteins that remain attached to cell debris and proteins in the intact cells will partition in the cell-debris
layer. At complete cell disruption (i.e. the extent of cell rupture = 100% of cells in the slurry), all
available soluble proteins will be released (roughly 30% of all proteins in our biomass), while structural

proteins will partition in the cell-debris layer and remain unextracted.

13



For chemical disruption, while the intracellular proteins in the intact cells remain inaccessible, the dual
disruption mechanism catalysed by chemical hydrolysis will facilitate the release of both cytosolic and
structural proteins from the ruptured cells. At partial disruption, an increase in the degree of cell rupture
leads to more prolific release of intracellular proteins, establishing a proportional relationship between
protein yields and the degree of cell rupture. Once separated, all available proteins from the ruptured
cells will partition in the water phase, while proteins in the intact cells will remain in the biomass and
partition in the cell-debris phase. At complete cell disruption, chemical disruption is able to release all

available intracellular proteins, leading to the complete recovery of proteins from the biomass.

4. Conclusions

In conclusions, our study investigated the effect of combining novel biomass pre-treatments (autolytic
incubation able to induce cell-wall thinning, hypotonic osmotic shock able to render cell membrane to
be more permeable) with HPH or pH12 disruption steps on system performance and the mass transfer
of neutral lipids and proteins from resistant Nannochloropsis slurries. Both pre-treatments were shown
to be highly effective in improving disruption efficiency of the system, with the autolytic incubation
and osmotic shock being able to enhance the extent of cell rupture by 2.4-4.9 and 1.4-1.6 folds
respectively.

Neutral lipids exist as non-structural cytosolic globules trapped within cell-wall encapsulation. Their
release from the biomass was directly dependent on the degree of physical cell disruption. Since shear-
based HPH disruption was found to be more effective in disintegrating cell walls compared to pH12
disruption, they also resulted in higher neutral lipid yields. The highest neutral lipid yield (78+7 wt%
of total neutral lipid) was achieved with osmotic shock +autolytic incubation +HPH combination.

On the other hand, intracellular proteins exist in both cytosolic and structural forms. Their release from
the biomass was dependent on both the degree of physical cell disruption and the extent to which
structural linkages in the biomass were severed. Since pH12 disruption achieved cell rupture through
the solubilisation of cell-wall linkages, it was able to more effectively release proteins compared to
HPH disruption. The highest protein yield (669 wt% of total protein) was achieved with osmotic shock

+autolytic incubation +pH12 combination.
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Figure 2: (a) The effect of pre-treatment on the disruption performance of mechanical disruption (HPH)
and chemical disruption (pH 12). (b) The effect of cell rupture on the neutral lipid yield obtained from
mechanically disrupted (HPH) and chemically disrupted (pH 12) biomass. The average values of cell
rupture and neutral lipid yield were calculated across experiments involving HPH (experiment 5, 8, 11
in Table 1) or pH 12 (experiment 6, 9, 12 in Table 1) (c) The effect of cell rupture on the protein yield
obtained from mechanically disrupted (HPH) and chemically disrupted (pH 12) biomass. The average
values of cell rupture and protein yield were calculated across experiments involving HPH (experiment
5,8, 11 in Table 1) or pH 12 (experiment 6, 9, 12 in Table 1).
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Extent of cell rupture

Neutral lipid yield

Protein yield

Experiment Pre-treatment step Cell disruption step (% of cells in the (M%_of total'ne utral (M% of to'tal protein

no. harvested slurry) lipid in the biomass) in the biomass)

mean * std mean * std mean * std

1 no pre-treatment no disruption 0.0 0.0 7.9 8.5 1.5 2.0
2 no pre-treatment mechanical disruption (HPH) 28.3 7.1 31.0 8.2 12.2 3.9
3 no pre-treatment chemical disruption (pH 12) 13.4 5.6 4.0 5.7 6.7 2.4
4 autolytic incubation no disruption 10.3 8.4 5.1 1.2 9.8 3.1
5 autolytic incubation mechanical disruption (HPH) 67.8 19.3 65.7 12.2 13.0 4.8
6 autolytic incubation chemical disruption (pH 12) 65.8 0.7 30.2 16.7 38.8 9.1
7 osmotic shock no disruption 15.4 8.5 23.0 13.5 10.1 4.1
8 osmotic shock mechanical disruption (HPH) 46.5 18.4 65.1 9.7 12.3 3.8
9 osmotic shock chemical disruption (pH 12) 18.3 6.7 19.6 11.5 30.7 9.9
10 osmotic shock + autolytic incubation no disruption 324 13.9 25.9 19.7 23.4 10.2
11 osmotic shock + autolytic incubation mechanical disruption (HPH) 86.8 6.5 77.8 6.6 17.4 5.7
12 osmotic shock + autolytic incubation chemical disruption (pH 12) 62.5 8.3 41.1 10.7 66.2 8.6

Table 1. Experimental matrix showing the different combinations of pre-treatment and cell disruption steps. The extent of cell rupture, neutral lipid yield and
protein yield of each experiment are provided.
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Fatty acids

Harvested slurry
(wt% of total fatty acids
in the biomass)

C14:0
C16:0
Cl6:1
C18:0
C18:1 (cis and trans)
C20:3 (w-6)
€20:5 (w-3)

2.7
42.0
35.2

15
10.2

2.7
5.6

Table 2. fatty acid composition of biomass total lipid.
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