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Abstract

The impact of (ultra) high pressure homogenization on the degree of cell disruption was investigated for
Nannochloropsis sp. suspensions. The degree of cell disruption was studied by combining four evaluation
methods: turbidity measurement, scanning electron microscopy, hexane:isopropanol extraction efficiency, and

fluorescence microscopy using the viability stain SYTOX green. Applying an ultra high pressure of 250 MPa

obviously reduced the number of homogenization passes required to obtain a specific degre Il disruption
compared to 100 MPa. However, heating of the sample occurred at 250 MPa, resulti sive ‘aggregate
formation of the released intracellular material after multiple homogenization ore, cell wall
integrity was not necessarily linked to membrane integrity, implying that fmodera conditions are

possibly sufficient for certain applications by damaging the cell membrang, with chieving full rupture of the

cell wall. Once again it was proven that different methods for evalyation'af cell disruption should be combined

to get comprehensive insight into the disruption of microal
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1 Introduction

Microalgae are of interest for a wide range of applications, including biofuels, nutraceuticals, and food and
feed ingredients. For many of these applications, recovery of the intracellular metabolites is required, which is
limited in untreated biomass due to the presence of an intact cellular structure. As some microalgae are

characterized by a very rigid cell wall, research has in recent decades been focusing on the optimization of cell

disruption processes. In this context, high pressure homogenization (HPH) is one of the
disruption techniques, mainly due to its scalability, its applicability on highly concentra
its effectiveness for disruption of rigid cell walled microalgae species [1]. To
microalgae disruption have been performed with homogenization pressure§ up to = MPa, requiring

multiple homogenization passes for rigid microalgae [2]. Higher ho nizat ressures might actually be

applied (up to 300 MPa), designated as ultra high pressure ho ion (UHPH), probably resulting in a
more efficient disruption process by reducing the numbe 0
promising results for disrupting microalgal cells by
deduced from the extractability of proteins,
and/or number of passes [3-6]. Hewey

Critical to understanding rocess by (U)HPH is the ability to accurately evaluate and

guantify the degree of: ion."@ell diSruption is actually considered a continuous process, ranging from cell

damage or cell r the, release of intracellular metabolites, to complete cell fragmentation [7]. Whereas

various oposed for quantitative assessment of the extent of cell disruption, it is recognized

that difféfent qua ion techniques are related to different stages of the disruption process, and therefore

give ures of cell disruption. Common methods are generally categorized as cell counting, particle
sizing, easurement of metabolite release. Cell counting is commonly seen as the most reliable method, but
is time consuming and does not provide any information on the integrity of the cell membrane. Measuring
changes in particle size distribution is restricted when aggregation of cells and/or cell fragments occurs.

Measurements of metabolite release (e.g. assays for protein release or UV absorbance for total metabolite

release) should be used with caution, since these indirect methods were shown to over- or underestimate the
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degree of cell disruption of microalgae [8]. Hence, it has been suggested to combine different quantification

methods for a comprehensive characterization of the cell disruption process [7].

Despite the numerous studies evaluating microalgal cell disruption, there is a lack of clarity on the role of the
cell membrane during disruption processes. Whereas many authors presume cell disruption to be solely related
to the integrity of the cell wall, others do not exclude the importance of the cell membrane, as it is known that
some processes such as pulsed electric field treatment mainly affect the cell membrane wit isintegrating

the cell wall layer [2,9]. Even though membrane integrity has received little attenti he coftext of

microalgal cell disruption, it might be of great importance in the selection of iONYprogesses towards

certain applications [9]. Moreover, cell counting is often appointed as the t relia d for evaluation
of microalgal cell disruption. However, this might be questioned if isruption also depends on

the integrity of the cell membrane, since the cell counting teclnigue doesyno w to differentiate cells with

damaged membranes.

The microalga Nannochloropsis sp. was selectedifor t ntstudy as an interesting source for various

applications due to its high lipid content rich ic acid, being known as one of the most resistant

microalgae species to several ce

Eustigmatophyta, and is characteftzed b al cells with a diameter between 1 and 5 pm [10,11]. The cell
wall is composed of an in & of cellulosic polymers (representing 75% of the cell wall) and an
enanms, The latter are characterized as highly resistant long-chain aliphatic

inked By, ether bonds, and are most likely responsible for the strong resistance of the

outer cell wall lay,
hydrocarbons
Nannoc is sp. ce | against mechanical rupture [12]. To gain insight into the impact of (U)HPH on

th tengyof cel uption, four techniques for evaluation of cell rupture will be combined. Turbidity

meas as been proposed by Spiden et al. [7,8] as a simple and fast technique to monitor microalgal cell
In addition, scanning electron microscopy (SEM) will be used to visualize the microstructure of the
homogenized suspensions. Even though it cannot be considered a quantitative technique, SEM imaging
provides direct insight into the stage of the disruption process [13]. A third method for evaluation of the
disruption degree is the lipid extractability with the different solvent mixtures hexane:isopropanol (HI) and

chloroform:methanol (CM), as proposed by Balduyck et al. [14] and Lemahieu et al. [15]. Finally, a

4
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microscopic technique with the viability stain SYTOX green will be applied to investigate the integrity of the
cell membrane [16]. By combining these four methods, this approach provides comprehensive insights into the

disruption process of Nannochloropsis sp. cells upon (U)HPH.

2 Materials and Methods

2.1 Microalgal biomass

Lyophilized biomass of Nannochloropsis sp. was purchased from Proviron IndustrieS” nv(Hemiksem,

Belgium). The microalgae were cultivated as described by Fret et al. [17], with slig tions. 9 short,

the microalgae were cultivated in ProviAPT flat panel photobioreactors illu lighting in a
semi-continuous mode. About one third of the culture was harvested dai by fresh culture
medium. The microalgae were harvested by centrifugation, lyopHili in closed containers at
-80 °C until use.

Spray-dried biomass of Chlorella vulgaris obtained from i Ig atural Products (Lisbon, Portugal)
was used for SEM imaging, for comparing the disrup cess,to Nannochloropsis sp. biomass.

2.2 (Ultra) high pressure homogenizati

Microalgal biomass was suspended owvernight eralized water in a concentration of 0.1% (w/w) to

ensure complete hydration of ells. Additional suspensions were prepared in a concentration

of 0.025% (w/w) for evallatio according to Spiden et al. [7]. The disruption efficiency of
(U)HPH is expec be ependent of the biomass concentration, as previously shown for
et al. [18]. All suspensions were treated by (U)HPH using a pressure cell

Power SPCH-10, Harlow, United Kingdom), operating at 100 MPa or 250 MPa.

at room temperature when fed into the homogenizer and the pressure cell was cooled

cooling unit connected to a cryostat at 4 °C to minimize temperature increases. However,

immediately after UHPH at 250 MPa. The homogenized samples were collected and immediately cooled to
room temperature in an ice water bath between different passes and before conducting analyses. Part of the
homogenized suspensions were lyophilized (Christ Alpha 2-4 LSCplus, Osterode, Germany) for

determination of the HI extraction efficiency. All other analyses were performed on the freshly homogenized
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suspensions, within the same day of the (U)HPH-treatment. Suspensions at each concentration were prepared
in twofold and (U)HPH-treated independently from its duplicate.
2.3 Evaluation of degree of cell disruption

2.3.1 Turbidity

Turbidity of the 0.025% (w/w) suspensions was determined according to Spiden et al. [7]. The turbidity

was determined by measuring the optical density of the samples at 750 nm a UV-VIS
spectrophotometer (Ultrospec 2100 pro, Biochrom, Cambridge, United Kingdom). T measurements
were performed in duplicate. \
Turbidity values were normalized to be expressed as relative turbidity, aé€ordin :
_ 1 _Ti—To
RT;=1-7—= (Eq. ‘\ ’

with RT; the relative turbidity after i passes, T; the meas nsmissionsf@r a suspension homogenized

for i passes, Ty the measured transmission for the sus ized by UHPH at 250 MPa for 9
passes (i.e. the maximum transmission), and &, th redytransmission for the untreated suspension
(corresponding to 0 passes).

2.3.2 Scanning electron micros

Visualization of cell disrupti s performed as described by Spiden et al. [19], with minor

modifications. Glass ¢ lips with a 0.1% solution of polyethyleneimine and dried by heating

under a flame. Fre ogehized suspensions were incubated on the glass coverslips for 1 h. Then, the
coverslips in 2.5% glutaraldehyde in phosphate buffered saline (PBS) for 1 h and
subs rinse times in PBS for 10 min. The samples were subsequently dehydrated using
increasing con tions of ethanol, by immersing for 10 min in 10%, 30%, 50%, and 70% ethanol in

erslips were transferred to a mixture of 70% ethanol and dimethoxymethane (1:1 v/v) for
5 mingfollowed by immersing in pure dimethoxymethane for 20 min. The coverslips were then dried in a
critical point dryer (CPD 030, Balzers, Liechtenstein), in which the solvent was gradually replaced with
liquid CO- (8 °C, 50 bar), followed by bringing the liquid CO- to the gaseous phase by trespassing the
critical point of CO- (45 °C, 100 bar). The dried coverslips were then mounted onto aluminum stubs with

double-sided carbon tabs and coated with gold using a sputter coater (SPI-Module, SPI Supplies, West-



ACCEPTED MANUSCRIPT

Chester, PA, USA). Finally, images were obtained with a scanning electron microscope (JSM-6360, Jeol,
Tokyo, Japan) using a spot size of 15 kV.

2.3.3 Hexane:isopropanol extraction efficiency

The HI extraction efficiency was determined as the ratio of the extraction yield with hexane:isopropanol
(3:2 viv) compared to the extraction yield with chloroform:methanol (1:1 v/v). The latter solvent mixture is
known to extract the total amount of lipids, whereas HI does not easily penetrate inta id microalgal

cells, resulting in a lower extraction yield [14,20].

The HI extraction was performed in duplicate as described by Balduyck N eto, 6 mL of
hexane:isopropanol (3:2 v/v) was added to 100 mg of microalgal bioma andt% were vortexed
for 30 s. The samples were centrifuged (10 min, 750g, 25°C) andthe solvent layer was transferred to a
weighed flask. In total, these extraction steps were performe@,4 ti All s@lvent layers were combined,

gravimetrically.

the solvent was removed by rotary evaporation, and li

The CM extraction was performed according to 0 laert, and Foubert [21]. Briefly, 4 mL

methanol, 2 mL chloroform, and 0.4 mL demin ater Were added to 100 mg of microalgal biomass

and the samples were vortexed for 30 s. 2 mL chloroform and 2 mL demineralized water

were added and the samples %
25 °C) and the upper aq wasglis
tube. The remainin &we-
30 s. After ce u&) min, 750g, 25 °C), the solvent phase was collected. This extraction procedure
was repeated on theyremai

(Whatman n igma-Aldrich) with a layer of sodium sulphate to remove remaining water. The solvent

or 30 s. The mixtures were centrifuged (10 min, 750g,

arded, while the lower solvent layer was transferred to a clean

cted with 4 mL of chloroform:methanol (1:1 v/v) and vortexed for

ng pellet. All solvent layers were combined and filtered through a filter paper

ved by rotary evaporation and lipids were quantified gravimetrically. The CM extraction
procedure was performed in triplicate.
2.3.4 Fluorescence microscopy using a viability stain
The viability of the cells was investigated by a dual-fluorescence procedure of Sato et al. [16], using the
fluorescent dye SYTOX green. In short, 0.5 uL of SYTOX green solution (supplied as a 5 mM stock
solution in DMSO, ThermoFisher Scientific) was added to 1 mL cell suspension, and the mixture was

incubated for at least 5 min in the dark. The samples were visualized by epifluorescence microscopy, using
7



ACCEPTED MANUSCRIPT

an Olympus BX-51 light microscope equipped with a XC-50 digital camera (Olympus, Optical Co.Ltd.,
Tokyo, Japan), and an excitation filter between 460 and 495 nm (X-Cite® 120Q, EXFO Europe, Hants,

United Kingdom).

The fraction of cells stained with SYTOX green was quantified using ImageJ 1.52k software. To identify

stained cells (i.e. green-colored cells), the color threshold was adjusted using L*a*b* values (0 < L* < 255;

0 <a*<110; 0 <b* < 255). The identified cells were automatically counted by softwaré”’s “Eind maxima’

tool, using a noise tolerance of 20 and excluding edge maxima. Cells with intact memb % .£.
cells) were identified with different color thresholds (0 < L* <255; 140 5 * < 255) and
counted using a noise tolerance of 15 and excluding edge maxima. TP‘ fractiomyof cells with damaged
membranes (x) was finally calculated using Eq. 2:
x(%) = Ng’igNr x 100 Q
ma

with N, the number of green-colored cells (i.e. wi ranes, stained by SYTOX green) and
N,- the number of red-colored cells (i.e. with t brafes, colored by autofluorescence). For each

sample 20 microscopic images were analy

3 Results and discussion ®
3.1 Turbidity

The impact of PH, ontthe cell disruption of Nannochloropsis sp. was evaluated by different analyses.

Iy*images displaying more than 10 cells were used.

Althoug ring t idity is an indirect quantification technique, it has been proposed as a fast and

reprodu monitor cell disruption of Nannochloropsis sp., only giving slight underestimation of

studies of Spiden et al. [7,8], corresponding to a reduction in the effective solid biomass concentration and the
subsequent light scattering. A similar decay was observed for HPH at 100 MPa as in the study of Spiden et al.
[8], and the relative turbidity of 0.33 + 0.03 obtained after 9 passes coincides well with cell count data obtained

by the same authors. The same relative turbidity (0.32 + 0.08) was however obtained after a single pass when



ACCEPTED MANUSCRIPT

applying a higher homogenization pressure of 250 MPa. As a matter of fact, these observations correspond
well with the predictions of the exponential decay model for Nannochloropsis sp. constructed by Spiden et al.
[8]. Similarly, the use of a homogenization pressure of 270 MPa led to disruption of 58% of
Nannochloropsis sp. cells in the study of Angles et al. [22]. It might however still be an underestimation of the
disruption degree, as Montalescot et al. [5] even reported > 95% of Nannochloropsis oculata cells to be

disrupted after a single pass at 250 MPa based on cell counting. Moreover, the current s shows that a

plateau value seems to be reached after 2 passes at 250 MPa, indicating that further UHP % d little,changes

in turbidity. Hence, increasing the homogenization pressure obviously reduces 0
to obtain a certain degree of cell disruption.

0,8

passes required

0,6

0,4

Relative turbidity

0,2

0 Ay
o 1 2 3 4 5 6 7 8 9

Number of passes

loropsis sp. ensions as a function of passes of (ultra) high pressure homogenization at 100 MPa
rurbi values were normalized to the value for untreated suspensions (0 passes). Error bars
plicate sample preparation and duplicate measurements (n = 4).

(circles) and 250 MPa
represent the standar

It is worth noting that icability of a processing treatment (e.g. combination of passes and pressure level
of (U)HRH) an tification parameter (e.g. indirect versus direct technique) is largely depending on the
dep itigl of cell disruption. In fact, cell disruption generally covers the whole range from damaged
cells to'@empletely fragmented cell compounds, as clearly illustrated by Spiden et al. [7]. In case of turbidity,
the indirect nature of this evaluation technique might complicate the interpretation of the results obtained, since
turbidity values are also affected by further fragmentation of released intracellular components, even after

complete cell breakage. Therefore, turbidity curves were combined with SEM images in the present study.

3.2 Scanning electron microscopy
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Intact cells of Nannochloropsis sp. can be described as spherical cells with a smooth cell surface and a diameter
of approximately 2 um [10,11], corresponding to the visual observations in Fig. 2. In addition, Fig. 2 illustrates
the impact of (UY)HPH on the microstructure of Nannochloropsis sp. suspensions, showing SEM images after
a different number of passes at different pressure levels (100 MPa and 250 MPa). To assess the effect of cell

disruption in SEM images, intact cells were distinguished from damaged ones based on the smoothness of their

cell surface. Hence, a single pass of HPH at 100 MPa resulted in the disruption of some mic I cells, while
the majority of the cells seemed unaffected. This corresponds to the turbidity curves ( indicating that
less than 20% of the cells were disrupted under these HPH conditions. A low d I uption after a
single pass at 100 MPa was also observed in our previous study, firrespective e pH of the

Nannochloropsis sp. suspensions [23]. The more passes of HPH at 800 M eredapplied, the lesser the

number of undamaged cells were observed, and the larger the aggreg of released compounds. However,
even after 4 passes at 100 MPa undamaged cells were sti Se ,9ndigating incomplete cell disruption at
Its¥sinc

these conditions. This is in agreement with the turbidi plateau was reached after 4 passes of

HPH at 100 MPa. Applying a higher pressure of 25 iously enhanced cell disruption, since aggregated
material was observed together with a minorit ed cells, even after a single pass. A more efficient

cell disruption by UHPH was also“eg the turbidity curves, although it should be noted that
temperature increases duri % MPa could also have contributed to larger changes in relative
turbidity, e.g. by ind h ep t reactions causing modified light scattering properties of the
suspensions. Fur m&t cells were only sporadically encountered after 2 passes of UHPH at 250 MPa.
In fact, the larger de of disruption by UHPH is obvious from comparing the abundance of intact cells
in SEM{microg ower magnification in contrast to HPH for 2 passes at 100 MPa (Fig. 3). Finally, no
int served after 4 passes of UHPH at 250 MPa. Hence, the latter UHPH conditions evidently
lead to"€omplete cell disruption, generating large aggregates of released cell material in which interactions
seem to occur between proteins (globular structures) and cell wall fragments (smooth layers), amongst others.
The visual appearance of the aggregates observed after 4 passes of UHPH at 250 MPa suggests a larger extent
of network formation compared to milder homogenization conditions (i.e. lower number of passes and/or lower

pressure level), probably related to the temperature increases that occurred during UHPH at 250 MPa (up to

~70 °C).
10
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Untreated

HPH 100 MPa
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Fig. 2 Representative scanning electron microscopy images of Nannochloropsis sp. suspensions before (Untreated) and after different
passes of high pressure homogenization (HPH 100 MPa) and ultra high pressure homogenization (UHPH 250 MPa).

12
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HPH 100 MPa, 2 passes UHPH 250 MPa, 2 passes

Fig. 3 Representative scanning electron microscopy images of Nannochloropsis sp. suspensi 2 fwo padses of high pressure
homogenization (HPH 100 MPa) and ultra high pressure homogenization (UHPH 250 MPa)

S

The SEM images illustrated that Nannochloropsis sp. cells rather

ging by (U)HPH than
disintegration of the cell wall. This was evidenced by the fact inly resulted in sphere-like
structures with a roughened surface, and no cells were enc t tially broken cell wall layer under

any of the (U)HPH conditions. In contrast, when, app sigle pass of HPH at 100 MPa on Chlorella

vulgaris suspensions, disintegration of th clearly observed together with the release of

by Yap et al. [13] after HPH
microalgae species is pro

lower flexibility of th

Fig. 4 Representative scanning electron microscopy images of Chlorella vulgaris cells before and after 1 pass of high pressure
homogenization (HPH, 100 MPa).

13
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Even though SEM imaging proves useful to get more insight into the impact of (U)HPH-treatments on the
microstructure, the use of this technique for evaluation of the cell disruption degree has some drawbacks. First,
assessment of the cell integrity is solely based on the visual appearance of the cells, and an irregular cell surface
might also be induced by experimental defects such as the collapse during (incorrect) drying of the sample.
Secondly, SEM imaging is a non-quantitative technique, complicating the interpretation at intermediate levels
of cell disruption. Hence, combination of SEM imaging with a quantitative technique for ation of cell

disruption is recommended, as previously suggested by other authors [13,19].

3.3 Hexane:isopropanol extraction efficiency

Comparison of lipid extraction yields obtained by different solvenis®ha en suggested as a

guantitative measure for the degree of cell disruption [14,15,24]. n the fact that the non-

halogenated solvent mixture HI is not able to penetrate int whereas the halogenated solvent

mixture CM has been demonstrated to extract the getal a lipids regardless of the cell integrity

[14,20,21]. Even though not specified by the althors, hesized that the lipid extractability with

different solvent mixtures is not only relate the cell wall, but also to the integrity of the cell
ific extraction solvents dissolve hydrophobic components

membrane. In fact, Lee et al. [9] de at sp
of the cell membrane, and thv% ectly affect disruption of the cell wall by reducing its wall

strength.

The HI extraction gffici iven aSthe ratio of HI extraction yield to CM extraction yield, is shown in Fig. 5
for the (U)HRH-treated Nannoehloropsis sp. suspensions. HI extraction efficiency as a function of the number
of homageniza asfes follows a similar trend as observed in the turbidity curves (Fig. 1). In addition, the
us r_Abmogenization pressure requires a reduced number of passes to obtain complete lipid
extractign, siice the plateau value seems to be reached after 2 passes for UHPH at 250 MPa, similarly as
concluded from the turbidity curves. However, a less pronounced difference between the different pressures
was observed from the HI extraction efficiency as compared to turbidity values. Moreover, suspensions
homogenized at these different pressure levels tend to reach the same plateau value close to 100%, implying

extraction of the total lipid content regardless of the homogenization pressure. A possible explanation for the

discrepancy between turbidity and HI extraction efficiency might be the fact that absolute turbidity values were

14
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largely influenced by heating of the sample at ultra high pressures (due to heat-induced reactions resulting in
distinct light scattering properties of the sample), while HI extraction efficiency is assumed to be less affected
by short-time temperatures increases during (U)HPH (except for possible microstructural changes facilitating
or obstructing lipid extraction). In addition, it is likely that partial disruption of a microalgal cell might be
sufficient for extraction of the lipids with HI, whereas turbidity measurements are sensitive to further

fragmentation of the cell material.

100
S
= 80
&
o
2
o
£ 60
3]
c
2
g 40
=] C
B
= 20
I

0

0 3 4

sis sp. suspensions as a function of passes of (ultra) high pressure
extractlon eff|0|ency is deflned as the ratio between the extraction

= 4).

Nannochloropsis sp”’bi even though the cells appeared to be intact from the SEM image based on their

smooth cell ace . 2). M extraction efficiencies between 17.3% and ~45% have actually been reported
for untrgated nochlloropsis sp. biomasses in previous studies [14,15,24]. Since the dry biomass was
su emiheralized water in the current study, membrane permeabilization might have occurred due
to os stress, possibly resulting in a higher extraction yield with HI. However, Balduyck et al. [24] reported
an even higher HI extraction efficiency (~45%) for microalgal paste of Nannochloropsis sp., suggesting that
the enhanced lipid extractability possibly results from the cultivation and/or harvesting to obtain the
concentrated algal paste, rather than from resuspending dried biomass in demineralized water. Nevertheless,
based on the SEM images, the HI extractability for the untreated suspension could not be related to any
microstructural characteristics of the surface cell wall layer.

15
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3.4 SYTOX green staining

In order to investigate the integrity of the cell membrane before and after (U)HPH, a dual-fluorescence
microscopy method with SYTOX green fluorescent dye was used. SYTOX green is a nucleic acid stain which
can only penetrate damaged cell membranes, thereby functioning as a viability stain [16]. This is illustrated in

Fig. 6, representing a micrograph of the untreated Nannochloropsis sp. suspension. Cells with intact

membranes can be observed as red-colored cells, resulting from autofluorescence, wherea ith damaged

membranes are recognized by the green fluorescence color of the SYTOX green dye

into the cells. It is clearly shown that before applying any (U)HPH-treat third of the

This rather high amount of cells with damaged cell me in the untreated biomass suspensions
demonstrates the impact of downstream processi roalgal biomass (including harvesting and

Iyophilization) on the membrane integrity o sp. cells. Even though it is unclear whether the

cell wall integrity was also affecte e pro steps, there are several reasons to believe that the
impact of harvesting and lyophilizatio Nannochloropsis sp. cell wall might be limited. While some
authors state that microal wall§became more porous during the freezing step prior to lyophilization due
to ice crystal formatio intragellular environment, it is generally assumed that this only occurs when

oreover, cell rupture by freezing or freeze-drying processes has only been

confirme® in the current study, as cells with smooth surfaces were observed in SEM micrographs after fully
rehydrating the lyophilized Nannochloropsis sp. biomass (Fig. 2). However, it cannot be excluded that the
preceding lyophilization treatment caused some minor structural changes of the cell wall, which could have

facilitated cell disruption during subsequent (U)HPH.

16
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Microscopic images of (U)HPH-treated suspensions stained with SYTOX green are also shown in Fig. 6. When
applying HPH at 100 MPa for multiple passes, the fraction of cells with intact membranes was noticeably
reduced, with almost no intact cell membranes observed after 4 passes. This corresponds well with the HI
extraction efficiency, as the plateau value for total lipid extraction seemed to be reached under these conditions

(Fig. 5). Even though one might conclude that intact cells are still present after 4 passes of HPH at 100 MPa

based on their visual appearance in SEM images, it is shown in Fig. 6 that these remaining re damaged
in terms of membrane integrity. This observation raises concerns about the use of cell go s the'veference
method for evaluating microalgal cell disruption, as our results clearly show e pearance of
spherical smooth cells under light microscopy does not predict the integrityl of the ‘gll rane, therefore
presumably underestimating the degree of cell disruption in terms, ofgme integrity. After UHPH at

250 MPa, cells with intact membranes were less abundan greement_with the higher HI extraction

efficiency of UHPH-treated suspensions. Furthermore, t arge aggregates can be observed

from the micrographs. The different size and shapes nt spots after multiple passes of UHPH at

250 MPa suggests the staining of nucleic acids tha n released from the cells. This is also evidenced

by a higher background fluorescence, indicatin ucleic acids being released into the aqueous phase of

the Nannochloropsis sp. suspensien Id be“noted that the temperature increase during UHPH at

250 MPa might also have ri ing the cell membranes. For instance, Gonzélez-Fernandez et

al. [27] reported an e S X n staining of thermally pretreated cells of Scenedesmus sp. at 70 °C

and 80 °C.

17
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Fig. 6 Representative microscopic images of Nannochloropsis sp. suspensions before (Untreated) and after different passes of high
pressure homogenization (HPH 100 MPa) and ultra high pressure homogenization (UHPH 250 MPa) stained with SYTOX green. Cells
with intact cell membranes (only red-colored autofluorescence) can be distinguished from cells with damaged cell membranes (green
fluorescence due to penetration of the SYTOX green dye).

19
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The fraction of cells stained with SYTOX green was quantified using image analysis, and compared to the Hl
extraction efficiency in Fig. 7. The proportions of cells with damaged cell membranes estimated by these two
techniques clearly coincide at all disruption stages, confirming the hypothesis that lipid extractability by these
different solvent mixtures is related to the integrity of the cell membrane. Hence, both methods are considered
reliable techniques for quantitative evaluation of the membrane integrity of microalgal cells, which might be
relevant for screening microalgae species and/or processing conditions based on membrane tion degrees
as desired for specific applications. Even though the dual-fluorescence method with en IShe least
time-consuming method, it should be noted that this technique is not applicab \ ial aggregate
formation occurs. This was observed from the micrographs of UHPH-treatediNannochloropsis sp. suspensions
in Fig. 6, in which cellular structures cannot be accurately identifi t ive disintegration and
aggregate formation. In contrast, HI extraction efficiency can e%e less of the extent of cellular
disintegration.

|
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Fradflen of Na ropsis sp. cells with damaged cell membranes as a function of passes of high pressure homogenization at
ined) by image analysis of microscopic images stained with SYTOX green (triangles, n=20) and by

hexal traction efficiency (circles, n = 4).

Even thopgh SYTOX green staining is directly related to the integrity of the cell membrane, it is worth noting
that no conclusive information is gained on the integrity of the cell wall by use of this viability stain. In fact,
it is generally assumed that membrane-impermeable fluorescent probes can passively diffuse through cell
walls [28]. Contrary to this general statement, a limited staining in Nannochloropsis sp. has been observed for

some microscopic dyes such as Nile Red, which has been attributed to a reduced penetration of the dye due to
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the cell wall structure and/or cell wall thickness [29,30]. In case of SYTOX green, a limited penetration has
been reported once for Nannochloropsis sp. [31], while other authors did not report any penetration issues for
this dye [32,33]. Moreover, SYTOX green penetration was studied for PEF-treated cells of Chlamydomonas
reinhardtii and Scenedesmus sp., i.e. for cells with electroporated membranes without distorted cell walls,
showing successful staining with SYTOX green [34,35]. Hence, it is concluded that SYTOX green is a

successful dye for nucleic acids in microalgal cells with damaged membranes, regardle e cell wall

integrity. Nevertheless, it should be kept in mind that changes in cell wall integrity mi cur uring

(UYHPH (even for cells displaying a smooth surface in SEM images), which co b

of SYTOX green staining. ‘

4 Conclusions

igated by use

The current study investigated the impact of (U)HPH @g.the of the rigid Nannochloropsis sp. cells.

It was obvious that a higher homogenization pr educed the number of passes required to

obtain a certain degree of cell disruption. Ho the sample occurred during UHPH at 250 MPa,
which might not only lead to a diff re, but also to degradation of heat-labile compounds. In

addition, it should be noted t e use high pressures also requires a higher energy input compared

to moderate homogenizatfon . However, since the specific energy is not only proportional to the

umber of homogenization passes [36,37], the reduced number of passes

required at 5 to obtain a specific degree of cell disruption might therefore even lead to a
lower efiergy reguire 7 as previously shown for HPH of Nannochloropsis sp. between 100 and 150 MPa
b [18] Even though the specific energy can be further decreased by (U)HPH at high biomass

conc (up to 25% wi/w), (U)HPH of rigid cell walled microalgae is still considered an high energy-
consuming disruption technique [2,18]. Finally, it was shown that (U)HPH not only affected the cell wall, but
also the membrane integrity. While cells would be considered intact based on the smoothness of the cell
surface in SEM images, epifluorescence microscopy with the viability stain SYTOX green revealed the

damaged membranes of several cells after (U)HPH, which was confirmed by an improved lipid extractability

21
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with HI. Hence, an accurate definition of cell disruption (i.e. membrane damaging vs. disintegration of the cell

wall) for a specific application is crucial in order to select appropriate (U)HPH conditions.
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