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• Mild acoustic disruption of T-iso has
been investigated.
• Growth stage and acoustic frequencies,
intensities and treatment times were
tested.
• 6x energy improvement compared to
industry standard under optimized
conditions.
• Highly tunable process which could suit
most microorganisms with minor
tweaks.
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Cellular agriculture could represent a more sustainable alternative to current food and nutraceutical production
processes. Tisochrysis lutea microalgae represents a rich source of antioxidants and omega-3 fatty acids essential
for human health. However, current downstream technologies are limiting its use. The present work investigates
mild targeted acoustic treatment of Tisochrysis lutea biomass at different growth stages and acoustic frequencies,
intensities and treatment times. Significant differences have been observed in terms of the impact of these
variables on the cell disruption and energy requirements. Lower frequencies of 20 kHz required a minimum of
4500 J to disrupt 90% of the cells, while only 1000 J at 1146 kHz. Comparing these results with current industry
standards such as bead milling, up to six times less energy use has been identified. These mild biomass processing
approaches offer a certain tunability which could suit a wide range of microorganisms with only minor
adjustments.

1. Introduction
Cell-based production of functional ingredients is getting increased

attention due to its more sustainable nature (Voutilainen et al., 2021).
This is mainly due to the decreased land requirements, especially highquality arable soils, as well as an overall smaller environmental footprint
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by needing less fresh water, fossil-based fertilizers, pesticides and her
bicides (Wijffels & Barbosa, 2010). However, energy intensive unit op
erations involved in these emerging biotech industries prevent most of
these technologies from taking off (Alavijeh et al., 2020). Some of these
are especially related to the downstream processing of the microor
ganisms employed, such as harvesting, water removal, cell disruption as
well as compound separation and purification. Thus, novel downstream
processing approaches need to be explored in order to circumvent these
issues.
Among the various downstream processing steps employed in a
microalgal biorefinery process, cell disruption represents a critical stage,
as most of the targeted compounds are stored within these cells. There
are different types of protective structures present around the cell
membrane such as calcified scales and coccoliths (plates of calcium
carbonate), glycocalyx (glycoproteins and glycolipids) and cell walls
(Zabed et al., 2019). The latter are further split into various groups based
on their composition and layout. Moreover, there are several subgroups
commonly described such as the glucosamine-rich (rhamnose and
galactose as the main sugars in the hemicellulose fraction) and the
glucosamine-free cell walls (mainly mannose and glucose in its sugar
fraction) (Postma et al., 2015). These characteristics, together with the
presence or absence of additional microfibrillar structures such as the
inner or outer layers, determine the mechanical properties of these cells
and their response to their treatment.
Due to the rigidity of most of these protective structures, especially
the cell walls and coccoliths, current cell disruption technologies rely on
mechanical forces driven by beads collision or high pressure, encoun
tered in bead milling and high-pressure homogenization (Gifuni et al.,
2019; Günerken et al., 2015). However, these approaches are harsh,
requiring significant amounts of energy and potentially degrading some
of the targeted compounds as soon as are released from the cells.
Throughout recent years significant emphasis has been directed towards
utilizing external fields such as electric, microwave and acoustic to
process microalgal cells (’t Lam et al., 2017; Vermuë et al., 2018). These
provide a milder, more targeted effect on the cells and their components
through a series of phenomena such as electroporation as well as
acoustic cavitation, streaming and resonance. This translates directly
into increase process flexibility and tunability with concomitant reduced
energy consumption (Mitra & Mishra, 2019).
Among these approaches, acoustic treatment of biomass has seen
increased interest over the last several years. Control of microalgal
blooms through low frequency sonication as well as efficient lipid and
protein extraction approaches using cavitation bubbles in conjunction
with classical solvents have been reported (Chia et al., 2019; Rokicka
et al., 2021). However, most of these studies focused on the inactivation
of these various microalgal species using standard ultrasonication ap
proaches at limited frequencies. Thus, a further look at the mild
disruption potential of acoustic forces under different frequencies and
intensities, as well as their correlation with the microalgal culture stage
and composition is required to understand these interactions and
develop an energy-efficient acoustic processing technology.
Tisochrysis lutea (previously named as Isochrysis galbana: T-Iso) is a
marine flagellate microalgal species currently used as natural supple
ment in aquaculture feed (Bendif et al., 2013). Recently, this species has
been intensively investigated as a source of fucoxanthin and long-chain
omega-3 polyunsaturated fatty acid (namely, DHA) in human nutrition
(Gao et al., 2021). Fucoxanthin is receiving high attention due to its
biological properties, including anti-obesity, antioxidant and antidia
betic effects (Guo et al., 2019; Maeda et al., 2018). Moreover, DHA is
associated with numerous health benefits, such as improving cardio
vascular condition and promoting fetal development (Swanson et al.,
2012). Furthermore, T-Iso lacks a dense cell wall, which makes it an
ideal candidate for biotech applications as it simplifies the subsequent
downstream steps (Gao et al., 2020b). However, until today, limited
research was performed on the downstream process of T-Iso biomass.
The present manuscript tackles for the first time the impact of

acoustic treatment of T-Iso biomass under different frequencies, in
tensities and culture conditions. This is critical for determining the op
portunities of such approaches in the context of a microalgal
multiproduct biorefinery and how it stands next to current benchmark
approaches. To achieve this, T-Iso microalgal cells in various stages of
their growth stage were subjected to acoustic frequencies ranging from
20 kHz to 1148 kHz under increased intensities and treatment periods.
The cell disruption rate and energy consumption of the system have
been consistently monitored and compared with the bead milling pro
cess, one of the current industry standards. By employing an advanced
statistical design of experiments approach, a deep understanding of the
interactions of the investigated factors can be achieved, as well as ac
curate predictions of the system behavior can be made to maximize or
minimize specific process responses such as disruption rates and energy
consumption.
2. Materials and methods
2.1. Microalgal cultures
Tisochrysis lutea microalgae, provided by NECTON, S.A. (Olhão,
Portugal), were cultivated throughout 25 days in 250 mL shake flasks
with approximately 100 mL of culture. The incubators were set to 25 ◦ C,
90 rpm, 0.2% (v/v) CO2, 16/8 day/night cycle and 90–130 µmol m− 2 s− 1
incident light. Natural seawater collected from the North Sea (The
Netherlands) was used as culture medium, enriched with 3.04 g L− 1
NaNO3 (Sigma-Aldrich), 2 mL/L NutriBloom (Phytobloom, NECTON)
micronutrient solution and 4.76 g L− 1 HEPES buffer (Sigma-Aldrich).
The pH of the medium was adjusted to 8.0 using NaOH and autoclaved
for 20 min at 121 ◦ C.
2.2. Bead milling treatment of T-Iso biomass
The bead milling cell disruption experiments were performed in a
horizontal stirred mill (Dyno-Mill Research Lab, Willy A. Bachofen AF
Maschinenfabrik, Switzerland) operated in batch recirculation mode
(Postma et al., 2017). The equipment consists of a milling chamber
(Vchamber = 79.6 mL) with the electrical engine rotating the central shaft.
The T-Iso microalgal suspension was fed through a funnel to a worm
screw mounted on the same central shaft. Inside the funnel, a stirrer was
placed and the beads were accelerated in a radial direction, opposite to
the central shaft, using a DYNO-accelerator (Ø 56.2 mm). The heat
generated by the collisions of the beads is removed using an integrated
cooling jacket and coil placed inside the funnel, keeping the temperature
below 35 ◦ C. The microalgal suspension was separated with a sieve plate
placed at the outlet of the milling chamber. Yttrium stabilized Ø 0.4 mm
ZrO2 beads (Tosoh YTZ®) were used at a filling percentage of the milling
chamber of 80% v/v, specific density ρb equal to 6 g cm− 3 and a bulk
density ε of 3.7 g cm− 3. For each experiment, 185 mL of T-Iso suspension
was used with a concentration equal to 50 g L− 1, while the temperature
was set at 25 ◦ C. The energy use was determined through the total
required specific energy representing the total energy input related to
the total mass of the system (Eq. (1)).
Em =

E
M

(1)

where Em (kJ kg− 1) is the energy input per kg of dry processed biomass,
E (kJ) is the total energy input as measured by the system and M (kg) is
the total mass of processed T-Iso cells.
2.3. Acoustic treatment of T-Iso biomass
The acoustic processing of microalgal biomass was performed using
two distinct pieces of equipment, a single-frequency sonicator for the
lowest frequency employed, and a multifrequency system for the higher
2
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volume of the sample resulted in the biomass concentration in g L− 1. All
measurements were performed in triplicate.

ones. Thus, a Q500 sonicator and a Microtip probe of 1.6 mm (Qsonica)
was used to treat T-Iso cells at a standard frequency output of 20 KHz.
The microalgal samples collected at different cultivation stages were
diluted using filtered sea water to an optical density (OD750) of 0.4 and
split into 2 mL aliquots into 15 mL falcon tubes prior to sonication. All
the samples were sonicated in an ice bath with a pulse time of 10 s on
and 10 s off to prevent overheating. The higher frequency acoustic
treatment was performed using a multifrequency high power system
(Meinhardt Ultrasonics, Germany), consisting of a 500 mL glass cylinder
with a cooling jacket and a disk-type transducer. The system generates
function outputs of 578 kHz, 865 kHz and 1148 kHz at different power
levels. 250 mL of microalgal cultures diluted using filtered sea water at
an OD750 of 0.4 were treated under temperature control conditions
(22–25 ◦ C) to prevent overheating. Both equipment generate the
acoustic output at an intensity (power level) between 0% and 100% for
each of the frequency employed.
A central composite quadratic response surface (CCD-RSM) design of
experiments (DoE) was developed and implemented to predict the re
gion of maximum response for the investigated variables under different
process constrains. More specifically, influencing factors such as
acoustic frequency, intensity, treatment time and culture growth stage
were assessed to determine their interactions and effects on the T-Iso
microalgal cell disruption (Table 1). The experimental design was built
to exclude certain combinations of high sonication intensity and long
treatment times which were previously determined to be too harsh for
the T-Iso biomass used in the study. Replicates were included in the
matrix to determine the model error and reproducibility. This DoE
strategy limited the required number of experiments while at the same
time providing valuable information regarding the different effects and
interactions among these variables. Replicate points were used to
calculate the overall error of the model. The experimental design ap
proaches were developed and analyzed using Design-Expert 13 software
suite (StatEase Inc., USA).
The power entering the system was quantified through a calorimetric
set up, measuring the temperature increase of 250 mL water in 1-minute
intervals over 10 min at different intensities and frequencies. A water
density of 997.3 kg m− 3 was assumed to calculate the mass (m) and a
water heat capacity (c) of 4182 J kg− 1 K was used. The increase in
temperature (ΔT) over the time (Δt) allowed the calculation of the
power (P) through Eq. (2).
P=

cmΔT
Δt

2.4.2. Biomass pretreatment
Microalgal biomass was harvested at different points throughout the
growth period of the T-Iso cultures to analyze the biochemical compo
sition. The required volume of culture broth was estimated from the
OD750 and biomass concentration. The cell pellet was obtained after
centrifugation at 1200 g for 5 min and washed once with 0.5 M
ammonium formate. The biomass was stored at − 20 ◦ C in 50 mL Falcon
tubes. The headspace was flushed with nitrogen gas to reduce oxidation
and the lid was sealed with parafilm. Before analysis, the samples were
freeze-dried for approximately 13 h and stored at − 20 ◦ C. For further
analyses the dry pellets were ground to a powder, using a spatula.
2.4.3. Carbohydrates
Approximately 1 mg of the biomass powder was weighed in
Eppendorf tubes and lysed by adding 0.5 mL 2.5 M HCl and incubating
for 3 hours in a water bath at 100 ◦ C. To ensure homogenous lysis the
tubes were vortexed every hour. Once the samples cooled down to room
temperature, 0.5 mL of NaOH were added and the samples were
centrifuged for 10 minutes at 1200g. For the analysis, 50 µL of the su
pernatant were transferred into a glass tube and diluted with 450 µL
MilliQ water. The calibration curve was set up from 500 µL glucose
samples in a range of 0 to 0.1 g L− 1. 500 µL of a 5% phenol solution were
added to the standards and samples without mixing. Subsequently, 2.5
mL 95-98% sulfuric acid was dispensed in glass vials and incubated for
10 minutes at room temperature followed by 30 minutes in a water bath
at 35 ◦ C. The absorbance was measured at 483 nm, with the 0 g L− 1
glucose sample serving as the blank. The concentration of carbohydrates
was determined through the calibration curve and biomass weight. All
measurements were performed in triplicates.
2.4.4. Lipids
Depending on the growth stage, 5 to 10 mg of the biomass powder
was mixed with 1 mL chloroform:methanol mixture (2:2.5 v/v) inside
bead beating tubes and placed in the homogenizer (Precellys 24, Bertin
Instruments, France). The samples underwent 8 cycles of 60 s each with
120 s pause at 800 g. The lysed cells were subsequently transferred to 10
mL glass tubes by washing three times with chloroform:methanol
mixture (2:2.5 v/v) to minimize cell loss. The tubes were vortexed and
sonicated for 10 min at 80 kHz using an ultrasonic water bath (Sonation,
Germany). This step was repeated after adding 2.5 mL of Tris buffer (50
mM Tris + 1 M NaCl at pH 7.5). The samples were centrifuged for 5 min
(800 g, 15 ◦ C), resulting in a phase separation. The chloroform phase
containing the lipid extracts was recovered and evaporated under ni
trogen gas.
The subsequent methylation was performed by adding 3 mL meth
anol containing 5% (v/v) H2SO4, followed by the sample vortex and
incubation for 1 h at 100 ◦ C. Subsequently, 3 mL MiliQ water and 1 mL
hexane were added followed by the sample vortex and mixing for 15 min
in a test tube rotator. After centrifuging for 5 min at 800 g and 15 ◦ C, the
top hexane phase was transferred to gas chromatography (GC) vials and
analyzed using a Shimadzu GC, Japan. The inlet temperature was set to
250 ◦ C with hydrogen as carrier gas at a pressure of 81.7 kPa, a split ratio
of 0.1:1, and a total flow rate of 20 mL min− 1. The FID (flame ionization
detector) was operated at a temperature of 270 ◦ C with a hydrogen flow
rate of 40 mL min− 1, an air flow rate of 400 mL min− 1 and a helium flow
rate of 9.3 mL min− 1. The injection volume was set to 1 µL per sample,
including a pre- and post-wash of the injector with n-hexane. All mea
surements were performed in triplicates.

(2)

2.4. Biomass analysis
2.4.1. Biomass dry weight
Pre-weighed glass vials were used to measure the biomass concen
tration. The glass vials were washed and dried in the oven at 100 ◦ C for
24 h prior to adding 2–3 mL of T-Iso culture. The samples were centri
fuged at 1200g for 5 min, the supernatant discarded and the pellet
washed with 3 mL 0.5 M ammonium formate to remove the salts. After a
second centrifugation the supernatant was discarded and the obtained
biomass pellet dried overnight in the oven at 100 ◦ C. The difference
between the dried glass vial with and without sample, divided by the
Table 1
The influencing variables and their levels investigated within the quadratic
response surface design of experiments study to determine their second-level
interactions and direct impact on the T-Iso microalgal cell disruption.
Variables

Units

Type

Subtype

Minimum

Maximum

Acoustic
frequency
Acoustic intensity
Treatment time
Culture stage

kHz

Numeric

Discrete

20

1148

%
Seconds
Days

Numeric
Numeric
Categoric

Discrete
Discrete
Nominal

20
10
4

80
600
20

2.4.5. Proteins
Approximately 3 mg of freeze-dried biomass was dissolved in 1 mL of
0.4 M NaOH and incubated for 30 min at 100 ◦ C. The samples were
centrifuged for 10 min at 1500 g and the supernatant was diluted
3

I. Zoltan Boboescu et al.

Bioresource Technology 360 (2022) 127582

twofold with 0.4 M NaOH. A concentration range of 0–1.4 mg mL− 1 BSA
was prepared from a 2 mg mL− 1 BSA standard in 0.4 M NaOH by diluting
with a 60 mM Tris, 2% SDS lysis buffer (pH 9). The analysis was per
formed using a protein assay kit, Bio-Rad Dc in 96-well microplates. In
brief, reagent A’ was prepared with 1 mL of reagent A and 20 µL of re
agent S. First, 10 µL of each sample and standard was transferred into the
microplates followed by the addition of 25 µL of reagent A’ and 200 µL of
reagent B. The plates were covered with aluminum foil and incubated
for 30 min. The absorbance at 750 nm was subsequently measured using
an Infinite (Tecan, Switzerland) microplate reader. All measurements
were performed in triplicates.

rates. All measurements were performed in triplicates.
2.5. Statistical analysis
The developed CCD-RSM models were subjected to Analysis of
variance (ANOVA) tests to determine the highest order polynomial
where the investigated terms are significant and the model is not aliased.
A quadratic vs two-factor interactions model was suggested based on a
detected p-value of bellow 0.0001. The overall model F-value of 131.67
implies the model is significant as there is only a 0.01% chance that a
value this large could occur due to noise (Table 3). The calculated pvalues bellow 0.05 indicate model terms which are significant. In this
case, all of the investigated variables as well as most of their interactions
are significant model terms. The Lack of Fit F-value of 2.41 implies it is
not significant relative to the pure error. There is a 25.09% chance that
an F-value this large could occur due to noise. This suggests that the
developed model adequately fits the obtained data and can be used to
make predictions regarding the process outcomes. The obtained Pre
dicted R2 value of 0.8721 is in reasonable agreement with the Adjusted
R2 of 0.9866, suggesting the model is not overly complex and does not
contain too many independent variables. Moreover, the Signal to Noise
ratio of 37.544 further indicates the model can be used to navigate the
design space.

2.4.6. Acoustic properties of T-Iso microalgae
The density (not to be confused with cell concentration) and
compressibility (derived from the particle speed of sound) of individual
cells were determined indirectly using the neutrally buoyant state of
intact T-Iso cells (Cushing et al., 2017). In brief, Percoll solutions contain
5 ✕ GR Buffer, Isoascorbate buffer, PCBF solution and water were made
at increasing concentrations (Table 2). The culture samples were diluted
with sea water to an OD750 of 0.4 and 1 mL was transferred to a 1.5 mL
Eppendorf tube and centrifuged at 4500 g for 5 min with the supernatant
being subsequently discarded. The obtained cell pellets were gently
resuspended in Percoll solutions of different concentrations and centri
fuged at 4500 g for 5 min. The Percoll concentration in which the
microalgal cells are still uniformly suspended and do not form a pellet
nor float on the top the tube, is considered the concentration where the
cells are in a neutrally buoyant state. These solutions were subsequently
analyzed in triplicate using the DSA 5000 M density and velocity meter
(Anton Paar, Austria) and used to determine the acoustic contrast factor
of the culture in the neutrally buoyant state through Eq. (3).
ϕ=

5ρp − 2ρm βp
−
2ρp + ρm βm

3. Results and discussions
Microalgal disruption represents an important step in the down
stream processing of these organisms as the cells need to be dis
integrated to access the compounds of interest stored within them.
However, mild extraction approaches are desired to ensure the struc
tural integrity and thus the functionality of the targeted molecules, as
well as to prevent unnecessary energy over-use. Thus, T-Iso had been
cultivated for 25 days and subjected throughout their growth stages to
benchmark disruption strategies, such as bead milling, as well as
acoustic treatments at various frequencies, intensities and processing
times. A DoE strategy was developed and employed to reveal the in
teractions and effects of the investigated variables in terms of the cell

(3)

where ϕ is the acoustic contrast factor, ρ the density and β the
compressibility of the particles (p) and the medium (m) they are sus
pended in (Olofsson et al., 2020).
2.4.7. Biomass disruption analysis
The disintegration percentage of the T-Iso cells was measured using a
Beckman Coulter Multisizer III (Beckman Coulter, Fullerton USA) with a
fixed aperture of 50 μm. Throughout the bead milling and acoustic
disruption experiments, samples of 10 μL were collected and transferred
into a 1.5 mL Eppendorf tube and diluted with 990 μL of PBS buffer.
From the diluted solution, 200 μL was removed and placed in a cup
along with 19.8 mL of Coulter Isoton II. The final diluted sample with
isoton was used to measure the cell diameter range. The undisrupted cell
distribution size was calculated and the total intact cell number per mL
of sample determined through integration along the distribution curve
(see supplementary material). The same distribution curves were ob
tained for all the disrupted samples and compared with the undisrupted
control, revealing the remaining number of intact cells and thus the
disintegration percentage. An Olympus ix70 Inverted Fluorescence &
Phase Contrast Tissue Culture Microscope was used in combination with
EVOS™ M7000 Imaging System (Olympus Life Science Solutions and
ThermoFisher Scientific respectively) to confirm the cell disintegration

Table 3
ANOVA test for the quadratic RSM model describing the impact of process
variables such as the T-Iso growth stage and acoustic wave properties, and their
second-level interactions on the cell disruption rate.

Table 2
Composition of the Percoll solutions in respect to the desired
concentration.
Solution

Volume (mL)

5 ✕ GR Buffer
Isoascorbate buffer
PCBF solution

2.36
0.13
Concentration(%) • Volume
100
Fill up to 13.12 mL

Water

4

Source

Sum of
Squares

Mean
Square

F-value

p-value

Model

82.79

6.37

131.67

12.23

12.23

252.90

11.04

11.04

228.18

15.60

15.60

322.56

<
0.0001
<
0.0001
<
0.0001
<
0.0001
0.0015

A-Acoustic
frequency
B-Acoustic
intensity
C-Treatment
time
D-Culture
stage
AB
AC
AD
BC
BD
CD
A2
B2
C2

0.9017

0.9017

18.64

0.0753
0.6164
0.3244
0.3713
0.0472
0.3980
0.7362
0.6663
3.47

0.0753
0.6164
0.3244
0.3713
0.0472
0.3980
0.7362
0.6663
3.47

1.56
12.74
6.71
7.68
0.9757
8.23
15.22
13.78
71.70

0.2406
0.0051
0.0270
0.0198
0.3466
0.0167
0.0030
0.0040
<
0.0001

Residual
Lack of Fit

0.4837
0.0004

0.0484
0.0001

2.41

0.2509

Pure Error

0.0001

0.0000

Significant

Not
significant
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The dramatic increase in the pigment content, especially the fuco
xanthin, is a common phenomenon in T-Iso cultures, as a response to the
increased cell density which is reaching 4 g L− 1 by the end of the
cultivation period (Gao et al., 2020a). Similarly, this could also trigger
the TFA increase, together with the decline of the nitrogen source pre
sent in the culture medium, which activates the accumulation of lipid
droplets and other fatty acids within the T-Iso cells. However, the slight
decrease in carbohydrate content towards the latter growth stages could
suggest that the fluctuations in the biomass content are mostly triggered
by the reduced light availability as the cultures become denser (Eli
sabeth et al., 2021). The relatively constant protein content observed
throughout their growth is common to T-Iso, which are not commonly
associated to cell stress (Amorim et al., 2021). These biomass fluctua
tions also explain the dramatic decrease in the acoustic contrast factor of
the T-Iso cells. Most notably, the 53% increase in TFA is considered the
main culprit, as the microalgal lipids have a strong negative acoustic
contrast factor (Gómez et al., 2018).
There is a strong fluctuation in the overall biomass composition
throughout the cultivation period of T-Iso. Most notably, components
associated with increased culture density and light limitation, such as
pigments and storage compounds like lipids and starch, manifested the
most significant changes. These dramatic fluctuations impacted also
other cell properties such as their acoustic contract factor, which could
significantly influence the subsequent biomass processing strategies and
intensities.

disruption efficiency. This allowed the prediction of different scenarios
in which the biomass disintegration rates were maximized while mini
mizing the energy requirements.
3.1. Biomass composition
Throughout the different growth phases, i.e. lag, exponential and
stationary, microalgal cells go through a series of physiological and
morphological changes which will ultimately impact their physical
characteristics as well as composition. Thus, these modifications have to
be carefully evaluated in order to adequately understand their impact
not only on the production yields of certain compounds, but the pro
cessing strategy to follow. T-Iso biomass was cultured in batch mode
during the course of several weeks under conditions previously deter
mined as optimal in order to determine the various changes occurring
throughout its cultivation. Parameters such as biomass production,
changes in acoustic properties and accumulation of products such as
proteins, lipids, carbohydrates and pigments were monitored.
The T-Iso cellular growth rates remained relatively constant
throughout the cultivation period (Fig. 1, A). Even if an actual stagna
tion of the growth has not been achieved, the cultures have not been
extended as it would have been irrelevant for industrial processes which
tend to focus on relatively shorter growth periods of several days.
Moreover, extended culture times often are at risk of contaminants
which can affect and even mask the real biomass composition. In terms
of biomass composition, some notable changes have been observed
(Fig. 1, B). The most prominent change is the 66% increase observed in
the total pigment content, especially fucoxanthin, which went from the
initial 1.01% of the microalgal dry weight (DW) to a final 1.42% DW.
Similarly, a 53% increased accumulation of total fatty acids (TFA) by the
T-Iso cells was observed, from an initial content of 8.9% DW to a final
value of 13.6% DW. On the other hand, a 26% decrease in carbohydrate
content was observed throughout the T-Iso cultivation period, going
from 21% DW to 15.5% DW. Only a 3% decrease in the total protein
content was observed, from 27.6% DW to 26.7% DW by the end of the
cultivation period. Additionally, the acoustic contrast factor, which is a
function of cell density and compressibility, decreased throughout the
cultivation period.

3.2. Bead milling
Prior to the recovery of their components, microalgal cells must be
disrupted in order to make their content available to the subsequent
solvent-based extraction and fractionation. Presently, biomass bead
milling represents an industry standard in the microalgal processing,
alongside high-pressure homogenization. Thus, T-Iso biomass was sub
jected to a bead milling disruption strategy at various velocities and
treatment times to establish a processing benchmark and a reference
point for comparison. The cell disruption rate and energy consumption
were determined throughout these different milling intensities to iden
tify the optimal process conditions. As this is a harsh biomass treatment
strategy, the cell culture stage was not considered as an influencing
factor.
Even if the T-Iso cell disruption rate increased directly with both the
tip velocity as well as the treatment time, these parameters influenced
radically different the process (Fig. 2, A). For instance, the bead milling
time manifested a dramatic impact on the cell disruption, with most of
the microalgal biomass being completely disrupted after 200 s. The tip
velocity on the other hand seems to impact the process only marginally.
Combinations of lower treatment times and tip velocities of 5.5 m s− 1
yielded higher disruption rates than other velocities at the same treat
ment duration. However, only when combining the highest tip velocities
with the longer treatment times, constant 100% disruption rates have
been observed. The energy consumption profile shows requirements of
up to 50 kWh kg− 1 biomass at these maximum treatment conditions
(Fig. 2, B). These however decrease sharply as the tip velocity and
treatment time are reduced.
T-Iso lacks a cell wall and thus is easier to be disrupted as compared
to most of the other microalgal species. However, relatively severe bead
milling treatment conditions were required to completely disrupt them.
Even if the treatment time seems to have the most dramatic impact on
the cell disruption rate, a maximum cell disintegration constant was
observed at medium velocities when smaller milling times were
employed. This suggests that indeed there is an optimal point regarding
this parameter, which is potentially masked as the treatment times are
increased. This is indeed supported by previous research which observed
strong interactions among the tip velocity, beads size and biomass
concentration regarding the disruption of several different microalgal
species (Postma et al., 2017). The shear high severity of bead milling at

Fig. 1. T-Iso microalgae culture dynamics. The biomass production throughout
20 days of cultivation and the decrease of the acoustic contrast factor of these
cells (A). Changes in T-Iso biomass composition throughout the cultivation
period (B). n = 3 samples per collection point.
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or indirectly in various ways. These can lead to a milder and more tar
geted cell disruption strategy, with lower energy requirements. Thus, TIso biomass was subjected throughout its culture period to acoustic
treatments of various frequencies, intensities and duration in order to
determine the most efficient cell disruption approach. Parameters such
as cell disruption rates and energy consumption were monitored
throughout the acoustic treatment experiments.
Significant cell disruption effects were observed throughout the
acoustic treatment of T-Iso biomass, both spanning the 4 different
investigated frequencies, as well as within each frequency, based on the
treatment parameters and culture stage. For instance, the lowerfrequency acoustic treatment of 20 kHz resulted in the complete
disruption of T-Iso cells after only 40 s of sonication (Fig. 3, A). This is
significantly shorter than the treatment times of more than 5 min
required to achieve the same disruption rate at the higher frequencies of
578 kHz, 865 kHz and 1148 kHz (Fig. 3, B - D). Moreover, among these
latter three, the highest frequency of 1148 kHz appears to generate an
overall higher cell disruption rate within the investigated acoustic in
tensity and treatment times. All four frequencies manifest a clear trend
regarding the strong correlation between higher treatment intensity and
duration, with the highest cell disruption rates.
Moreover, the T-Iso culture phase resulted in somewhat different
responses when subjected to the investigated acoustic treatments. The
older cultures (20 days cultivation period) were more responsive to the
treatment at the lowest frequency of 20 kHz, as opposed to the younger,
exponential cultures (Fig. 4, A). Interestingly, the opposite was observed
in the case of the higher frequencies of 578 kHz, 865 kHz and 1148 kHz,
where the younger cultures seem to be slightly more prone to acoustic
disruption (Fig. 4, B - D). However, this tendency is less prominent as the
frequency is increased to 1148 kHz, especially under lower treatment
intensities when the differences between T-Iso culture phases are not
significant. Thus, the biomass treatment at the highest investigated
frequency of 1148 kHz resulted in the complete disruption of microalgal
cells regardless of the culture age.
The significant differences documented throughout the acoustic
treatment of T-Iso biomass using various frequencies are explained by
their different modes of action. For instance, lower frequency sound
waves trigger the formation of cavitation bubbles which expand and
collapse until they become unstable and violently implode, creating
shear forces, heat and free radicals (Asadi et al., 2019). These strong
local forces tear the microalgal cells apart, releasing their components.
However, the co-generated heat and free radicals could denature and
chemically interact with the extracted molecules, impacting their
functionality (Beigbeder et al., 2021). On the other hand, higher fre
quency acoustic fields generate less of these cavitation bubbles. Their
disruption mechanism mainly relies on exciting the mechanical reso
nance of the cells. It has been determined that higher frequency acoustic
fields are near the resonance frequency of microalgal cells or their gas
vesicles (Pelling et al., 2004). This could explain why certain fre
quencies, such as 1148 kHz in the case of T-Iso, lead to better cell
disruption rates as opposed to the lower ones.
These same phenomena could also explain the differences seen in
terms of cell disruption based on their culture phase. The significant
changes in cell composition observed throughout the T-Iso cultivation
changed their mechanical properties such as density and compress
ibility, impacting their response to these acoustic treatments. The lowest
frequency of 20 kHz relies more on the shear forces generated by the
implosion of the cavitation bubbles to disrupt these cells. This could
explain why the T-Iso cultures in later stages, characterized by bigger
cells as they accumulate TFA, and a lower acoustic contrast factor, are
more readily disrupted at these frequencies. On the other hand, the
higher employed frequencies of 1148 kHz, which rely more on exciting
the specific cell and vacuole mechanical resonance, are less impacted by
the T-Iso cell composition.
Although at an initial glance one might be inclined to conclude that
the lower acoustic treatment frequencies of 20 kHz are significantly

Fig. 2. Bead milling treatment of T-Iso microalgal biomass. T-Iso biomass
disruption rate using 0.4 mm beads (A). Energy consumption requirements for
disrupting 1 kg of dried T-Iso biomass at exponential growth phase using the
investigated bead milling conditions (B).

prolonged periods of time ensures these relatively delicate cells are
broken regardless of the tip velocity. An optimal treatment condition has
been identified in terms of both the biomass disruption rate as well as the
energy requirements, at around 180 s treatment time and 4.5 ms− 1 ve
locity, resulting in an energy consumption of 14 kWh kg− 1 dried T-Iso
biomass.
Bead milling is a well-understood biomass disruption process able to
transfer to microalgal cells high amounts of kinetic energy from the
numerous beads colliding inside the system (Garcia et al., 2019; Postma
et al., 2015). This leads to an efficient disruption, especially in the case
of cells protected by a dense cell wall. However, T-Iso lacks these pro
tective structures, and thus there might not be a need for such high
energy requirements, which could go upwards to 50 kWh kg− 1 dried
biomass under unoptimized settings. Moreover, these harsh conditions
could alter the structural and functional properties of the targeted
components, impacting their overall quality. Thus, milder disruption
strategies should be explored in order to make this critical part of the
biomass downstream processing more efficient.
3.3. Multi-frequency acoustic disruption
Acoustic fields trigger a series of phenomena such as cavitation,
streaming and resonance which can impact the microalgal cells directly
6
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Fig. 3. Acoustic disruption of T-Iso microalgal biomass. The biomass disintegration at 20 kHz (A), 578 kHz (B), 865 kHz (C) and 1148 kHz (D) is represented as a
function of acoustic intensity (power level of function output) and treatment time. The results are normalized with regards to the culture stage.

concentrations, the lowest T-Iso cell treatment frequency of 20 kHz re
1
1
quires around 15 kWh kg−DW
and 10 kWh kg−DW
for the early (4 days) and
late (20 days) culture stage respectively (Fig. 6). These energy re
quirements sharply decrease as the treatment frequency increases,
1
reaching the lowest values at 1148 kHz when only 2.5 kWh kg−DW
and 3.3
− 1
kWh kgDW are required for the early and late culture phase respectively.
Most of these values are considerably below the bead milling benchmark
1
of 14 kWh kg−DW
. Due to the harshness of the treatment, the bead milling
disruption did not show significant differences between the different TIso growth phases.
The trends observed in terms of the amount of energy required to
disrupt the T-Iso cells indicate that different energy inputs are needed,
based on the applied frequency. These observations refer back to the
mechanical characteristics of these cells and that the higher frequencies
employed are closer to the resonance frequency of T-Iso. On the other
hand, lower frequencies rely on “brute force” to disrupt these cells
through shear forces, micro-streaming and micro-jetting triggered by
the violent collapse of cavitation bubbles. These phenomena have been
observed on other microalgal species such as Chlamydomonas concordia,
where 7000 J were needed to disrupt 80% of the cells at 20 kHz, while
only 1500 J were required at 1146 kHz (Yamamoto et al., 2015). This is
in agreement with the present study where between 4500 J and 6600 J
were required to disrupt 90% of the T-Iso cells at 20 kHz, while 1000 J
and 1500 J were required at 1146 kHz. The slightly lower energy re
quirements observed in this study are attributed to the fact that T-Iso
lacks a dense cell wall, being protected only by calcified scales which
provide a lower mechanical resistance (Chen, 2003).
The relatively low impact of the acoustic treatment frequency on the
energy consumption requirements, while at the same time having a
dramatic effect on the cell disruption rates, opens a wide range of pro
cess implementation opportunities. Besides the milder nature of the high
frequency acoustic disruption, more targeted and thus efficient strate
gies can be developed and fine-tuned based on the particularities of the
microalgal species employed. This will further reduce the energy con
sumption as well as lead to the development of highly versatile systems
easily adaptable to various microorganisms by just changing the process
frequency and intensity. Sonication studies performed on Schizochytrium

more efficient as the required processing duration is a factor of magni
tude shorter than the higher frequencies, these observations could be
misleading. By the nature of its design, the lower frequency system was
used to process considerably less biomass as compared to the higher
frequency system. Thus, the results need to be adequately framed in
terms of their effect per unit of dried biomass to obtain a true compar
ison regarding the process efficiency.
3.4. Disruption efficiency and energy requirements
Energy requirements represent an important part of any process,
having a big impact on the operating expenses. Thus, it is important to
precisely determine these aspects when proposing novel processing
approaches, and how it compares with current practices. Thus, the
power consumption was determined for each of the four employed
acoustic frequencies under different intensities in order to determine the
energy requirements associated to T-Iso treatment. The acoustic treat
ment conditions where at least 90% of the cells were disrupted were
compared to the bead milling process, considered one of the industry
standards.
A slight increase in power requirements was observed when
comparing the different acoustic frequencies employed to disrupt the TIso. The difference averaged between 0.7 W and 4.83 W between the
lowest frequency of 20 kHz and the highest frequency of 1148 kHz,
across the different treatment intensities (Fig. 5). The most dramatic
power consumption however came with the increase in acoustic in
tensity, from an average of 0.8 W at 30% intensity, to an average of 14.2
W at 80% intensity. Performing the acoustic disruption essays through a
CCD-RSM design of experiments approach allowed the prediction of
conditions where the cell disruption rate is maximized while the energy
requirements minimized. Thus, 20 kHz at 30% intensity with 57 s and
37 s treatment time results in more than 90% disruption rate for the
early and late T-Iso cultures respectively. On the opposite, 1148 kHz at
80% and 70% intensity with 1.2 and 2.9 min of treatment time results in
more than 90% disruption rate for the early and late T-Iso cultures
respectively (see supplementary material).
When accounting however for the treated sample volumes and cell
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Fig. 4. Interactions among the acoustic intensity and T-Iso culture phase and its implications on the cell disruption rate. The biomass treatment at 20 kHz (A), 578
kHz (B), 865 kHz (C) and 1148 kHz (D) under increasing acoustic intensity is represented for both early as well as late T-Iso microalgae cultures.

Fig. 5. Power requirements during acoustic treatments at different frequencies and intensities. There is a dramatic increase in energy usage as the treatment intensity
(power level of function output) is increased. The different frequencies employed appear to only contribute minimally to the overall energy use. n = 3 reads per
treatment condition.
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Fig. 6. Comparison among different T-Iso biomass treatment strategies. Bead milling, one of the industry benchmarks, is compared to acoustic disruption of T-Iso
biomass at optimal scenarios which predict at least 90% disruption rates for each of the investigated frequencies and culture phase. Bead milling is represented only
for T-Iso cultures in their early exponential phase as there is no significant difference among various growth stages due to the harshness of the treatment.

limacinum and Chlamydomonas reinhardtii microalgae species further
emphasize the importance of process tunability in order to avoid the
degradation of the released products through excessive heat or oxidation
(Gerde et al., 2012). Moreover, even if the initial capital expenditure
costs associated to these acoustic systems are higher than current bead
milling or high-pressure homogenization technologies, the lack of
moving parts and consumables, high-tunability and overall operational
simplicity could translate into lower overall operating expenses.
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4. Conclusions
The complex interactions occurring among T-Iso cell composition
and properties, and the acoustic frequency, intensity and treatment time
with regards to the cell disruption were revealed. Moreover, the energy
requirements were stacked against those of classic cell disruption ap
proaches such as bead milling. The acoustic treatments under optimized
conditions require five to six times less energy than current industry
standards, while providing higher process tunability and flexibility.
These milder extraction conditions preserve the structure and func
tionality of microalgae components. The results could lead to the widescale adoption of T-Iso microalgae for the production of highfunctionality food and nutraceutical ingredients.
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