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A B S T R A C T   

Pulsed electric field (PEF) processing has emerged as an alternative to thermal pasteurization for the shelf-life 
extension of heat-sensitive liquids at industrial scale. It offers the advantage of minimal alteration in physico-
chemical characteristics and functional properties. In this study, a pilot-scale continuous PEF processing (Toutlet 
< 55 ◦C) was applied to microalgae Chlorella vulgaris (Cv) suspensions (pH = 6.5), which was proposed as a 
functional ingredient for plant-based foods. Cv suspensions were inoculated with three distinct food spoilage 
microorganisms (Pseudomonas guariconensis, Enterobacter soli and Lactococcus lactis), isolated from the Cv 
biomass. PEF treatments were applied with varying electric field strength Eel of 16 to 28 kV/cm, pulse repetition 
rate f of 100 to 140 Hz, with a pulse width τ of 20 μs and an inlet product temperature Tin of 30 ◦C. The aim was 
to evaluate the PEF-induced microbial reduction and monitor the microbial outgrowth during a 10-day cold 
storage period (10 ◦C). Maximum inactivation of 4.1, 3.7 and 3.6 logs was achieved (28 kV/cm and 120 Hz) for 
the investigated isolates, respectively. Under these conditions, the critical electric field strengths Ecrit, above 
which inactivation was observed, ranged from 22.6 to 24.6 kV/cm. Moreover, repeated PEF treatment resulted in 
similar inactivation efficiency, indicating its potential to enhance shelf-life further.   

1. Introduction 

While consumers demand safe and fresh food with high quality and 
organoleptic properties, there is an urgent need to mitigate the food 
processing impact on the environment. In this context, pulsed electric 
field (PEF) technology has emerged as an alternative to traditional 
pasteurization methods for achieving non-thermal microbial inactiva-
tion in heat-sensitive liquid foods (Toepfl et al., 2006), preserving the 
physicochemical characteristics of the product, such as color or func-
tionality. The PEF preservation of foods such as fruit or vegetable juices, 
milk, liquid egg, and nutrient broth have been intensively studied and 
gave satisfying results, where microbial inactivation was achieved at 
temperatures below 60 ◦C (Cavalcanti et al., 2023; Garner, 2019; Roo-
bab et al., 2018; Witt et al., 2020). Typically, PEF pasteurization in-
volves 1) gentle pre-heating (20–55 ◦C), 2) exposing the liquid to an 
external electric field Eel of 10–40 kV/cm, 3) cooling and 4) aseptic 
packaging (Alirezalu et al., 2020; Yan et al., 2021). An electrical field is 

generated by applying high-voltage short pulses (1–100 μs), with energy 
input ranging within 50–8000 kJ/kg (Timmermans et al., 2022). This 
process leads to a loss of microorganism viability by inducing membrane 
electroporation. The outcome of electroporation, whether reversible or 
irreversible, depends on numerous variables, including electric field 
strength, treatment duration, temperature, microbial strain, media 
composition, pH, and conductivity (García et al., 2006, 2007; Schottroff 
et al., 2019; Wang et al., 2018). Consequently, the efficiency of inacti-
vation and the capability of the microbial cells to survive and recover 
from the treatment are affected. The implications of this phenomenon go 
beyond food safety considerations. PEF application is also used to pre-
serve microbial stability and extend the shelf-life of liquid products 
while maintaining their native properties (Schilling et al., 2008). 
Nevertheless, PEF encounters limitations (Arshad et al., 2021). The 
treatment of liquids with a neutral pH and protein-rich composition is 
challenging since proteins might accumulate on electrode surfaces 
(Meneses et al., 2017) or play a protective role in the inactivation of 
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microorganisms (Jaeger et al., 2009; Schottroff et al., 2019; Schottroff & 
Jaeger, 2020). Recently, Alzahrani et al. (2022) investigated the pres-
ervation of neutral plant-based protein liquids containing whey protein 
concentrate and soy protein isolate. Furthermore, prior studies showed 
the advantages of PEF over thermal treatments in retaining the prop-
erties and nutritional quality of plant-based beverages (Elez-Martínez 
et al., 2017; Picart-Palmade et al., 2019). Nevertheless, to the best of the 
authors’ knowledge, the application of PEF for the non-thermal 
pasteurization of neutral microalgae suspensions remains unexplored. 
This study introduces a novel approach for the intermediate preserva-
tion of microalgae suspensions, intended for use in subsequent food 
formulations, as illustrated in Fig. 1. Recently, De Gol et al. (2023) 
successfully incorporated fresh microalgae into pea-based formulations, 
resulting in a nutritionally enhanced and structurally non-significantly 
modified meat substitute. By utilizing the microalgae in its liquid form 
and eliminating the drying process, the final product’s environmental 
footprint is reduced. This aligns with ongoing efforts to develop more 
sustainable foods, particularly high-quality meat substitutes (Fu et al., 
2021; Grahl et al., 2018; Van der Goot et al., 2016). However, liquids are 
more prone to spoilage than powder due to their high-water activity. We 
hypothesized that applying PEF on such microalgae suspensions could 
yield sufficient microbial reduction and minimal microbial growth 
during refrigerated storage. 

2. Material and methods 

2.1. Microalgal suspension 

Microalgae were heterotrophically cultivated by Phycom (The 
Netherlands) using a patent-protected yellow Chlorella vulgaris (Cv) 
UTEX 30 strain (Uran et al., 2021) and kindly donated by Alver AG 
(Switzerland). Directly after harvesting, the biomass was centrifuged for 
concentration, packed, frozen, and sent via refrigerated transport in 
insulated boxes (DHL Group, Germany). Microalgae biomass was 
received as a frozen slurry of 25.0 ± 0.2 % dry matter and pH 6.4 ± 0.1. 
It was stored at − 20 ◦C until use and transferred to a cold room (4 ◦C) the 
day before the trial for defrosting. Moisture content was determined 
using a rapid moisture analyzer (HC103 Mettler-Toledo, Switzerland) at 
the conditions of 120 ◦C, initial mass of 2 g, and stop criteria of 1 mg/50 
s. The biomass was diluted to 14 % (w/w) dry matter with deionized 
water and used for characterizing its thermal properties (sections 2.2.1 
and 2.2.2). Additionally, the biomass was diluted to 2 % (w/w) dry 
matter and pasteurized (85 ◦C, 5 min) using a custom-made tubular heat 
exchanger (3 twisted tubes of 3 m long, 1 cm internal diameter). The pH 
and conductivity were measured using a pH/conductometer 914 (Met-
rohm, Switzerland). The variation of the conductivity at 2 % (w/w) dry 
matter with temperature (20, 25, 30, 35, 40, 45, 50, 55 ◦C) was 
measured and expressed as: 

σ(T) = σR⋅(1 + bR⋅T) = 4⋅10− 4⋅(1 + 0.01⋅T) (1)  

With the referential conductivity σR (S/cm) and the temperature coef-
ficient bR(K− 1). Finally, the specific heat capacity cp (kJ/kg⋅K) of the Cv 
suspension at 2 % (w/w) dry matter was approximated using the 
compositional information provided by Alver AG (Switzerland) and Eq. 
(2) (Kessler, 2002): 

cp =0.98⋅cp,water+0.005⋅cp,carbohydrate+0.011⋅cp,protein+0.004⋅cp, fat =4.13 (2)  

With the specific heat capacity for water, carbohydrates, protein, and fat 
approximated to 4.2, 1.4, 1.6 and 1.7 kJ/kg⋅K, respectively. 

2.2. Thermal degradation of microalgae 

2.2.1. Temperature sweep (T-sweep) 
Thermal treatments followed by thermo-mechanical analysis were 

performed on functional microalgae suspensions, and the results were 
used to identify the temperature window for PEF trials. 14 % (w/w) dry 
matter Cv suspensions were homogenized using a NS3006L ARIETE 
homogenizer (GEA Niro Soavi, Italy) (150 MPa, 5 ◦C, 1 pass) as 
described by De Gol et al. (2023) to enhance gelation capacity. A 
modular compact rheometer (MCR) model 302 (Anton Paar, Austria) 
equipped with a starch cell (C-ETD 160/ST) and a starch three-blade 
stirrer (ST24-2D/2V/2V-30) was used for thermal treatments. A sol-
vent trap kit was used to minimize moisture loss during the measure-
ments. The suspension was mixed at 160 rpm to ensure good 
homogeneity and heated at 20 ◦C/min up to the desired treatment 
temperature (50, 60, 70, 80 or 90 ◦C). The holding step was set for 30 s 
before cooling at 20 ◦C/min. The selected holding time was determined 
based on the duration required for the PEF-treated liquid to reach the 
cooling zone (20 s), with the inclusion of an additional safety margin 
(section 2.8.3). The thermally treated suspensions were directly used for 
T-sweep measurements to study their functionality, i.e., gelation ca-
pacity. A similar protocol was reported before (Rodriguez & Beyrer, 
2023). After reaching the equilibrium temperature at 20 ◦C, heating 
from 20 to 95 ◦C at a 6 ◦C/min heating rate, followed by a holding step at 
95 ◦C for 5 min, and a cooling step back to 20 ◦C at 6 ◦C/min were 
performed. The RheoCompass® software (Anton Paar, Austria) was used 
for data handling. The peak viscosity (µapp, peak) during the heating in-
terval was determined and used to compare the gelation capacity be-
tween the different thermally treated suspensions. The thermal 
treatments and T-sweep measurements were performed on the same Cv 
batch in duplicates and on two different days. 

2.2.2. Differential scanning calorimetry (DSC) 
Heat-induced protein denaturation was determined by DSC using a 

μDSC7 evo microcalorimeter (Setaram Instrumentation, France), as 
explained by De Gol et al. (2023). Briefly, a standard Hastelloy cylinder 
was filled with a 14 % (w/w) dry matter sample, and deionized water 
was used as the reference material. The system was purged with a 
constant nitrogen flow at around 0.1 MPa. The samples were scanned 
from 20 ◦C to 100 ◦C at a heating rate of 0.5 ◦C/min, held at 100 ◦C for 
10 min, and subsequently cooled to 20 ◦C at the same rate. The Thermal 
Analysis® Software package V. 1.46 (Setaram Instrumentation) was 
used to evaluate the peak maximum temperature value, Tpeak. The 
measurements were done on the same Cv batch in duplicate and on two 
different days. 

2.3. Microorganism isolation and identification 

The Cv suspension was diluted to 10 % (w/w) dry matter with 
maximum recovery diluent (MRD) (peptone salt solution: 1.0 g enzy-
matic digest of casein and 8.5 g sodium chloride in 1 L water) (Biolife, 
Italy) to maintain the viability of organisms during dilution procedures 
and stored for 6 days in a constant climate chamber (10 ◦C) (ICH260 

Fig. 1. Preservation route proposed in this study (tick arrows) versus thermal 
processing (thin arrows). MA: microalgae, PEF: pulsed electric field, RT: room 
temperature. 
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Memmert, Germany). Samples were collected at days 0, 3 and 6, serially 
diluted with MRD and inoculated on Petri dishes containing plate 
counting agar (PCA) (Biokar diagnostics, France). The plates were 
incubated at 10 ◦C for up to 9 days. Single colonies with different colony 
morphology were selected in duplicate and purified (three subsequent 
streaking on PCA plates, incubation (IPP 110PLUS Memmert, Germany) 
at 30 ◦C for 24 h). The plates containing pure colonies were sealed to 
avoid cross-contamination. Isolate identification was done by Mabritec 
SA (Switzerland) using MALDI-TOF MS. The spectra were analyzed 
using the SARAMIS SuperSpectra (SSp) tool and matched with the pu-
tative assigned protein masses for the identification database (PAPMID). 
In parallel, isolated species were grown in tryptic-casein soy broth (TSB) 
(Biokar diagnostics, France) in a shaking incubator (Excella E24 New 
Brunswick Scientific, USA) at 30 ◦C, 150 rpm for 24 h, mixed with 
glycerol at a ratio of 1:1 and stored at − 80 ◦C for further use in challenge 
testing. 

2.4. Microorganism selection 

Three microorganisms were selected for the study, based on their 
capacity to grow in microalgae suspensions at low temperature (10 ◦C). 
The biosafety level and the Gram type were also considered. The isolated 
species were freshly inoculated on PCA plates. Single colonies were 
transferred from the plates to 100 mL TSB and cultivated at 30 ◦C, 150 
rpm for 24 h. The initial inoculum size was estimated to be 109 cells/mL 
by microscopy (Olympus XC10, Carl Zeiss, Germany) using a Neubauer 
chamber of 0.02 mm depth and 0.0025 mm2 (Assistant, Germany). For 
the detection of growth dynamics, the inocula were diluted 105 times 
into microalgae suspensions (14 % (w/w) dry matter) and incubated at 
10 ◦C for 3 days without shaking. Sampling, serial dilution and plating 
were performed on days 0 and 3. The plates were incubated at 30 ◦C for 
24 h. 

2.5. DNA extraction and whole-genome sequencing (WGS) 

To validate the isolate identification, DNA extraction and WGS were 
performed to six microorganisms. The isolates were freshly inoculated 
on PCA plates. Single colonies were grown in TSB at 30 ◦C, 150 rpm for 
24 h. Inocula of 8.0–18.2 mL were centrifuged (9050 × g, 10 min, 20 ◦C) 
and approximately 350 mg pellets were collected. The pellets were 
resuspended in 978 µL sodium phosphate buffer and DNA was extracted 
using the FastDNA SPIN kit (MP Biomedicals, France), with a minor 
modification. After adding MT Buffer, the cells were lysed with Precellys 
24 and centrifuged for 40 s at 2500 × g. A quality control of the extracted 
DNA was done using Nanodrop and TapeStation. The sequencing reac-
tion was performed on a Flongle flow cell (FLO-FLG001, ID AOJ319) and 
a GridION device (Oxford Nanopore Technology, UK). Super-accurate 
base-calling was done to obtain readable sequence data (FASTQ file). 
The latter was analyzed using the EPI2ME FASTQ WIMP classification 
tool for microbial genes (Oxford Nanopore Technology, UK) (Imai et al., 
2020). The total classified reads and correctly classified species reads 
were recorded for species found with abundance > 1 %. 

2.6. Cultivation and viable cell count after thermal and PEF treatments 

The isolates were freshly inoculated on PCA plates. Single colonies 
were grown in TSB at 30 ◦C, 150 rpm for 24 h, and inocula were diluted 
in microalgae suspensions (2 % (w/w) dry matter) to reach an initial 
microbial load of approximately 106 colony forming units (CFU)/mL, 
noted as N0 after enumeration. The samples were used to determine the 
thermal and PEF resistance of the microorganisms (sections 2.7 and 
2.8.3). Each sample was stored in ice and plated within 2 h following 
thermal and PEF treatments. The serial dilutions were done with MRD, 
and at least three dilutions (50 μL) were plated. The colonies were grown 
on PCA plates at 30 ◦C for 24 h. Enumeration of colonies allowed to 
determine the inactivation level for each treatment, calculated as log10 

(N/N0), where N and N0 are the microbial concentrations (CFU/mL) in 
the treated and untreated samples, respectively. OriginLab® 2022b 
(OriginLab Corporation, USA) was used to generate log-reduction 
graphs. Cultivations, sample preparation, inactivation treatments and 
microbiological analysis were done in triplicate. 

2.7. Thermal treatments 

During PEF treatment, ohmic heating occurs, since the passage of the 
electric current in the food liquid generates heat. The thermal resistance 
of microorganisms was studied to control the ohmic effects and distin-
guish between electric and thermal inactivation effects. A modular 
micro reaction system (MMRS) (Ehrfeld Mikrotechnik GmbH, Germany) 
was used. The high surface-to-volume ratio of the system (2610 m2/m3) 
allowed very fast heating and cooling rates (Georget et al., 2013). Three 
coaxial heat exchangers (0.62 mL) in series allowed to reach the desired 
temperature (50, 55, 57, 59 and 61 ◦C) with a maximal heating rate of 
2 ◦C/s. The treatment temperature was maintained in the meander 
reactor (1.5 mL) before cooling down to 25 ◦C in a further coaxial heat 
exchanger. The module configuration is depicted in Fig. 2. 

The total dead volume, including the inlet/outlet of the heat ex-
changers, the temperature sensors, the insulation module, and the 
meander reactor, was calculated to be 2.5 mL. The liquid was pumped 
(Nikkiso pump, LEWA GmbH, Switzerland) at a flow rate of 7.4 mL/min 
(mini-Cori-Flow M14-ABD-22-0-S, Bronkhorst, Switzerland), leading to 
a total retention time of 20 s, corresponding to the holding time in the 
PEF system from the PEF cell to the cooling zone (section 2.8.3). The 
temperatures and flow rate values were monitored using the software 
LabView. Cultivations, sample preparation, thermal treatments and 
microbiological analysis were performed on the same Cv batch in 
duplicate on two different days. The detection limit was 1 organism/mL 
sample. Disinfection with 2 % (v/v) Deptil BC MAX (Kersia Schweiz AG, 
Switzerland) was conducted before each trial, and an alkaline solution of 
2 % (v/v) (sodium hydroxide, VC7, Clenebrite, Diversey, The 
Netherlands) was used for cleaning. 

The logarithmic reduction was plotted as a function of the treatment 
temperature. The critical temperature Tcrit was defined as the minimal 
value required to observe inactivation. It corresponds to the intercept 
between the x-axis and the regression line of the straight part of the 

Fig. 2. MMRS setup.1: inlet module, 2: pressure relief valve, 3: temperature 
sensor, 4: heat exchanger – heating (3 modules in series), 5: insulation module, 
6: meander reactor, 7: heat exchanger – cooling, 8: outlet module. The modules 
were attached to a heating base plate using clamping devices (blue) and 
separated by sealing plates. The figure was adapted from Ehrfeld Mikrotechnik 
GmbH, Germany. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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inactivation curve and was used as an indicator of the thermal resistance 
of the microorganisms. 

2.8. PEF treatments 

2.8.1. PEF setup 
The setup was composed of a pilot scale HVP-5 PEF machine (ELEA, 

Germany) containing a co-linear cell with a high-voltage electrode and 
two ground electrodes positioned down- and upstream of the powered 
high-voltage electrode (stainless steel 1.4301, inner diameter 1 cm). The 
electrodes were separated by spacers of 1 cm, resulting in a total treat-
ment chamber volume of 1.57 mL. The liquid was pumped through the 
system using a screw pump (Mono pump 3NU10, Socsil-Inter SA, 
Switzerland) with a geared motor (RD11, Ströber, Germany). The flow 
rate was manually adjusted via the gearbox and measured by an elec-
tromagnetic flowmeter (OPTIFLUX 6100, Krohne, The Netherlands). 
The custom-made tubular heat exchanger (3 twisted tubes of 3 m long, 1 
cm inner diameter) was used to heat up and cool down the product. Tap 
water served as heating and cooling liquid in the shell of the heat 
exchanger, and the heating water temperature was controlled with a 
Hotbox (HB120, Huber Kältemaschinenbau AG, Germany). Thermo-
sensors and a data acquisition system (LabView 2015) allowed to record 
the product’s in and outlet temperatures. The generator displayed the 
temperatures before and after the PEF treatment chamber. The flow-
chart of the setup, including heat exchangers, is represented in 
Figure A.1. 

2.8.2. PEF processing parameters 
High-voltage square pulses were applied to the samples. Square 

pulses are considered the best option for the inactivation of microor-
ganisms while minimizing ohmic effects (Li et al., 2023). The flow rate F 
was kept at 60 L/h, the microalgae concentration was kept at 2 % (w/w) 
dry matter, inlet product temperature Tin at 30 ◦C and the pulse width τ 
at 20 µs. For each selected microorganism (section 2.4), 15 different PEF 
inactivation conditions were tested by varying the pulse repetition rate f 
(100, 120 and 140 Hz) and the output voltage (50, 60, 70, 80 and 90 %). 
Samples were collected for 30 s to minimize the influence of process 
instabilities, such as fluctuation of the product flow rate. The Reynolds 
number was calculated using Eq. (3): 

Re = ρvD/μ (3)  

With the approximated dynamic viscosity μ = 0.001 Pa⋅s and density ρ 
= 1000 kg/m3 of Cv suspensions (2 % (w/w) dry matter). The average 
fluid velocity v is given in m/s. D is the pipe hydraulic diameter in m. 

Cultivations, sample preparation, PEF treatments and microbiolog-
ical analysis were done three times in parallel experiments and using the 
same Cv batch. The detection limit was 20 organisms/mL sample. After 
each experiment, cleaning in place was conducted on the system using 
an alkaline solution of 2 % (v/v) (sodium hydroxide, VC7, Clenebrite, 
Diversey, The Netherlands) and an acid solution of 1 % (v/v) (nitric acid, 
VA5, Pascal, Diversey, The Netherlands). Disinfection with 2 % (v/v) 
Deptil BC MAX (Kersia Schweiz AG, Switzerland) was conducted before 
each trial. 

2.8.3. Electrical inactivation kinetics 
The pulse amplitude (voltage U (V) and current I (A)), the electric 

field strength Eel (kV/cm) and the specific energy input Ws (kJ/kg) were 
monitored after 1 min treatment to ensure process stability. According 
to Raso et al. (2016), Eel and Ws are suitable parameters to consider 
when studying PEF-induced microbial inactivation. First, assuming a 
linear relation between the logarithmic reduction and Eel for a given 
treatment time t, the critical Eel value Ecrit can be defined (Hülsheger 
et al., 1981). Ecrit is the intercept between the x-axis and the linear 

regression line of the straight part of the inactivation profile. It corre-
sponds to the Eel required, at specific treatment time and temperature, to 
exceed the transmembrane potential threshold and cause electropora-
tion (Puligundla et al., 2018). Moreover, Ws can be calculated from Eel 
using Eq. (4) (Raso et al., 2016; Vaessen et al., 2019): 

Ws =
1
m

∫ ∞

0
U(t)⋅I(t)dt =

1
ρ

∫ ∞

0
σ(t)⋅Eel

2(t)dt (4)  

With the mass of the treated product m (kg), the voltage U (kV), the 
current I (A), the density ρ (kg/m3), the conductivity σ (S/m) and the 
treatment time t (s). Using Eq. (5), t can be expressed as a function of the 
number of pulses n and the pulse width τ (µs). 

t = n⋅τ = tr⋅f ⋅τ (5)  

With the pulse repetition rate f (Hz) and the residence time tr = Vchamber/

F (s), calculated from the volume of the PEF chamber Vchamber (m3) and 
the flow rate F (m3/s). tr equals 0.094 s at a flow rate of 60 L/h. The time 
for the PEF-treated liquid to reach to cooling zone was 20 s. Finally, the 
temperature increase ΔT due to ohmic heating can be calculated with 
Eq. (6): 

ΔT = Ws/cp (6)  

2.8.4. Pulse monitoring 
The PEF system measures the peak values of pulses (voltage and 

current). An oscilloscope (TDS 2024C Tektronix, USA) was connected to 
register the pulse shape. The pulse generator produces low voltage 
pulses (0–1.1 kV), while the transformer transforms initial pulses to high 
voltage (ratio of 1:24). 

2.9. Storage control 

Based on the results (section 2.8.3), suited PEF conditions (90 % 
output voltage, 120 Hz, 20 μs, 60 L/h, 30 ◦C) were chosen and used to 
study the microbial growth in PEF-treated suspensions during cold 
storage (10 ◦C). Microbiological analysis was performed each day for 10 
days. The untreated sample as well as an untreated and diluted (103 

times, to achieve similar inactivation effects obtained after PEF treat-
ment) sample were used as references to compare growth dynamics with 
PEF-treated samples. A second PEF treatment after two days of incu-
bation (10 ◦C) was applied to evaluate the potential of applying several 
PEF cycles, thus allowing for further shelf-life extensions. Cultivations, 
sample preparation, PEF treatments and storage control were done two 
times in parallel experiments and on the same Cv batch. The detection 
limit was 1 organism/mL sample. 

The growth curves were modelled using the “biogrowth R package” 
and an open-access interface (https://foodmicrowur.shinyapps. 
io/biogrowth) developed at Wageningen University (The Netherlands) 
(Garre et al., 2023). The primary reparametrized Gompertz model (Eq. 
(7)) was chosen to describe microbial growth with respect to time 
(Zwietering et al., 1990): 

log10N = log10N0 + A⋅
(

exp
(
− exp

(e⋅μ
A

(λ − t) + 1
)))

(7)  

With the microbial concentration N (CFU/mL), the difference between 
log10Nmax and log10N0 A and the storage time t (d). The maximum 
growth rate μ (log10 d-1) and the lag phase λ (d) values were used to 
compare the samples’ growth capacity and cell injury level. 

2.10. Process energy requirement 

The energy required to reach a particular level of inactivation, i.e., 2 
log, was compared using PEF (EPEF) versus thermal treatment (ETT). 
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Aganovic et al. (2017) calculated energy requirements for thermal 
processing using Eq. (8). For the PEF treatment, the energy to pre-heat 
the product to 30 ◦C, combined with the specific energy at PEF treat-
ment (Ws, 2log), was considered (Eq. (9)). 

ETT

(
kJ
kg

)

= cp⋅ΔT = cp⋅
(
T2log − Tin

)
(8)  

EPEF

(
kJ
kg

)

= cp⋅ΔT + Ws = cp⋅(TPH − Tin)+Ws, 2log (9)  

With cp = 4.13 kJ/kg⋅K, obtained from Eq. (2), the initial product 
temperature Tin = 20 ◦C and the product temperature after pre-heating 
TPH = 30 ◦C. 

2.11. Statistical analysis 

All the analytical measurements were done in duplicate (n = 2) or 
triplicate (n = 3). Results were expressed as individual data points for 
duplicates, while triplicates were expressed as average ± standard de-
viation (SD). Regarding statistical analysis, first normality distribution 
(Shapiro-Wilk test) and equal variance (Chi-square test for variance) 
were checked (p = 0.05). Statistical significance was estimated by one- 
way ANOVA, followed by Tukey’s post-hoc test. Dunn’s test and Welch’s 
ANOVA were used when normality and equal variance were rejected, 
respectively. P-values < 0.05 were considered statistically significant. 
All statistical tests were performed using OriginLab® 2022b (OriginLab 
Corporation, USA). 

3. Results and discussion 

3.1. Thermal sensitivity of the substrate 

The microalgae substrate’s thermal sensitivity was studied to miti-
gate the potential thermal modification of Cv caused by ohmic heating 
during PEF treatments and its subsequent decline in techno- 
functionality. The effect of various thermal treatments (50, 60, 70, 80 
and 90 ◦C, 30 s) on the gelation capacity of Cv suspensions was measured 
(Fig. 3A). Furthermore, DSC analysis was conducted, as illustrated in 
Fig. 3B. 

The gelation capacity, expressed as the apparent peak viscosity (μapp, 

peak) during the heating interval, was slightly enhanced following mild 
heating (50–60 ◦C). Specifically, it increased from 230 to 240 mPa⋅s (+4 

%) after treatment at 50 ◦C. However, when subjected to higher tem-
peratures (70–90 ◦C), a reduction of gelation capacity was observed, 
resulting in a decrease of μapp,peak from 230 to 121 mPa⋅s (− 47 %) 
(Fig. 3A). Additionally, a treatment at 65 ◦C led to a similar μapp,peak 
compared to the reference (229 mPa⋅s). A similar trend can be observed 
for the final viscosity. These results indicate that a PEF treatment 
threshold temperature of 65 ◦C can be established. Up to this point, 
temperature positively impacts suspension functionality, likely due to 
the swelling and hydration of microalgae components, particularly 
proteins and polysaccharides, as suggested by De Gol et al. (2023). 

However, it is essential not only to assess the influence of caloric 
heating on Cv’s gelation capacity but also to consider the impact of the 
entire process sequence, encompassing PEF treatment, cell disruption, 
and intermediate storage. For instance, in a study by Bernaerts et al. 
(2018), the normalized viscosity of Cv suspensions (8 % (w/w) dry 
matter, pH 6) was compared after various combinations of mechanical 
and thermal processing. While thermally treated suspensions exhibited 
higher viscosity than unprocessed or cell-disrupted suspensions, the 
authors noted increased viscosity after the sequence of (cell disruption 
+ thermal treatment) compared to (thermal treatment + cell disrup-
tion). Consequently, the DSC results, reflecting the thermal degradation 
of chemical bonds and protein structure, were considered a more reli-
able benchmark for assessing microalgae’s thermal sensitivity. Notably, 
the denaturation peak temperature of fresh Cv suspension was measured 
at 64 ◦C, with an onset at 60 ◦C (see Fig. 3B), establishing the critical 
temperature for the PEF treatments. 

3.2. Identification and selection of microorganisms 

The microbiological analysis of Cv suspension (storage at 10 ◦C for 
up to 6 days) resulted in the identification of 68 plates and the detection 
of 17 distinct species (Table 1). Marker microorganisms were selected 
based on their growth capacity in Cv suspensions at refrigerated con-
ditions (10 ◦C) and quantified as the logarithmic increase after 3 days of 
cultivation. The biosafety level and Gram type were also considered 
selection criteria (Table 1). 

Despite exhibiting the highest growth capacity, Citrobacter telavi-
vensis was excluded from the study due to safety concerns (biosafety 
level 2). Pseudomonas guariconensis and Enterobacter soli were selected as 
relevant Gram-negative bacteria, showing a 3.1 and 2.8 log increase, 
respectively, in Cv at 10 ◦C after 3 days. Both species are aerobic mes-
ophilic bacteria and grow well at neutral pH. Gram-negative bacteria are 
considered more susceptible to PEF than Gram-positive bacteria (Delso 

Fig. 3. A. Temperature-sweep (20 to 95 ◦C, 6 ◦C/min) on 14 % (w/w) dry matter Cv suspensions for thermal pre-treatments at 50, 60, 70, 80, and 90 ◦C for 30 s (n =
2), B. DSC thermogram (scanning from 20 ◦C to 100 ◦C at a heating rate of 0.5 ◦C/min) of Cv suspensions (n = 2). The grey zone indicates an endothermic reac-
tion peak. 
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et al., 2022). Therefore, a Gram-positive bacterium was also selected to 
study the influence of generalized cell wall properties on PEF efficiency. 
Lactococcus lactis was chosen over Microbacterium for two main reasons. 
Microbacterium has been involved in human disease, and the identifi-
cation level was low compared to Lactococcus lactis. More relevant for 
the study, Lactococcus lactis and Enterobacter soli likely induce acidifi-
cation (data not shown) in microalgae suspensions, leading to undesired 
protein precipitation. Moreover, Pseudomonas guariconensis exhibits ar-
omatic compounds, which are likely unappealing to consumers. 

3.3. Thermal sensitivity of marker microorganisms 

The thermal sensitivity of the three selected microorganisms, Pseu-
domonas guariconensis, Enterobacter soli and Lactococcus lactis, is illus-
trated through the thermal inactivation curves in Fig. 4. 

The critical inactivation temperature Tcrit was used to rank the spe-
cies from the more thermosensitive to the more thermoresistant ones: 
Enterobacter soli (Tcrit = 52.4 [50.1–54.6] ◦C), Pseudomonas guariconensis 
(Tcrit = 55.3 [52.5–58.1] ◦C), Lactococcus lactis (Tcrit = 58.7 [56.5–61.0] 
◦C) (95 % confidence intervals). As depicted in Fig. 4, thermal treatment 
at 60 ◦C (for 20 s), a temperature found to be advantageous for the 
gelling of the microalgae substrate (see section 3.1), induces inactiva-
tion of 4.8, 3.7 and 1.1 log for the respective selected species. Inacti-
vation effects at 50 ◦C or lower were considered negligible for all three 
species. Therefore, to investigate the effect of a non-thermal treatment 
on the inactivation, temperatures below 50 ◦C were tested. 

3.4. PEF sensitivity of marker microorganisms 

The influence of varying output voltage across different pulse repe-
tition rates f was investigated (Fig. 5). Output voltages of 50, 60, 70, 80 
and 90 % corresponded to electric field strengths Eel of 16, 19, 22, 25, 
and 28 kV/cm, respectively. Ecrit values, indicating the minimal electric 
field strength for the inactivation of microbial cells for different pulse 
repetition rates, are the intercept with the x-axis. 

First, a minimum Eel of 20 kV/cm was required to induce microbial 
inactivation. The highest inactivation was recorded with 2.5 log (90 %, 
120 Hz), 2.7 log (90 %, 120 Hz) and 2.5 log (80 %, 140 Hz) for Pseu-
domonas guariconensis, Enterobacter soli and Lactococcus lactis, respec-
tively. Enterobacter soli exhibited high Ecrit of electroporation (25.6 kV/ 
cm at 100 Hz, 24.6 kV/cm at 120 Hz, and 21.7 kV/cm at 140 Hz). 
However, the maximum inactivation is similar for the three microor-
ganisms. As expected, a trend of increasing inactivation with increasing 
Eel (for a constant pulse repetition rate f) as well as with increasing pulse 

repetition rate f (for a constant Eel) was observed, which is in line with 
previous research (Flisar et al., 2014; Raso & Álvarez, 2016). Moreover, 
Ecrit was lower at higher f , correlating with extended treatment dura-
tions. Ecrit values for Pseudomonas guariconensis (23.6 kV/cm at 100 Hz, 
22.6 kV/cm at 120 Hz, and 20.8 kV/cm at 140 Hz) and Lactococcus lactis 
at (23.4 kV/cm at 100 Hz, 22.8 kV/cm at 120 Hz, and 20.5 kV/cm at 
140 Hz) were not significantly different (p < 0.05) despite their variance 
in morphology, different Gram type and estimated cell size and shape 
(2.5 μm in length and 0.85 μm in width versus 0.5–1.5 μm). In general, 
Ecrit is lower for larger cells (Schottroff et al., 2017), and Gram-negative 
bacteria are more susceptible to PEF than Gram-positive bacteria (Delso 
et al., 2022). Additionally, it has been observed that Gram-negative 
bacteria are less resistant at neutral pH than in acidic conditions, 
whereas the opposite is valid for Gram-positive bacteria (García et al., 
2005). In this study (pH = 6.5), Lactococcus lactis, despite its smaller cell 

Table 1 
Selection criteria and identification level achieved through both MALDI-TOF MS and WGS. The species in bold shows the selected microorganisms.  

Isolated species log increase at 10 ◦C, 3 days Biosafety level Gram - or + % id with MALDI-TOF-MS % id with WGS 

Citrobacter telavivensis 3.7 2 – n.i. 79.2 
Pseudomonas guariconensis 3.1 1 – 99.9 60.6 
Enterobacter soli 2.8 1 – 84.0 85.2 
Pseudomonas genomosp. 2.7 1 – 95.0 n.a. 
Acinetobacter bereziniae 2.6 2 – 90.0 n.a. 
Acinetobacter johnsonii 2.6 2 – 99.9 n.a. 
Pseudomonas donghuensis 2.6 1 – 99.9 n.a. 
Enterobacter ludwigii 2.5 2 – 99.9 n.a. 
Microbacterium liquefaciens 2.0 1 + 84.0 89.2 
Microbacterium oxydans 1.7 1 + 78.0 68.7 
Acinetobacter radioresistens 1.7 1 – 99.9 n.a. 
Lactococcus lactis 1.5 1 þ 92.4 95.2 
Stenotrophomonas maltophilia 1.2 2 – n.i. n.a. 
Stenotrophomonas genomosp. 0.9 2 – n.i. n.a. 
Enterococcus lactis 0.2 1 + 99.9 n.a. 
Paenibacillus genomosp. n.d. 1 + n.i. n.a. 
Rhodococcus erythropolis/qingshengii n.d. 1 + 84.0 n.a. 

id: identification, n.i.: not identified, n.a.: not analyzed, n.d.: not detected. 
The biosafety levels were obtained from two main sources: Frey (2013) and the Bacdive platform referred as Reimer et al. (2022). 

Fig. 4. Thermal inactivation observed at MMRS treatments (n = 2). Pseudo-
monas guariconensis ( ), Enterobacter soli ( ) and Lactococcus lactis ( ) at 
different treatment temperatures 50, 55, 57, 59 and 61 ◦C (exposure time = 20 
s). The initial count N0 was ~ 106 CFU/mL and detection limit − 6 log. The 
dashed lines represent the regressions function of the thermal inactivation, and 
the intercept with the x-axis indicates Tcrit values. 
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Fig. 5. Influence of the electric field strength Eel on the inactivation of Pseudomonas guariconensis ( , A), Enterobacter soli ( , B) and Lactococcus lactis ( , C) at 
different pulse repetition rates (100, 120 and 140 Hz), and comparison between the microorganisms at different pulse repetition rates 100 Hz (D), 120 Hz (E) and 
140 Hz (F), for constant pulse width (20 µs) and flow rate (60 L/h). The initial count N0 was ~ 106 CFU/mL and detection limit − 4.7 log. Plotted data points are 
averages of three repetitions (n = 3) ± SD. The dashed lines represent the regressions function of the inactivation and the intercept with the x-axis the Ecrit values. 
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size and Gram-positive nature, did not display higher resistance to PEF; 
instead, it exhibited a profile similar to that of Pseudomonas 
guariconensis. 

Trials involving Pseudomonas guariconensis displayed considerable 
variability. A few samples from Enterobacter soli were excluded from 
further analysis due to process instability, and statistical analysis is not 
valid. Heterogenous inactivation effects and process instability can be 
attributed to several factors: 1) a non-uniform electric field in the co- 
linear PEF chamber, as reported by Raso et al. (2016), 2) a parabolic 
profile of flow velocity at laminar flow conditions (at a flow rate of 60 ±
1 L/h and using Eq. (3), Re = 2088–2159, which falls below the critical 
value of 2300 for transition to turbulent flow), 3) a 10 % variation of 
electric conductivities of batches (0.56–0.60 mS/cm), and 4) a 10 % 
thermal energy losses within the system, discerned through the disparity 
between the theoretical cp value (4.13 kJ/kg⋅K, Eq. (2)) and the exper-
imentally determined cp value (4.6 kJ/kg⋅K, Eq. (6)). To verify the 
robustness of the process, an evaluation of the pulse shape was con-
ducted (Fig. 6). For high output voltage (90 %), the plateau value is 
reached later and an undershoot is observed at approximately 23.5 µs. 
Therefore, for higher Ecrit, as observed for Enterobacter soli, such system- 
immanent behavior influences the process stability more importantly. 

In addition to the electric field strength Eel, it is imperative to 
consider the impact of the measured specific energy input Ws. This 
parameter considers the conductivity of the media and is crucial for the 
differentiation between electric and thermal inactivation effects. Fig. 7 
depicts both, the PEF-induced logarithmic reduction in microbial load 
for the three species across various levels of specific energy inputs Ws, 
and the thermally induced logarithmic reduction at different tempera-
tures (section 3.3). 

Toepfl & Heinz (2011) reported that energy levels ranging between 
80 and 120 kJ/kg are commonly applied to inactivate vegetative bac-
terial cells and shelf-life extension in heat-sensitive liquid foods using 
PEF. Accordingly, PEF-induced microbial inactivation was evident (>
0.5 log) for energy inputs exceeding 85 kJ/kg. An increase in the inac-
tivation level was measured upon increasing the energy input (85–130 
kJ/kg). The temperature increases during PEF treatments, attributed to 
ohmic heating. A positive correlation (n = 129, R = 0.97) between the 
outlet product temperature Toutlet and the specific energy input Ws was 
found. From section 3.3, the thermal inactivation curve for each species 
can be outlined (indicated by dashed lines in Fig. 7). Furthermore, three 

distinct zones were defined to represent the inactivation dominated by 
electric effects (yellow), thermal effects (red) and combined effects 
(orange). The inactivation observed for Pseudomonas guariconensis was 
predominantly caused by purely electric effects (Fig. 7A, yellow zone). A 
reduction > 2.5 log was explained by combined effects (Fig. 7A, orange 
zone). In the case of Enterobacter soli, temperature as low as 52 ◦C is 
sufficient to cause thermal inactivation (section 3.3), and PEF-induced 
inactivation was therefore explained by combined effects rather than 
purely electric effects (Fig. 7B, orange zone). To acquire additional in-
formation on the sole impact of electric discharges, experiments at lower 
inlet product temperature Tin would be required. Finally, the inactiva-
tion of Lactococcus lactis was caused by purely electric effects (Fig. 7C, 
yellow zone). In this case, experiments at higher Tin could give infor-
mation on the potential synergistic effects of electric and thermal 
energy. 

While the mechanisms of inactivation via heat and electric dis-
charges are very different, particularly the denaturation of biomolecules 
versus electroporation of membranes, it has been reported that mild 
heating can enhance electroporation. This can be attributed to the cell 
membrane’s fluidity increase at elevated temperatures, favoring local 
breakthroughs of the membranes (Coster & Zimmermann, 1975). The 
relationship between electric energy input and ohmic heating (Eq. (6)) 
makes the discernment of individual effects very complex. Conse-
quently, microbial inactivation kinetics can be understood in a combi-
nation of both electric and thermal effects (Schottroff & Jaeger, 2020). 
Synergistic thermal-electric effects are more probable than overlaid in-
dependent effects, which sum up. In conclusion, reaction kinetics should 
differ in the three zones (Fig. 7), depending on the thermal and electric 
resistances of the microorganisms. Above purely electric effects, thermal 
effects might have no accelerating influence for thermoresistant mi-
croorganisms with a high electro-sensitivity. In contrast, the opposite 
may be valid for thermosensitive microorganisms with low electro- 
sensitivity. 

Finally, it is important to highlight the PEF treatment’s generic effect 
at certain conditions, i.e., inactivation of ~ 1.5 logs at 105 kJ/L and ~ 
2.5 logs at 120 kJ/L. In contrast, thermal inactivation levels are very 
species-specific (Fig. 4). In addition to studying the effects at the bac-
terial level, further research is needed to investigate the advantageous 
changes in Cv functionality following PEF treatment in comparison to 
thermal pasteurization. 

3.5. Deduction of a spoilage control concept with PEF treatments 

Previous studies showed the potential of PEF technology to extend 
the shelf-life of liquid foods (Dziadek et al., 2019; Timmermans et al., 
2016). Therefore, possible shelf-life extension of Cv suspensions was 
investigated with repeated PEF treatments. In Fig. 8, the measured data 
points and modelled growth curves demonstrate differences between 
untreated and PEF-treated inoculated Cv suspensions. One and two cy-
cles of PEF processes were applied and observed growth parameters are 
displayed in Table 2. 

A PEF-induced inactivation ≥ 3.5 log was observed for all three 
species. Compared to the results in section 3.4, the higher inactivation 
level can be explained by an elevated electric conductivity of the Cv 
suspension (0.73 mS/cm). The determined logarithmic reductions, for 
an outlet product temperature Toutlet,av of 53.4 ◦C, were 4.1, 3.7 and 3.6 
for Pseudomonas guariconensis, Enterobacter soli and Lactococcus lactis, 
respectively. 

Moreover, similar effects were achieved for the 2nd PEF cycle (4.0, 
3.5 and 3.6 log reductions for Pseudomonas guariconensis, Enterobacter 
soli and Lactococcus lactis, respectively). These results emphasize the 
potential of PEF technology for shelf-life control in refrigerated tank 
storage of liquid food. The population’s sensitivity to PEF treatments 
seems unaltered after passing the 1st PEF cycle. Regarding the growth 
parameters (Table 2), the growth rate μ and the lag phase λ increased 
after PEF treatment of Pseudomonas guariconensis. Selma et al. (2004) 

Fig. 6. Monitoring of pulse shape for Cv suspensions (2 % (w/w) dry matter, 
30 ◦C inlet temperature, 60 L/h) and for different voltage output (60, 70, 80 
and 90 %) and pulse repetition rates f (100, 120 and 140 Hz). 
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observed a prolonged lag phase of PEF-treated cells. The lag phase 
extension was referred to as the time for the repair of damaged cells. The 
authors observed no effect of the initial cell concentration on the lag 
phase of untreated cells. Therefore, the possible effect of the initial cell 
concentration in untreated-diluted and PEF, 1st cycle samples was 
neglected. Furthermore, Zhao et al. (2009) suggested that cold storage 
(4 ◦C for 7 days) following a PEF treatment can inhibit the repair of 
injured cells, thereby extending the shelf-life of tea infusions up to 90 
days at 37 ◦C. Further work is required to study the level of cell injury 
and recovery during refrigerated storage. 

3.6. Process energy requirement 

Electricity is considered a sustainable energy if produced accord-
ingly. In that respect, PEF treatment emerges as a sustainable alternative 
to thermal processing (Arshad et al., 2021). Arnal et al. (2018) con-
ducted a life cycle assessment (LCA) for integrating PEF within the to-
mato peeling process and reported a reduction of 17–20 % of the 
environmental footprint. In contrast, Aganovic et al. (2017) reported a 
three times increase in energy requirements using PEF compared to 
thermal processing for fruit juice pasteurization. Moreover, Sampedro 
et al. (2014) estimated total costs of 1.5 and 3.7 ¢/L juice for thermal 
and PEF pasteurization, respectively. In this study, the energy inputs 
required to achieve a 2-log reduction after PEF (EPEF) or thermal treat-
ment (ETT) were calculated using Eqs. (8) and (9) and are displayed in 
Table 3. Cooling and energy losses were neglected. 

The same inactivation effects with PEF treatments require lower 
product temperatures Toutlet, and the temperature reduction was found 
to be 4.7, 3.8 and 7.0 ◦C for Pseudomonas guariconensis, Enterobacter soli 
and Lactococcus lactis, respectively. The notably higher difference for 
Lactococcus lactis is aligned with its elevated thermal resistance (section 
3.3). However, the loss factors from the energy source, such as the sun, 
waterpower, or wind, to electric energy, energy transmission, and 
transformation of electric energy to thermal energy or high-voltage 
pulses must be considered for a meaningful comparison of the energy 
efficiency of thermal and non-thermal, electric treatments. 

4. Conclusion 

Microalgae are valuable ingredients in plant-based food, albeit their 
susceptibility to rapid spoilage, even under refrigerated storage condi-
tions. Thermal pasteurization results in undesirable functionality losses. 
Applying high-intensity electric fields on Chlorella suspensions yielded 
up to 3.5-log cycle reduction for three substrate-specific psychotropic 
bacteria and considerable shelf-life extension of the refrigerated sub-
strate. The inactivation increased with an increased electrical field 
strength, and repeated (sequential) PEF treatments. These findings 
demonstrate PEF technology’s potential within this specific application 
domain. Further investigation of the inactivation mechanism (cell 
injury) might trigger optimization of the inactivation effect. Also, the 
matrix composition, especially the soluble protein content and substrate 
conductivity, should be investigated to better understand the inter-
connectivity of parameters in PEF systems and improve the technology 
readiness level. In this study, PEF parameter settings were investigated 

(caption on next column) 

Fig. 7. Influence of the specific energy input Ws on inactivation effects of 
Pseudomonas guariconensis ( , A), Enterobacter soli ( , B) and Lactococcus lactis 
( , C) with constant pulse width (20 µs) and flow rate (60 L/h). The initial 
count N0 was ~ 106 CFU/mL. Data points are averages of three individual 
measurements (n = 3) ± SD. Dashed lines and open symbols represent the 
purely thermal inactivation effect (section 3.3). Above this line, in the red zone, 
thermal effects are supposed to dominate the inactivation. The yellow zone 
expresses purely electric inactivation effects, whereas in the orange zone, 
combined effects are suggested. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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which are considered not negatively influencing gelling properties of the 
protein rich substrate. 
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Fig. 8. Microbial growth of untreated versus PEF-treated Cv suspensions 
inoculated with Pseudomonas guariconensis ( , A), Enterobacter soli ( , B) and 
Lactococcus lactis ( , C). Incubation at 10 ◦C for 10 days. An untreated, diluted 
sample was included in the study for improved comparability of initial counts. 
PEF, 1st cycle corresponds to a single PEF treatment on day 0, whereas PEF, 2nd 

cycle corresponds to PEF, 1st cycle plus a second PEF treatment on day 2. PEF 
treatments were done at 90 % output voltage (28 kV/cm), 120 Hz, 20 µs, 30 ◦C, 
60 L/h (n = 2). The initial count N0 was ~ 106 CFU/mL and detection limit 
0 log. Growth fitting was done with biogrowth (section 2.9). 

Table 2 
Growth parameters extracted from the biogrowth simulation as shown in Fig. 8. 
Values are presented as averages ± SD.  

Isolates P. guariconensis E. soli L. lactis 

Growth 
parameters 

μ 
(log10d- 

1) 

λ (d) μ 
(log10d- 

1) 

λ (d) μ 
(log10d- 

1) 

λ (d) 

Diluted 
reference 

1.2 ± 0.0 n.s. 1.2 ± 0.2 0.7 
± 0.3 

1.2 ± 0.1 0.4 
± 0.1 

PEF, 1st cycle 1.4 ± 0.1 0.9 
± 0.2 

0.9 ± 0.1 1.0 
± 0.5 

1.1 ± 0.1  1.1 
± 0.3 

PEF, 2nd cycle 2.4 ± 0.3 1.4 
± 0.2 

1.0 ± 0.2 1.0 
± 1.4 

1.0 ± 0.0 n.s. 

n.s.: not significant. 

Table 3 
Process energy requirement comparison between thermal and PEF treatment to 
achieve a 2-log microbial reduction for three microorganisms inoculated in 
microalgae suspension.  

Isolates Thermal treatment PEF treatment 

Toutlet,2logred 

(◦C) 
ETT 

(kJ/ 
L) 

Ws 

(kJ/ 
L) 

Toutlet,2logred 

(◦C) 
EPEF 

(kJ/ 
L) 

P. guariconensis  57.7  155.6  113.6  53.0  154.9 
E. soli  55.4  146.4  106.4  51.6  147.7 
L. lactis  60.2  166.1  114.8  53.2  156.1  
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Appendix A

Fig. A1. PEF setup. Product temperature at the inlet (T1) and outlet (T2) of the heating and inlet (T3) and outlet (T4) of the cooling. Water temperature at the outlets 
of the heating (T5) and cooling (T6). Product temperature at the inlet (Tin) and outlet (Tout) of the PEF chamber. F1 and F2, the flow rates. 

References 

Aganovic, K., Smetana, S., Grauwet, T., Toepfl, S., Mathys, A., Van Loey, A., & Heinz, V. 
(2017). Pilot scale thermal and alternative pasteurization of tomato and watermelon 
juice: An energy comparison and life cycle assessment. Journal of Cleaner Production, 
141, 514–525. https://doi.org/10.1016/j.jclepro.2016.09.015 

Alirezalu, K., Munekata, P. E. S., Parniakov, O., Barba, F. J., Witt, J., Toepfl, S., 
Wiktor, A., & Lorenzo, J. M. (2020). Pulsed electric field and mild heating for milk 
processing: A review on recent advances. Journal of the Science of Food and 
Agriculture, 100(1), 16–24. https://doi.org/10.1002/jsfa.9942 

Alzahrani, M., Silva, F. V. M., & Alkhafaji, S. (2022). Non-thermal processing of a protein 
functional beverage using pulsed electric fields: Escherichia coli inactivation and 
effect on proteins. Beverages, 8(4), 68. https://doi.org/10.3390/beverages8040068 
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