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Wo kämen wir hin,  

wenn alle sagten,  

wo kämen wir hin,  

und niemand ginge,  

um zu sehen,  

wohin wir kämen,  

wenn wir gingen.  

Kurt Marti (1921-2017), Schweizer Pfarrer, Schriftsteller und Lyriker 
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NOTATION 

LATIN LETTERS 

Symbol Unit  Definition 

A m2 Area 
am m Cell radius 

B S Susceptance  

C F Electrical capacity 

Cm F Membrane capacitance  

c mol L-1 Concentration 

D m Diameter 

DH m Hydraulic diameter 

Din m Inner diameter 

d m Distance 

E V m-1 Electric field strength  

Ecrit V m-1 Critical electric field strength 

e C Electric charge e = 1,60217656510-19 C 

F kg m s-2 Volumetric force vector 

ƒ Hz Frequency  

ƒ - Form factor 

ƒc Hz Cutoff Frequency 

G S Conductance  

I A Electric current 

l - Identity matrix 

J A m−2 Current density gradient 

Je A m−2 Displacement current 

K Pa sn Flow consistency index 

kB J K-1 Boltzmann constant 

L m Length 

Lentr m Hydrodynamic entry length 

ṁ Kg s-1 Mass flow rate 

n - Applied number of pulses 

n - Flow behavior index 

p Pa Pressure 

p0 Pa Hydrostatic pressure 

pmax Pa Maximum pressure 

Q C Electric charge 

R Ω Electrical resistance  

rc m Radius of curvature 

T K Temperature 

Tref K Reference temperature 
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t s Treatment time 

tc s Charging time 

U V Electric potential  

UH V Applied voltage 

UR V Reflected voltage 

u m s-1 Flow velocity 

u0 m s-1 Inlet velocity 

u(t) V Differential voltage 

V V Electric potential 

ΔVL V Voltage decrease 

V m3 Volume 

V̇ m3 s–1 Volumetric flow rate 

V0 m3 Treatment chamber's volume 

WS J kg-1 Specific energy input 

X Ω Reactance  

XC Ω Capacitive reactance  

XL Ω Inductive reactance 

Y S Admittance  

Yc S Admittance of the system 

Z Ω Impedance 

Z1 Ω Impedance of the generator 

Z2 Ω Impedance of the load 

ZL Ω Impedance of the load 

Ztot Ω Total impedance 
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GREEK LETTERS 

Symbol Unit  Definition 

α K-1 Temperature coefficient 
Γ - Reflection coefficient 

γ m V−1 Electric field dependence factor 

γ̇ s-1 Shear rate 

γ̇  s-1 Zero shear rate 

ε F m-1  Permittivity  

ε0 F m-1 Electric constant ε0 = 8,854*10-12 F m-1 

εr - Relative permittivity  

θ ° Angle with respect to the angle of the electric field 

µ Pa s Dynamic viscosity 

μr - Relative viscosity of the suspensions 

μs Pa s Viscosity of the suspending medium 

[μ] - Intrinsic viscosity of suspended particles 

π - Pi 

ρ kg m-3 Density of the fluid 

ρ Ω m Electrical resistivity 

ρ0 Ω m Reference resistivity 

ρv C m−2 Electric charge density 

σ N m−1 Surface tension 

σ S m-1 Electric conductivity  

σe S m-1 Extracellular media conductivity 

σi S m-1 Intracellular media conductivity 

τ Pa  Shear stress 

τ0 Pa Yield stress 

τc S Capacitor charging/discharging time 

τp S Pulse width 

τm S Membrane charging time 

ɸmax - Maximum volume fraction 

ɸv - Volume fraction 

Ψ Wb Magnetic flux 

ΔΨm V Induced membrane potential 

ΔΨm, crit V Critical transmembrane potential 

ω rad s-1 Angular frequency 

 



NOTATION ABBREVIATIONS  

XII 

ABBREVIATIONS 

Abbreviation Meaning 

AAA Amino acid analysis 
API A. platensis isolate 

aPC Allophycocyanin 

BPT Bubble pressure tensiometer 

BSD Bubble size distribution 

CfU Colony-forming units 

CP Crude Arthrospira platensis powder 

cPC C-phycocyanin 

DS Dry substance 

DW Dry weight 

EIS Electrical impedance spectroscopy 

ESI Electrospray ionization 

FDR False discovery rate 

FGCZ Functional Genomics Center Zurich 

FS Foaming stability 

HPH High-pressure homogenization 

KIT Karlsruhe Institute of Technology 

LC Liquid chromatography 

LCC Living cell counts 

nsPEF Nanosecond pulsed electric field 

OD Optical density 

OLS Ordinary least squares 

OR Overrun 

MOSFET Metal oxide semiconductor field-effect transistor 

MS Mass spectrometry 

PBS Phosphate buffered saline 

PCB Printed circuit board 

PDMS Polydimethylsiloxane 

PEF Pulsed electric field 

PPFD Photosynthetically active photon flux density 

PRF Pulse repetition frequency 

Re Reynolds number 

RPM Revolutions per minute 

RT Room temperature 

SAG Culture collection of algae Goettingen 

TCA Trichloroacetic acid 

UV Ultraviolet 

UVP Ultrasonic Doppler velocity profiling 

Vis Visible 

WPI Whey protein isolate 
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SUMMARY 

The bio-based industry is urged to find solutions to meet the demands of a growing 

world population. In this context, increased resource efficiency is a major goal. Pulsed 

electric field (PEF) processing is a promising technological solution. Conventional 

PEF and the emerging area of nanosecond PEF (nsPEF) processing have been 

shown to induce various biological effects, which could provide solutions for currently 

faced challenges. Based on the flexibility and continuous operation of PEF / nsPEF 

processing, the technology can be integrated into many existing cultivation systems, 

while its modularity has the potential to induce specific effects. However, the 

application of PEF and nsPEF in the food- and bioprocessing industry is scarce due 

to several challenges around reproducibility and scaleability of results and 

technology.  

Pulse measurement in the domain of PEF processing can be related to a sole Ohmic 

response of the load, however for nsPEF processing, this relation does not hold any 

longer and a novel theoretical relation had to be derived integrating the frequency-

dependent complex impedance of the load, allowing for matched load conditions.  

Moreover, in continuous PEF/nsPEF processing, the flow field is of utmost 

importance in order to induce targeted cellular effects and allow for a scalable system. 

Therefore, the flow field in continuous PEF/nsPEF processing and its influencing 

factors were analyzed and energy input distributions in PEF treatment chambers 

were investigated. The results were obtained using an interdisciplinary approach that 

combined multiphysics simulations with ultrasonic Doppler velocity profiling (UVP) 

and rheological measurements. Thereby, a comprehensive PEF system 

characterization and control was enabled. Based on the system characterization a 

first amendment of the treatment homogeneity focused on turbulent flow conditions, 

thereby, a facilitated scale-up of the technology might be possible in the future.  

In addition, to the comprehensive PEF/nsPEF system analysis, promising 

applications within the bio-based industry including targeted inactivation, the cyclic 

extraction of bioactive compounds, and the stimulation of cell growth and/or cellular 

compounds without negatively influencing interfacial properties of the protein fraction 

were achieved. Moreover, several potential mechanisms for the induced effects were 

derived based on proteomic analysis and electrical impedance spectroscopy of single 

cells. Thus, the presented concepts bear the potential to be key processing steps 

toward more sustainable and efficient supply chains.  
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ZUSAMMENFASSUNG 

Die biobasierte Industrie ist gefordert, Lösungen für die steigenden Anforderungen 

einer wachsenden Weltbevölkerung zu finden. Dabei ist die Steigerung der 

Ressourceneffizienz ein wichtiges Ziel. Eine vielversprechende technologische 

Lösung ist die gepulste elektrische Feldprozessierung (PEF). Konventionelle PEF 

und der aufkommende Bereich der Nanosekunden-PEF (nsPEF) haben gezeigt, 

dass sie verschiedene biologische Effekte hervorrufen, die Lösungen für die aktuellen 

Herausforderungen ermöglichen könnten. Aufgrund der Flexibilität und des 

kontinuierlichen Betriebs der PEF- und nsPEF-Prozessierung kann die Technologie 

in viele bestehende Kultivierungssysteme integriert werden, während ihre Modularität 

das Potenzial hat, spezifische Effekte zu induzieren. Die Anwendung von PEF und 

nsPEF in der Lebensmittel- und Bioprozessindustrie ist jedoch aufgrund 

verschiedener Herausforderungen in Bezug auf Reproduzierbarkeit und 

Skalierbarkeit der Ergebnisse und der Technologie nur selten zu finden.  

Die Pulsmessung im Bereich der PEF-Prozessierung kann auf eine alleinige 

ohmsche Antwort der Last bezogen werden, für die nsPEF-Prozessierung gilt diese 

Beziehung jedoch nicht mehr und es musste eine neue theoretische Beziehung 

abgeleitet werden, die die frequenzabhängige komplexe Impedanz der Last integriert 

und angepasste Lastbedingungen ermöglicht.  

Darüber hinaus ist bei der kontinuierlichen PEF/nsPEF-Prozessierung das 

Strömungsfeld von größter Bedeutung, um gezielte zelluläre Effekte zu induzieren 

und ein skalierbares System zu ermöglichen. Daher wurden das Strömungsfeld bei 

der kontinuierlichen PEF/nsPEF-Prozessierung und seine Einflussfaktoren analysiert 

und die Energieeintragsverteilungen in PEF-Behandlungskammern untersucht. Die 

Ergebnisse wurden in einem interdisziplinären Ansatz erzielt, der Multiphysik-

Simulationen mit Ultraschall-Doppler-Geschwindigkeitsprofiling (UVP) und 

rheologischen Messungen kombinierte. Dadurch wurde eine umfassende 

Charakterisierung und Kontrolle des PEF-Systems ermöglicht. Basierend auf der 

Systemcharakterisierung wurde eine erste Optimierung der 

Behandlungshomogenität mit Fokus auf turbulente Strömungsverhältnisse 

durchgeführt, wodurch ein Scale-up der Technologie in Zukunft erleichtert werden 

sollte.  

Zusätzlich zu der umfassenden PEF/nsPEF-Systemanalyse wurden 

vielversprechende Anwendungen innerhalb der biobasierten Industrie, einschließlich 



ZUSAMMENFASSUNG  

XV 

der gezielten Inaktivierung, der zyklischen Extraktion bioaktiver Verbindungen und 

der Stimulation von Zellwachstum und/oder zellulären Verbindungen ohne negative 

Beeinflussung der Grenzflächeneigenschaften der Proteinfraktion, erreicht. Darüber 

hinaus wurden verschiedene potentielle Mechanismen für die induzierten Effekte 

basierend auf der Proteomanalyse und der Elektroimpedanzspektroskopie einzelner 

Zellen abgeleitet. Die vorgestellten Konzepte haben somit das Potential, 

Schlüsselprozesse für eine nachhaltigere und effizientere Wertschöpfungskette zu 

werden. 
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INTRODUCTION 

Studies in the field of bioengineering around reversible permeabilization of cells and 

subsequent findings regarding underlying kinetics, as well as process parameters 

and equipment design, provided the backbone for pulsed electric field (PEF) 

applications in the food- and bioprocessing industry. In the past centuries, several 

studies utilizing electricity for the inactivation of microbes and treatment of food and 

bio-products were executed. 

In 1749 a French abbot observed that electricity increases the germination and 

overall growth of plants (Nollet 1749). Bertholon (1783), who used electrified water to 

grow crops, further approved the growth-enhancing properties of electricity. These 

initial findings resulted in the application of electricity in agriculture around the end of 

the 19th century, with applications of an electrical discharge treatment to different 

agricultural crops (Leicester 1889; Lemström 1904). Despite, agricultural crops, the 

effect of electrical stimulation based on weak currents in bacteria and yeast was 

observed by Stone (1909). Research on growth stimulation by electrical applications 

has a long history; positive effects have been established in several relevant cells.  

Despite these studies on reversible applications of electricity, the inactivation of 

bacteria (irreversible) by electricity was determined in a so-called “electro-pure 

process” (Anderson and Finkelstein 1919). Moreover, the low cost and efficient 

process of electrical cooking was investigated (Sater 1935). In the 1960s Heinz 

Doevenspeck explored the effect of PEF on the disintegration and fractionation of 

biological material (Doevenspeck 1960). Around the same time, research conducted 

by Zagorulko (1958), reported an enhanced extraction of juice from sugar beets via 

the application of AC and DC electric fields.  

These observations were the foundation for today’s extensive research and 

applications of PEF in the food- and bioprocessing industry. 
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1. PULSED ELECTRIC FIELD FUNDAMENTALS 

PEF processing is based on the formation of a potential difference across a 

conductive biological material between two electrodes resulting in an applied electric 

field. The electric field is dependent on the applied electric potential, the gap between 

the electrodes and pulse waveform and width (Eq. (1)). The electric field strength E 

(V m-1) over time can be calculated according to Eq. (1) with applied voltage over 

time u(t) (V) and the gap between the electrodes d (m). 
 

𝐸(𝑡) = 1 𝑑⁄ ∗ ∫ 𝑢(𝑡) 𝑑𝑡  (1) 

 

Besides the electric parameters, the PEF treatment is dependent on reactor 

parameters such as the design of the treatment chamber and media parameters such 

as the thermophysical properties of the medium (Fig. 1). Within the whole process, 

all the parameters depicted in Fig. 1 are directly or indirectly linked to each other and 

influence the energy input into the system. Thereby, isolated studies of the effect of 

individual parameters on the treatment outcome/ efficiency are not possible.  

The specific energy input Ws (J kg-1) over time can be calculated according to Eq. (2) 

with the pulse width τp (s), the electric conductivity σ (S m-1) and the applied number 

of pulses n (-). 
 

𝑊 = 𝐸(𝑡) ∙ 𝜏 ∙ 𝜎 ∙ 𝑛  (2) 
 

The number of pulses can be derived from Eq. (3) with frequency f (Hz) and residence 

or treatment time t (s). 
 

𝑛 = 𝑓 ∙ 𝑡  (3) 
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Figure 1: PEF parameter interconnectivity, adapted from (Jaeger, 2012). Reactor (green), electrical (yellow) 
and media (blue) parameters are shown. Within the whole process, all parameters are directly or indirectly 
linked to each other. 

 

In PEF applications conventional PEF processing in the range of micro- to 

milliseconds and nsPEF processing in the range of nanoseconds can be divided 

(Beebe and Schoenbach, 2005; Mahnič-Kalamiza et al., 2014). The process referred 

to as nsPEF processing typically includes high electric fields (10-100 kV cm-1) applied 

for 1-300 ns per pulse (Beebe and Schoenbach, 2005). In either case, 

electropermeabilization results in an increased mass transfer of molecules and ions 

(Toepfl et al., 2006b). Nevertheless, the mechanisms underlying the PEF/nsPEF 

induced effects are still the subject of intensive research (Teissie, 2017). Moreover, 

especially for nsPEF processing, the pulse measurement is regarded as challenging 

and thus there is a strong need for electrical process characterization and control. 

 

1.1. Pulse generation 

Different waveforms are possible based on pulse generator construction. In order to 

achieve microsecond pulses, exponential decay (Fig. 2, A) and rectangular pulse 

circuits (Fig. 2, B) are possible approaches. Nanosecond pulses can be achieved by 

Blumleingenerators (Fig. 2, C) and diode opening generators (Fig. 2, D). There are 
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other methods to generate electric pulses, but the stated once are the most relevant. 

 

 
Figure 2: Electrical reference circuits and resulting pulse waveform for A) exponential decay pulse generator 
B) rectangular pulse generator C) Blumleingenerator and D) diode opening switch generator (Rebersek and 
Miklavčič, 2011). 

Exponential decay pulse generators (Fig. 2, A) are a two-stage process based on the 

charge and discharge of a capacitor C (F). The discharge phase will result in an 

exponential decay pulse delivered to the load ZL (Ω). The pulse width τp (s) of such 

pulses is defined, as the time required to reach 37% of the initial voltage (Barsotti et 

al., 1999; Ho and Mittal, 2000).  

Rectangular pulse generators (Fig. 2, B) are closely linked to the concept of 

exponential decay pulses. The rectangular pulse shape is achieved by a constant 

charging of the capacitor and more advanced switches in the circuit, such as 

MOSFETs (metal oxide silicon field-effect transistors) or IGBTs (insulate gate bipolar 

transistors). Thereby, the pulse duration can be controlled. Rectangular pulses 

maintain a defined voltage for the most part of the pulse and a slight voltage decrease 

is primarily due to a lack of energy supply. Given that the actual voltage decrease 

ΔVL (V) is proportional to the pulse width divided by the time constant of discharge 

(ZL*C (s)), quite large capacitors are needed to minimize this voltage drop 

(Bertacchini et al., 2007). 

The nanosecond pulse generation was primarily achieved by utilizing transmission 

line generators such as the Blumlein generator (Deng et al., 2001; Kolb et al., 2006) 

(Fig. 2, C). Such pulse generators are based on equally long transmission lines. 

During the charging step, the transmission line is charged to the set voltage and then 

discharged through the load. It is required that the load has an impedance twice as 

large as the impedance of the transmission line. Otherwise, mismatched load 

conditions will result in reflections within the system (Eq. (4) (Bluhm, 2006; Küchler, 



INTRODUCTION 
  

5 

2018; Schwab, 1981).  
 

𝛤 = 𝑈 𝑈⁄ = (𝑍 − 𝑍 ) (𝑍 + 𝑍 )⁄   (4) 
 

The reflection coefficient Γ (-) is equal to the reflected voltage UR (V) divided by the 

applied voltage UH (V). Z1 (Ω) is the impedance of the generator and Z2 (Ω) the 

impedance of the load. In the case of a perfectly matched reactor Z1 = Z2, Γ is equal 

to zero and no reflections occur.  

In an ideal case, the pulse width of such Blumlein generators is equal to the electric 

length of the transmission line. Hence, the design and manufacturing of such 

generators are rather simple, yet limited in flexibility. For such pulse generators 

mostly Spark gaps switches are used, given their short rise time and ability to 

withstand high voltages. In the case of synchronized switch control, variable 

amplitudes, pulse widths and polarities can be achieved (Rebersek et al., 2009). 

A more advanced and versatile nanosecond pulse generator is the diode opening 

switch generator concept (Fig. 2, D). These two-step pulse generators generate 

Gaussian-like pulses (Sanders et al., 2009). In the case of a charged capacitor, the 

LC oscillator starts to oscillate and the diode stack forms the pulse on the load itself. 

Thereby, the commutated current and induced voltage on the load are high. Further 

increasing the commutated current can be achieved by saturable-core inductors 

instead of air-core inductors. Nevertheless, nowadays thyristors or semiconductor-

based diodes are used to manufacture such pulse generators (Blume et al., 2014). 

Given the vast possibilities of pulse generator designs, a detailed study of the 

sample’s impedance could increase PEF treatment reproducibility. Most research in 

that area was based on cumulative signals (Silve et al., 2011; Toepfl, 2006). Electro 

impedance spectroscopy of single cells enabled in that context detailed information 

of the cells' frequency behavior and thus cellular composition (de Araujo et al., 2018). 

This information might be useful to further tailor PEF processing based on the 

detailed characterization of the electric equivalent circuit of biological cells (Fig. 7) 

and the resulting consequences depending on the used pulse generator concept and 

the respective Fourier transform thereof.  

 

1.2. Treatment chamber design 

PEF processing can be divided into batch and continuous processing. Due to a 

homogeneous electric field, parallel plate treatment chambers are mostly used for 
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batch processing. In continuous PEF processing, relevant for scale-up approaches 

and industrial implementation, there are three main treatment chamber concepts that 

have been studied (Fig. 3). As shown in Fig.1 the reactor parameters and thus 

treatment efficiency greatly depends on the treatment chamber design (Jaeger, 

2012).  

 

 
Figure 3: The three main types of continuous PEF treatment chamber designs; parallel plate, co-axial and 
co-linear from left to right. The black arrows indicate the direction of the electric field whereas the white 
arrow indicates the flow direction (Toepfl et al., 2005). 

Within the continuous treatment chambers, two design categories can be 

differentiated, namely cross-field and co-field chambers. Cross-field treatment 

chambers are characterized by an electric field perpendicular to the fluid flow. The 

most commonly used cross-field chamber is the so-called parallel plate or plate-plate 

geometry, in which the treatment takes place in a rectangular channel with two 

electrodes and two insulating walls (Van den Bosch, 2007). The main advantage of 

parallel plate treatment chambers is the homogeneous electric field distribution, 

however, it is stated that due to stagnant zones within the treatment chamber and the 

low resistance thereof, the treatment chamber is not suitable for industrial 

applications of PEF. 

Besides the parallel plate treatment chamber, the co-axial treatment chamber 

configuration is another example of a cross-field chamber. Within a co-axial treatment 

chamber, the product flows through a gap between two concentric cylinders (Jaeger, 

2012). Similar to parallel plate treatment chambers the co-axial treatment chambers 
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violate hygienic design requirements of the food- and bioprocessing industry, making 

it unsuitable for industrial applications (Góngora-Nieto et al., 2002; Jaeger, 2012; 

Toepfl, 2006).  

In co-field treatment chamber configurations, the electric field lines run in parallel to 

the product flow. The most commonly used treatment chamber is the co-linear 

configuration. This configuration is the currently most used and investigated PEF 

treatment chamber setup (Buckow et al., 2010; Jaeger et al., 2009a; Knoerzer et al., 

2012). The co-linear treatment chamber is a modular pipe with integrated insulators 

separating the ground and high voltage electrodes from the residual process. The 

main advantage of these geometries is convenient cleanability, making them 

especially suitable for industrial processing (Góngora-Nieto et al., 2002; Jaeger, 

2012; Toepfl, 2006). However, the inhomogeneous electric field distribution poses 

challenges towards a homogeneous energy input distribution. Yet by modulating and 

optimizing the insulator geometry, the electric field distribution was optimized based 

on numerical simulations (Gerlach et al., 2008; Meneses et al., 2011d). For example, 

reducing the diameter of the insulator compared to the residual pipe diameter allowed 

for an increased electric field homogeneity in the constricted/ pinched treatment area 

(Toepfl et al., 2007).  

Based on the PEF parameter interconnectivity, current treatment chamber 

optimization was neglecting the flow field distribution and its influence on the specific 

energy input. Consequently, a comprehensive PEF system analysis was required in 

order to understand the difficulties in PEF treatment chambers and as a result 

optimize the treatment chamber with respect to homogeneous energy inputs.  
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2. FLOW FIELD ANALYSIS 

The low commercial use of PEF processing can be attributed mainly to the lack of 

homogeneity and issues around the reproducibility of PEF research (Buckow et al., 

2010; Gerlach et al., 2008; Jaeger et al., 2009a; Raso et al., 2016).  

The numerous parameters that need to be considered for PEF processing can be 

summarized in three distinct groups. Firstly, there are media parameters such as 

composition, pH, product temperature, ionic strength, and water activity. Secondly, 

the treatment effect depends on biological factors such as microorganism species, 

growth phase, and cell size and shape. Thirdly, there are reactor parameters such as 

treatment chamber design, electric field strength, pulse shape, pulse duration, pulse 

repetition frequency, pulse number, temperature and treatment time (Barbosa-

Cánovas and Altunakar, 2006; Mittal and Griffiths, 2005; Toepfl, 2011). Several of 

these factors are interconnected and influence the specific energy input into a volume 

element. The PEF parameter interconnectivity is illustrated in Fig. 1 (adapted from 

Jaeger (2012)). 

Many recent publications have focused on the optimization of PEF processing 

considering above mentioned influencing factors (Alkhafaji and Farid, 2007; Fiala et 

al., 2001; Knoerzer et al., 2012; Meneses et al., 2011a, 2011d). Nonetheless, there 

is still a large potential for PEF system optimization, especially with regard to 

continuous PEF processing and thus consideration of flow field inhomogeneities.  

 

2.1. Importance of flow field analysis 

In recent years, the main focus of the PEF process development was on the 

optimization of the electric field distribution (Jaeger et al., 2009a; Knoerzer et al., 

2012; Lindgren et al., 2002a; Meneses et al., 2011d). In order to increase PEF 

treatment homogeneity, this focus was a reasonable approach, however, the flow 

field and thus residence time distribution is certainly an equally crucial factor. The 

residence time distribution within the treatment chamber determines the number of 

pulses per volume element at a given pulse repetition frequency and hence the 

spatial energy input. This aspect results in potentially over-treated volume elements 

towards the walls and potentially under-treated volume elements towards the center 

of the treatment chamber.  

This aspect was already highlighted by Zhang et al. (1995), which mentioned the flow 

rate as one of the five most important parameters to be addressed for the successful 
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scale-up of the PEF technology. However, even more than 20 years later, research 

papers based on continuous PEF treatments lack a standard deviation or any 

measure of uncertainty for the residence time in the treatment chamber and thus 

energy input into the system. A study by Min et al. (2007), reviewing more than 40 

experimental studies that were published on PEF, reported that residence time and 

energy input if reported at all were always given as averages. However, the residence 

time distribution within the treatment chamber is not only crucial for targeted PEF 

treatments but further of utmost importance for the scale-up of the technology.  

Several researchers have investigated measures to increase the flow field 

homogeneity in PEF processing. A design in which the fluid is forced through small 

holes in an insulating plate generating a mixing effect and focusing the electric field 

in a small gap was proposed already in 1991 (Matsumoto et al., 1991). However, this 

approach results in stagnant zones in the corners of the chamber potentially leading 

to overheating or biofouling (Huang and Wang, 2009). Conically shaped electrodes 

and insulators in combination with orifice channeling the liquid were analyzed to 

prevent stagnant zones (Sensoy et al., 1997). Yet, this modification had the drawback 

of an inhomogeneous electric field distribution (Huang and Wang, 2009). Integrating 

meshed electrodes and a narrow treatment zone potentially allowing for an 

optimization of the flow field, had the drawback that they were not suitable for 

products with an inhomogeneous composition or containing large suspended 

particles (Alkhafaji and Farid, 2007). In a patent from 2013, the authors elaborated 

on how a longitudinal insert at the beginning of a co-linear treatment chamber could 

optimize the flow field in the treatment area (Mathys et al., 2013). This was an 

interesting approach, and similar ideas could also be useful in other geometries or 

settings. Nonetheless, all these system optimizations were deficient in a common 

aspect. The PEF parameters were analyzed independently and the correlation of 

electric and flow field inhomogeneity on the spatial specific energy input was 

neglected. Thereby, not only the treatment homogeneity could be increased but also 

more targeted cellular effects could be induced. Moreover, the efficiency of PEF 

processing was mostly analyzed on a product/ output level without further analysis of 

the specific energy input, resulting in difficulties during up-scaling ultimately hindering 

further PEF process implementations in industrial relevant scales. 

Hence, there is a need for an in-depth characterization of residence time distributions 

in lab-, pilot- and industrial-scale systems.  
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2.2. Numerical simulations in PEF research 

PEF system optimization is regarded as a challenging process solely based on 

experimental analysis, as the process at lab-scales might be affected and disturbed 

by measuring equipment (Buckow et al., 2010; Gerlach et al., 2008; Meneses et al., 

2011b). Therefore, local information during PEF processing has been extensively 

studied utilizing numerical simulations and thereby improving, for example, the PEF 

treatment chamber through an iterative process (Buckow et al., 2010; Meneses et al., 

2011a). In addition, numerical simulations can be used to estimate treatment 

outcomes and thus optimizing treatment designs prior to tedious, expensive or time-

consuming experiments (Fiala et al., 2001; Gerlach et al., 2008; Lindgren et al., 

2002b; Wölken et al., 2017). Moreover, computational approaches can be utilized to 

gain a thorough understanding of different PEF processing factors and their influence 

on the treatment (Meneses et al., 2011d).  

Even though simulations have numerous advantages and the model might seem 

plausible, their solutions, especially for complex problems, might not always be 

accurate. Hence, it is vital to experimentally validate the simulations, whenever 

possible (Barbosa-Cánovas et al., 2011). In the past decade, a variety of papers 

focused on the basic, physics, principles and equations underlying simulations of PEF 

processing (Buckow et al., 2010; Gerlach et al., 2008; Meneses et al., 2011b, 2011a). 

The main focus of research in this field was on optimization of the electric field 

homogeneity in co-linear treatment chambers targeting an increased overall 

treatment homogeneity. Thus various modified treatment chamber designs were 

analyzed with the focus on increased electric field homogeneity (Fiala et al., 2001; 

Meneses et al., 2011d; Qin. et al., 1995).  

 

2.3. Physics underlying fluid dynamics simulations 

Two governing equations underlie fluid dynamic simulations. First, The Navier-Stokes 

equation also described as Newton’s second law of motion for fluids, describing the 

conservation of momentum for incompressible fluids (Eq. (5)). Second, the principle 

of mass conservation needs to be incorporated via a continuity equation (Eq. (6)),  
 

𝜌(𝑢 ∙ ∇)𝑢 = ∇[−𝑝𝐼 + 𝜇(∇𝑢 + (∇𝑢) )] + 𝐹  (5) 
 

𝜌∇ ∙ (𝑢) = 0  (6) 
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where ρ (kg m-3) stands for the density of the fluid, u (m s-1) denotes the flow velocity 

vector, I (-) represents the identity matrix, μ (Pa s) is the dynamic viscosity, p (Pa) 

represents the pressure, and F (kg m s-2) denotes the volumetric force vector. These 

equations are solved during fluid dynamic simulations incorporating certain boundary 

conditions such as inlets, walls, outlets to predict the fluid velocity and pressure 

(COMSOL, 2018). 

In the case of the finite element method as used in COMSOL multiphysics® the whole 

geometry is divided into small elements via a mesh and the governing equations are 

solved for every individual mesh element (Heinz et al., 2002). Based on these local 

results, the result for the whole geometry is re-assembled. Thus, the mesh size is a 

crucial element in finite element simulations in order to achieve a solution as accurate 

as possible without an exorbitant high computational effort.  

Despite the mesh size, the adequate physics interface is important for fluid dynamics 

simulations and requires analysis of the flow regime. Typically, the flow regime can 

be divided into laminar, transitioning and turbulent flow. The present flow profile can 

be assessed by the dimensionless Reynolds number, which for a channel or pipe can 

be calculated according to Eq. (7). The critical Reynolds number for the onset of 

laminar flow changing into transitioning and later turbulent flow is at 2300 (Schlichting 

and Gersten, 2017). 
 

𝑅𝑒 = 𝜌𝑢𝐷 𝜇⁄   (7) 
 

with u (m s-1) denoting the mean velocity and DH (m) representing the hydraulic 

diameter, which can be replaced by the diameter D (m) for circular pipes.  

Laminar flow is characterized by a highly ordered layered flow without mixing thereof. 

This flow regime typically occurs in lab-scale installations given the relatively small 

geometry and fluid velocity in such installations. On the contrary, the random three-

dimensional motion of fluid elements resulting in lateral mixing characterizes 

turbulent flow (Bergman and Incropera, 2011). This flow regime is more likely to occur 

in industrial applications as relatively large characteristic lengths and flow velocities 

occur.  

Besides the above mentioned, the two boundary conditions hydrodynamic length and 

inlet velocity need to be defined for accurate fluid dynamics simulations. It is generally 

considered that the fluid will enter a pipe with a uniform velocity (Bergman and 

Incropera, 2011). Within a pipe, fluid elements will interact with the wall surface 
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ultimately resulting in a boundary layer. In the case of laminar flow, after a certain 

distance defined as the hydrodynamic entry length Lentr (m) (Eq. (8)) the fluid profile 

will reach a parabolic shape and can be referred to as fully developed. In a fully 

developed flow, the profile will not change any longer, provided that there is no 

change in geometry or no externally applied force. In the case of a turbulent flow 

profile characterized by a random flow pattern, the hydrodynamic entry length can be 

approximated by Eq. (9). 
 

𝐿 = 0.05 ∙ 𝐷 ∙ 𝑅𝑒  (8) 
 

𝐿 = 4.4 ∙ 𝐷 ∙ 𝑅𝑒 ⁄   (9) 

 

2.4. Non-invasive flow field measurement 

In order to validate numerical simulations in experimental settings, non-invasive 

measuring techniques are crucial. Measuring the flow profile in a closed entity in a 

non-invasive way can be achieved by either particle image velocimetry (PIV) or 

ultrasonic Doppler velocity profiling (UVP). Whereas PIV is based on a laser source, 

UVP is based on ultrasound as emitted and analyzed signal. Both measurements are 

based on reflections of the emitted signal from particles present in the fluid. Analysis 

of fluids without intrinsic particles can be enabled by the incorporation of inert reflector 

beads. The main advantage of UVP over PIV is the ability to measure in opaque 

liquids, whereas PIV has the advantage of directly analyzing the three-dimensional 

flow pattern in a cavity (Takeda, 1995; van Doorne and Westerweel, 2007; Wiklund 

et al., 2007). The underlying principle of UVP is based on the time delay between the 

ultrasound burst emission and the recording thereof. This time difference provides 

information on the position of reflection, which then based on the Doppler shift 

frequency, can be converted to the instantaneous velocity of the reflecting particle 

(Takeda and Tasaka, 2012). The possibility to cover the whole velocity profile makes 

UVP especially suitable for comparisons to numerical simulations. In addition, UVP 

could be combined with the measurement of the pressure difference to enable in-line 

rheological measurements (Dufour, 2018). 

Up to now, non-invasive flow field measurements were neglected in PEF research 

and the focus was on sole numerical simulations. Given that the flow field was in any 

way severely neglected and its influence on the resulting energy input 

underestimated in present literature, this aspect does not come as a surprise. For the 
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first time, the electric- and flow field inhomogeneity was analyzed and the resulting 

specific energy input determined. This comprehensive analysis will allow for a 

facilitated scale-up of the technology and overall increasing continuous PEF 

processing comparability and reproducibility. Moreover, concepts based on in-line 

rheological analyses could be integrated into future process controls. The underlying 

potential for such a process control will be elucidated below.  

 

2.5. Rheological analysis  

The rheological analysis is an important tool to characterize the flow behavior of 

fluids, which can then be integrated into numerical simulations (Juliano et al., 2011). 

Rheological measurements allow for the determination of the fluids’ viscosity in 

dependence of the applied force or shear rate. It can be differentiated between 

Newtonian and non-Newtonian fluids. Newtonian fluids are characterized by a shear 

rate independent viscosity whereas the viscosity depends on the shear rate for non-

Newtonian fluids (Mewis and Macosko, 1994).   

In the case of Newtonian fluids, a constant viscosity can be integrated into numerical 

simulations. On the contrary, non-Newtonian fluids require a viscosity function in 

order to account for the shear rate dependency. Mostly the flow behavior of a liquid 

can be approximated by a rheological equation. The commonly used equations for 

non-Newtonian fluids are either the Herschel-Bulkley equation (Eq. (10)) or the non-

Newtonian power-law (Eq. (11)), also referred to as Ostwald-de Waele relationship 

(Mezger, 2015; Spagnolie, 2015).  
 

𝜏 = 𝜏 + 𝐾𝛾̇    (10) 
 

𝜏 = 𝐾𝛾̇    (11) 
 

with shear stress τ (Pa), yield stress τ0 (Pa), shear rate �̇� (s−1), flow consistency index 

K (Pa sn) and flow behavior index n (–). Incorporation of the generalized Newtonian 

law (μ(�̇�) = τ / �̇�), allows Eq. (9) to be rewritten. The resulting equation gives the 

dynamic viscosity of the non-Newtonian fluid as a function of the shear rate, given a 

shear rate equal to or greater than the zero shear rate �̇�  (s−1) (Eq. (12)). 
 

𝜇 = 𝜏 |�̇�| + 𝐾|�̇�|  , |�̇�| ≥ �̇�    (12) 
 

This function can now be applied to rheological data to obtain values for the yield 

stress, flow consistency index, and flow behavior index. The resulting viscosity 
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function can then be used in numerical simulations and thereby real data can be 

linked to numerical simulations.  

The rheological results can further be used to derive an equation for a suspension’s 

viscosity as a function of its concentration, using the Krieger-Dougherty relation (Eq. 

(13)). The Krieger-Dougherty relation (Eq. (13)) can be used to express the 

suspension’s viscosity as a function of the particle concentration (Krieger and 

Dougherty, 1959). 
 

𝜇 = 𝜇 𝜇⁄ = (1 − 𝛷 𝛷 )⁄
[ ]    (13) 

 

where μr (–) denotes the relative viscosity of the suspensions, μ (Pa s) represents the 

effective viscosity of the suspensions, μs (Pa s) represents the viscosity of the 

suspending medium, ɸmax (–) is the maximum volume fraction, ɸv (–) represents the 

volume fraction, and [μ] (–) denotes the intrinsic viscosity of the suspended particles.  

The Krieger-Dougherty relation is mainly useful for the bioprocessing industry were 

biological variations in the cultivation process can result in significant changes in the 

final concentration, influencing the subsequent viscosity and thus resulting in the 

need for PEF treatment adjustments in order to induce homogeneous effects. 

Applications of PEF in the food industry require the consideration of the matrix’s 

individual viscosity function. Neglecting this aspect hampers the ubiquitous 

application of PEF, as individual processing windows for different applications in 

different products may not be achieved and therefore wrong conclusions are drawn 

about the efficiency and suitability of PEF processing. 
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3. BIOLOGICAL APPLICATIONS 

The application of PEF to biological cells is based on the principle of 

electropermeabilization due to an induced transmembrane potential (Pauly and 

Schwan, 1959; Schoenbach et al., 2004; Zimmermann et al., 1974b). The applied 

electric field accumulates charges at the cell membrane and therefore alters the 

transmembrane potential. The induced transmembrane potential Δψm (V) is given by 

Eq. (14) with the applied electric field, the form factor ƒ (-) (1.5 for spherical cells) the 

cell radius am (m), the angle with respect to the angle of the electric field 𝜃 (°), 

treatment time and the membrane charging time τm (s) from Eq. (15) (Kinosita et al., 

1988; Pauly and Schwan, 1959),  
 

∆𝜓 (𝑡) = 𝑓 ∙ 𝐸(𝑡) ∙ 𝑎 ∙ 𝑐𝑜𝑠𝜃 1 − 𝑒 ⁄    (14) 
 

𝜏 = 𝑎 ∙ 𝐶 (1 2𝜎⁄ + 1 𝜎⁄ )   (15) 
 

where Cm (F) is the membrane capacitance, σe the extracellular conductivity and σi 

the intracellular conductivity (Fig. 7 B).  

In order to permeabilize a biological cell the transmembrane potential needs to 

exceed a critical value. According to literature this critical transmembrane potential 

Δψm, crit (V) is in the range of 0.1 - 1V (Teissie and Tsong, 1981; Zimmermann et al., 

1974a, 1976). The critical transmembrane potential is often referred to as critical 

electric field strength Ecrit (V m-1). The greater the difference between the applied and 

the critical electric field strength the more severe are the induced effects, resulting in 

irreversible (E >> Ecrit) or reversible (E > Ecrit) permeabilization of the cell (Fig. 4). 

Reversible pores re-seal within seconds (Glaser et al., 1988). Irreversible 

permeabilization results in loss of turgor, leakage of cytoplasmic content and lysis 

(Fuller, 1898).  
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Figure 4: PEF principle of action. A critical electric field has to be exceeded in order to induce 
permeabilization of the cells. The severity of PEF treatments depends on the difference between the critical 
electric field and the applied electric field (adapted from Toepfl, 2006). 

Depending on the pulse duration and amplitude of the applied electric field, different 

results can be achieved. Fig. 5 illustrates the possible treatment regimes based on 

the modification of the pulse duration and amplitude. By increasing the pulse 

amplitude, reversible electropermeabilization can result in irreversible 

electropermeabilization (Fig. 5, A -> B). A subsequent reduction of the pulse duration 

however, still enables a reversible PEF application (Fig. 5, B -> C). This aspect was 

emphasized in the conducted experiments and resulted in the presented concepts of 

selective inactivation, growth stimulation and cyclic protein extraction, where the 

interchange of pulse duration and amplitude allowed the achievement of completely 

different effects (Buchmann and Mathys, 2019).  
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Figure 5: Influence of pulse duration and amplitude on the induced effects ranging from electrophoresis 
(orange), electroporation of lipid membranes (red), dielectrophoresis (yellow) to reversible electroporation 
(green) and irreversible electroporation (blue) (adapted from Rebersek and Miklavčič, 2010). 

 

Research conducted at the Karlsruhe Institute of Technology (KIT), focused on the 

application high voltage (kV) and short-time pulses (ns) (Fig. 5, C) and found for 100 

pulses at 5 kV cm-1 and 10 ns a significant increase in leaf area of Arabidopsis 

thaliana. They attributed the growth-stimulating nature of nanosecond pulsed electric 

field treatment (nsPEF), to an intracellular release of calcium affecting the free 

cytosolic calcium concentration, resulting in an abiotic sub-lethal stress response 

(Eing et al., 2009) (Table 1).  

The hypothesis of intracellular abiotic sub-lethal stress induction by nsPEF is 

supported by a theoretical evaluation of the cells’ membrane and organelles’ 

membrane potential (Fig. 6) (Kotnik and Miklavčič, 2006). The authors found an 

increased effect on the organelle membrane for frequencies above 10 MHz 

corresponding to a 100 ns pulse and the highest subcellular effects for frequencies 

around 100 MHz. This observed response of the investigated cellular compartments 

could be an explanation for the reversible permeabilization on a subcellular level.  
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Figure 6: Theoretical evaluation of the cells’ membrane and organelles’ membrane potential at different 
frequencies, the red area indicated the range in which the organelles’ membrane potential exceeds the 
cells’ membrane potential (adapted from Kotnik and Miklavčič, 2006). The results were obtained assuming 
a trapezoidal pulse shape with an electric field strength of 500 V/cm and an angle with respect to the angle 
of the electric field θ = 0, for a cell diameter of 10 μm. 

 

This phenomenon of increased intracellular effects of the applied electric field can be 

explained by looking at a biological cell as an electric equivalent circuit (Fig. 7). In 

such a schematic view, cell membranes represent a capacitor with a low conductance 

between the extracellular fluid and the cytoplasm (Fig. 7). This structure is 

responsible for an electrical potential difference commonly allied with the membrane 

potential. Multiple cellular functions depend on changes in the membrane potential 

such as the transmission of an action potential in excited cells or transport across a 

membrane among them. The application of an electric field results in charge 

accumulation at the membrane resulting in conductance changes (Rettinger et al., 

2016). For conventional PEF applications in the microsecond to millisecond domain, 

the present RC-element assembled of extracellular fluid (resistor) and cell membrane 

(capacitor) is charged resulting in reversible or irreversible electropermeabilization 

dependent on the chosen parameter settings. The intracellular effects, in that case, 

will be negligible due to the insulating behavior of the charged membrane. In the case 

of pulse durations below the charging time of the RC-element the cells’ organelles’ 

membrane are exposed to the electric field with similar behavior as the cells’ plasma 

membrane (Chiabrera et al., 1984; Schoenbach et al., 2004).  
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Figure 7: Underlying cell properties explaining various cellular responses to different pulse length and 
amplitude configurations. A) A biological cell as an electric equivalent circuit between to electrodes. 
Membranes can be viewed as a capacitor whereas intra- and extracellular fluid represent a resistor (adapted 
from Schoenbach et al., 2004). B) Cellular properties affecting the transmembrane potential and thus PEF 
treatment outcome.  

 

As previously stated, PEF can either result in reversible or irreversible 

permeabilization of the cell. However, most research and current PEF applications in 

the food- and bioprocessing industry are focused on irreversible micro- to millisecond 

pulses targeting the cell membrane with focus on tissue softening, enhanced drying 

rates or inactivation of microorganisms (Barba et al., 2015; Golberg et al., 2016; 

Toepfl et al., 2006a). However, the constant growth of the human population poses 

new challenges regarding energy supply, food security, human health and 

biodiversity. Agriculture accounts for 30% of global greenhouse gas emissions and 

85% of the water footprint. Biorefinery concepts, implementation of innovative 

technologies as well as a shift from animal toward more plant-based food are possible 

solutions to tackle these challenges. In this context, the exploitation of unicellular 

organisms e.g. microalgae has become a field of great interest. They can serve as 

raw material for biofuels or agricultural biostimulants, but at the same time are a 

promising source for food and feed production due to their high proportion of proteins 

and micronutrients. Besides these, unicellular organisms can be cultivated on non-

arable land and fixate CO2 if cultivated photoautotrophically. Therefore, microalgae 

have huge market potential. For example, according to Transparency Market 

Research (accessed on www.algaeindustrymagazine.com, October 29th 2018), a 

new market report entitled “Algae market, by application, by cultivation technology, 

and geography—global industry analysis, size, share, growth, trends, and forecast—

2016–2024”, reported that the global algae market had a value of US$608 million in 

2015 and is projected to reach US$1.143 billion with a volume of 27,552 tons by 

2024. However, the cultivation of photoautotrophic unicellular organisms e.g. 
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microalgae is currently not competitive in comparison to other established sources. 

High production costs resulting from the growth medium, the energy supply and the 

extraction of valuable compounds demand a further improvement in the up- and 

downstream processing thereof. In this context, PEF/nsPEF are promising 

technologies to increase the viability of cultivation systems.  

Nevertheless, implementation of nsPEF processing in the food- and bioprocessing 

industry needs an improved process characterization and control. The accurate pulse 

measurement as one of the main challenges faced in this regime. Moreover, there is 

a gap in process characterization in continuous PEF/nsPEF systems, allowing the 

transferability of findings to industrially relevant quantities. Thereby, the technology 

readiness level can be improved overall and the potential of PEF and nsPEF 

processing in the food- and bioprocessing industry can be leveraged. This will allow 

for innovative concepts, targeted on urgent matters in that sector, such as growth 

stimulation, selective inactivation and continuous extraction to be implemented in 

future food- and bioprocessing concepts (Fig. 8).  

 

 
Figure 8: A case study of the microalgae Chlorella vulgaris SAG 211-12, illustrating treatment windows for 
selective inactivation, inactivation of microbial flora and C. vulgaris, continuous extraction of high value-
added ingredients, and growth stimulation (Buchmann and Mathys, 2019). 

 

3.1. PEF applications in the food- and bioprocessing industry 

PEF applications in the food- and bioprocessing industry are numerous. Most current 

applications are focused on irreversible electropermeabilization, including non 

(minimal)-thermal pasteurization, enhanced drying rates, increased extraction yields, 

and tissue softening (Barba et al., 2015; Golberg et al., 2016; Toepfl et al., 2006a). 

With regard to emerging PEF applications, selective inactivation of microorganisms, 

cyclic protein extraction and growth/ compound stimulation were recently shown in 
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lab-scale systems. Despite the PEF application on biological cells, the process can 

induce structural/functional modification of e.g. proteins as well (Mikhaylin et al., 

2017; Sui et al., 2011). Given the huge potential of the technology, it is surprising to 

realize the scarce use thereof. This aspect is mainly attributed to the lack of treatment 

homogeneity, reproducibility and reporting of PEF research (Buckow et al., 2010; 

Gerlach et al., 2008; Jaeger et al., 2009a; Raso et al., 2016).  

An overview of research articles on PEF applications in the food- and bioprocessing 

industry with a focus on reported process parameters is provided in Table 1. Patents 

within the field are excluded from the overview since specific process parameters 

cannot be determined. 
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Table 1: Literature overview of pulsed electric field applications in the food- and bioprocessing industry, focused on main research areas and reported PEF parameters 
and different organisms within the investigated research fields of this thesis. 

Organism/ raw 
material 

Application PEF system PEF parameter Results Source 

Auxenochlorella 
protothecoides SAG 
211-7a 
 

Extraction 
Continuous 
parallel-plate 

32 kV cm-1, 4 Hz, 6 mL min-1, 1μs square 
wave pulse 

Increased extraction of soluble 
compounds (around 30%) 

(Goettel et al., 
2013) 

Neochloris 
oleoabundans UTEX 
1185 

Extraction 
Continuous co-
linear 

20 kV cm-1, 964 Hz, 14 pulses, 1476 kJ 
kgDW-1,  13 mL min-1, 2μs square wave 
pulse 

2.5% extracted protein  
('Lam et al., 
2017) 

Chlorella vulgaris SAG 
211-11b 

Extraction 
Continuous co-
linear 

20 kV cm-1, 964 Hz, 14 pulses, 1476 kJ 
kgDW-1,  13 mL min-1, 2μs square wave 
pulse 

3.2% extracted protein  
('Lam et al., 
2017) 

Chlorella vulgaris SAG 
211-11b 

Extraction 
Continuous co-
linear 

20 kV cm-1, 200 Hz, 27.75 Wh L-1, 33mL 
min-1, 5μs square wave pulse 

3.6% extracted protein 
(Postma et al., 
2016) 

Haematococcus 
pluvialis 

Extraction 
Batch parallel-
plate 

1 kV cm−1, 1 Hz, 10 pulses, 50 kJ kg−1, 
5ms square wave pulse   

Extraction of 96% of the total 
carotenoid content 

(Martínez et al., 
2019) 

Chlorella vulgaris 
CCAP 211 

Extraction 
Continuous co-
linear 

20 kV cm-1, 100 kJ kg-1, 33mL min-1, 5μs 
square wave pulse 

Selective extraction of 36% w/w 
carbohydrates and 5.2% w/w 
proteins 

(Carullo et al., 
2018) 

Vaccinium myrtillus L. Extraction 
Batch parallel-
plate 

1 kV cm-1, 10Hz, 1 kJ kg-1, 20μs square 
wave pulse 

Increased juice yield and quality 
(Bobinaitė et al., 
2015) 

Camellia sinensis Extraction 
Batch parallel-
plate 

1 kV cm-1, 0.2Hz, 100 pulses, 22 kJ kg-1, 
100μs  

Enhanced polyphenol extraction 
after pre-treatment 

(Liu et al., 2019) 

Chlamydomonas 
reinhardtii SAG-34.98 

Extraction 
Batch parallel-
plate 

5.5 kV cm-1, 5Hz, 10 pulses, 5μs square 
wave pulse 

Increased lipid extraction after pre-
treatment 

(Bensalem et al., 
2018) 

Carrots, Apple Extraction 
Batch parallel-
plate 

0.8 kV cm-1, 2kHz, 50 pulses, 765.5 kJ 
kg-1, 10μs exponential decay pulse 

Increased juice yield (10% carrots, 
5% apple) 

(Mannozzi et al., 
2018) 
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Organism Application PEF system PEF parameter Results Source 

Escherichia coli K12 
TOP10 

Extraction 
Batch parallel-
plate 

20 kV cm-1, 1 kHz, 8 pulses, 129.28 kJ L-

1, 100μs square wave pulse 
16 μg mL-1 extracted protein 

(Haberl Meglic 
et al., 2015) 

Red beetroot  Extraction 
Batch parallel-
plate 

1 kV cm-1, 50 Hz, 270 pulses, 129.28 kJ 
L-1, 10μs square wave pulse 

About 90% of the total red pigments 
extracted 

(Fincan et al, 
2004) 

Escherichia coli ATCC 
11229 

Inactivation 
Continuous 
parallel-plate 

25 kV cm-1, 0.5 Hz, 25 pulses, 45 mL s-1, 
1.8μs exponential decay pulse 

>2 log10 reduction 
(Martín et al., 
1997) 

Escherichia coli 
K12DH5a 

Inactivation 
Continuous co-
linear 

35 kV cm-1, 35 Hz, 5.3 pulses, 55 kJ kg-1, 
5 L h-1, 3μs square wave pulse 

4.4 log10 reduction 
(Jaeger et al., 
2010) 

Saccharomyces 
cerevisiae S288 

Inactivation 
Continuous co-
linear 

20  kV cm-1, 10.4 pulses, 2μs bipolar 
square wave pulse 

3.9 log10 reduction 
(Cserhalmi et 
al., 2002) 

Lactobacillus 
delbrueckii ATCC 
11842 

Inactivation 
Batch parallel-
plate 

16 kV cm-1, 60 pulses, 200-300μs 
exponential decay pulse 

4-5 log10 reduction 
(Pothakamury et 
al., 1995) 

Lactobacillus 
rhamnosus E522 

Inactivation 
Continuous co-
linear 

30 kV cm-1, 56 Hz, 116 kJ kg-1, 5 L h-1, 
3μs square wave pulse 

5.5 log10 reduction 
(Jaeger et al., 
2009b) 

Listera innocua ATCC 
33090 

Inactivation 
Continuous co-
linear 

32 kV cm-1, 159.6 kJ kg-1, 7.1 kg h-1, 3μs 
square wave pulse 

6.51 log10 reduction 
(Schottroff et al., 
2019) 

Bacillus subtilis PS832 Inactivation 
Continuous co-
linear 

10.26 kV cm-1, 100 Hz, 163.1 kJ kg-1, 6.4 
L h-1, 8μs square wave pulse 

3.5 ± 0.3 log10 reduction 
(Reineke et al., 
2015) 

Geobacillus 
stearothermophilus 
ATCC 7953 

Inactivation 
Continuous co-
linear 

10.26 kV cm-1, 200 Hz, 180 kJ kg-1, 6 L h-

1, 6μs square wave pulse 
3.2 ± 0.4 log10 reduction 

(Reineke et al., 
2015) 

Bacillus subtilis ATCC 
9372 cells 

Inactivation 
Batch parallel-
plate 

30 kV cm-1, 5 Hz, 100 pulses, 2.06 ± 
0.289 kJ kg-1, 80μs square wave pulse 

4 log10 reduction 
(Heinz and 
Knorr 2000) 

Zygosaccharomyces 
bailii ATCC 36947 

Inactivation 
Continuous co-
axial 

35 kV cm-1, 2 pulses, 2.3μs exponential 
decay pulse 

5 log10 reduction 
(Raso et al., 
2006) 
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Organism Application PEF system PEF parameter Results Source 

Total mesophilic 
aerobic counts 

Inactivation 
Continuous co-
linear 

42 kV cm-1, 2.4 L h-1, 1.5μs exponential 
decay pulse 

2.5 log10 reduction 
(Walkling-
Ribeiro et al., 
2011) 

Escherichia coli 
K12DH5a 

Inactivation 
Continuous co-
linear 

20 kV cm-1, 50 Hz, 6 pulses, 80 kJ kg-1, 5 
kg h-1, 6.2μs exponential decay pulse 

5 log10 reduction 
(Toepfl et al., 
2007 ) 

Naegleria lovaniensis 
Ar9M-1 

Inactivation 
Continuous co-
linear  

2 kV cm-1, 10 pulses, 1 Hz, 10ms square 
wave pulses 

100% inactivation of amoebae in 
fresh water 

(Vernhes et al., 
2002) 

Protozoa Inactivation 
Continuous co-
linear 

0.9 kV cm-1, 50 Hz, 65μs square wave 
pulse 

100% Inactivation of protozoa in 
viable microalgae culture  

(Rego et al., 
2015) 

Total microorganisms 
of raw skim milk and 
Salmonella enteritidis 
9066.94 

Inactivation 
Continuous co-
axial 

55 kV cm-1, 120Hz, 100 kJ kg-1, 5 L h-1, 
250ns square wave pulse 

1.4 log10 reduction of total microflora 
and S. enteritidis 

(Floury et al., 
2006) 

Polyphenoloxidase 
(PPO) 

Inactivation 
Batch parallel-
plate 

25 kV cm-1, 30Hz, 100 pulses, 207.61 kJ 
kg-1, 3.4μs exponential decay pulse 

PPO activity at anode reduced to 
around 45% 

(Meneses et al., 
2011c) 

Platelets Modification 
Batch parallel-
plate 

30 kV cm-1, 1 pulse, 300ns  Platelete activation/ aggregation 
(Zhang et al., 
2008) 

β-lactoglobulin Modification 
Batch parallel-
plate 

80 kV cm-1, 750 pulses, 10μs  
80% Improvement of the enzymatic 
hydrolysis  

(Mikhaylin et al., 
2017) 

Whey protein isolate Modification 
Continuous co-
linear 

30 kV cm-1, 100 Hz, 131.9 kJ L-1, 60mL 
min-1, 2μs bipolar square wave pulse 

Reduced gel strength (Sui et al., 2011) 

Carrots, Potatoes and 
Apples. 

Modification 
Batch parallel-
plate 

1.1 kV cm-1, 100 Hz, 1000 pulses, 10μs 
square wave pulse 

Tissue softening 
(Lebovka et al., 
2004) 

Potatos Modification 
Batch parallel-
plate 

0.5 kV cm-1, 90 pulses, 10μs square 
wave pulse 

Tissue softening 
(Fincan and 
Dejmek, 2003) 
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Organism Application PEF system PEF parameter Results Source 

Apple Modification 
Batch parallel-
plate 

1.07 kV cm-1, 2 Hz, 0.5 kJ kg-1, 40ms 
exponencial decay pulse 

Enhanced quality after drying 
(Lammerskitten 
et al., 2019) 

Organic strawberries  Modification 
Batch parallel-
plate 

0.2 kV cm-1, 100 Hz, 200 pulses, 10μs 
square wave pulse 

Enhanced stability of anthocyanins 
during gastrointestinal in vitro 
digestion 

(Oliveira et al., 
2019) 

β-lactoglobulin and 
ovalbumin 

Modification 
Batch parallel-
plate 

33 kV cm-1, 1 Hz, 1000 pulses, 1.4μs 
expontential decay pulse 

No significant unfolding or 
aggregation of protein solutions 

(Barsotti et al., 
2001) 

Strawberries Modification 
Batch parallel-
plate 

0.85 kV cm-1, 1 kHz, 5 pulses, 100μs bi-
polar square wave pulse 

Higher cell viability in epidermal 
layer and 30% more red color 
retention 

(Velickova et al., 
2018) 

Lactobacillus plantarum 
WCFS1 

Modification 
Batch parallel-
plate 

7.5 kV cm-1, 0.2 Hz, 16.2 kJ kg-1, 0.1ms 
square wave pulse 

Increased intracellular trehalose 
content 

(Vaessen et al., 
2018) 

Arabidopsis thaliana 
Columbia-0 

Stimulation 
Batch parallel-
plate 

5 kV cm-1, 10 pulses, 100ns square wave 
pulse 

Enhanced leaf area  
(Eing et al., 
2009) 

Arabidopsis thaliana 
Columbia-0 

Stimulation 
Batch parallel-
plate 

10 kV cm-1, 100 pulses, 10ns square 
wave pulse 

80% increased leaf area 
(Songnuan and 
Kirawanich, 
2012) 

Saccharomyces 
cerevisiae Actiflore F33 

Stimulation 
Batch parallel-
plate 

6 kV cm-1, 10 Hz, 1000 pulses, 100μs 
square wave pulse 

3.98 times increased Fructose 
consumption after lag phase 

(Mattar et al., 
2014) 

Chlamydomonas 
reinhardtii 137c 

Stimulation 
Continuous 
parallel-plate 

40 kV cm-1, 4 Hz, 2 kJ kg-1, 6.36 mL min-

1, 50ns square wave pulse 
Stable cellular differentiation in 
palmella stage 

(Bai et al., 2017) 

Stem cells Stimulation 
Batch parallel-
plate 

10 kV cm-1, 1 Hz, 5 pulses, 100ns  
Enhanced chondrogenic potential of 
mesenchymal stem cells 

(Ning et al., 
2019) 

Rat liver epithelial WB-
F344 cells 

Stimulation 
Batch parallel-
plate 

20 kV cm-1, 20 pulses, 100ns  Stimulation of the respiratory activity 
(Steuer et al., 
2018) 

Taxus chinensis Stimulation 
Batch parallel-
plate 

0.01 V cm-1, 50 Hz, 20 pulses, 20μs 
Significant increase in intracellular 
accumulation of taxuyunnanine 

(Ye et al., 2004) 
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The literature overview of pulsed electric field applications in the food- and 

bioprocessing industry (Table 1) emphasized the strong need for more homogeneous 

and accurate PEF treatment parameters (Raso et al., 2016). Despite the evident 

difficulties of the technology to develop into a widespread benchmark process for its 

promising applications, with regard to plant tissue modification and juice production, 

the advantage of PEF has been proven and found industrial applications (Table 1) 

(Toepfl, 2012). 

However, the extraction efficiency of soluble substances from e.g. microalgae was 

limited and was not even close to the benchmark process of high-pressure 

homogenization (HPH). Nevertheless, PEF processing showed promising results 

with regard to pigment and polyphenol extraction. For non-soluble substances PEF 

has shown potential as pre-treatment method, enhancing lipid yields with subsequent 

solvent extraction (Table 1). Yet, an interesting aspect that was so far overlooked 

was the cells’ morphology after the treatment. Due to the increased ion transfer, cell 

swelling or shrinking can occur after the treatment, yet for cell wall containing cells 

the process is not able to fully disintegrate the cells. Hence, a limited soluble 

compound extraction is realistic if the cells’ morphology is more or less kept intact, as 

major e.g. protein fractions can be found within the structural parts of a cell e.g. 

membrane (Safi et al., 2014). However, the question that was not yet answered was 

whether the overall intact cells are actually still viable and subsequently could be 

cultivated again, allowing a cyclic protein extraction which can be compared to the 

conventional milking of animals.  

With regard to the inactivation results (Table 1), it is observable that different 

microorganisms have a different susceptibility to the treatment. This concept is not 

surprising as different inactivation kinetics are known for other processes e.g. thermal 

processing as well (Kessler, 2002). Yet most inactivation trials focused either on non-

(minimal) thermal preservation or specific inactivation of larger target organisms, 

which are naturally assumed to be more susceptible to an electric field, as shown in 

Eq. (14). However, the results indicate that selective inactivation of an undersirable 

flora within prokaryotic/eukaryotic consortia might be possible.  

With regard to the different results as shown in Table 1 it is eminent that throughputs 

and consequently energy inputs are mostly stated as absolute values. Treatment 

inhomogeneities were analyzed throughout the years, however, the impact of electric 

and flow field distributions on subsequent treatment homogeneity was neglected. 
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Based on such a cromprehensive PEF system analysis, the current limitations such 

as the lack of treatment homogeneity and thus reproducibility of PEF research might 

be overcome. For example, it was shown throughout that the effect of growth/ 

compound stimulation occurs in a narrow processing window (Table 1). Therefore, 

without proper process characterization and control continuous processing is not 

achieveable. Certainly, overprocessing of the cells can be considered, however the 

stress response of the cells will be different, e.g. cell differentiation into stagnant cell 

cycle e.g. palmella stage, during which pigments such as astaxanthin are 

accumulated. This stress response might be desired in certain cases, however, it 

does not allow for simultaneous growth and/or compound stimulation. 

Despite the application of PEF/nsPEF on biological cells focusing on extraction, 

inactivation or stimulation, the technology has shown to induce modifications of 

certain macromolecules and tissue. Subsequently, novel techno-functional properties 

of treated macromolecules might be obtained as well as favoured structures of certain 

tissue. Based on the possibly occurring protein modification during PEF processing, 

the influence thereof on techno-functional properties of extracted compounds has not 

been considered so far. This aspect was recently studied in dairy products where the 

elimination of microorganisms was reported while the activity of bioactive 

components found in dairy products was conserved (Mathys et al., 2013). However, 

with regard to extracted compounds from biological cells/tissue this aspect was not 

yet analyzed.  
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ABSTRACT 

Arising challenges in the bio-based industry caused by population growth, seek 

sustainable solutions to increase productivity with the given resources. Nanosecond 

pulsed electric field (nsPEF) processes provide a promising tool to tackle these 

challenges. Among the possible applications of nsPEF are the following: sub-lethal 

stress induction, targeted release of intracellular valuables and induced cell 

apoptosis. However, without accurate pulse measurement and control, nsPEF 

processes are not readily applicable within the bio-based industry. The present 

research undertook an in-depth analysis of the process parameters and their 

influences on pulse measurements to address this shortcoming. These findings 

regarding the system enabled calculation of an accurate energy input from pulse 

measurement based on a novel theoretical relationship. The acquired comprehensive 

understanding of the system dependency enabled applications of nsPEF in the bio-

based industry. A case study with Chlorella vulgaris allowed microbial contamination 

control applying nsPEF while retaining the viability of microalgae cells. Industrial 

relevance: Pulsed electric field (PEF) technologies are rapidly developing because of 

their promising applications, continuous operability, short processing times and low 

energy requirements. Nanosecond PEF (nsPEF) as emerging field can be applied for 

sub-lethal stress induction, targeted release of intracellular valuables and induced 

cell apoptosis. However, process characterization and control are limited so far. The 

acquired comprehensive understanding of the system dependency in this research 

enables improved applications of nsPEF in the bio-based industry. 
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1. INTRODUCTION 

Electric signals affect biological cells, as John Walsh and Sieu Seignette first 

demonstrated in 1773 (Walsh & Seignette, 1773). Subsequent studies in the field of 

bioengineering and their findings regarding process parameters, equipment design 

and kinetics of permeabilization are the basis for food applications of pulsed electric 

fields (PEF) (Galvani, 1791). 

Heinz Doevenspeck investigated the impact of PEF on the disintegration of biological 

material in the 1960s (Doevenspeck, 1960, 1961). Mechanical and/or electrical 

mechanisms are stated to cause the effects from PEF applications (Chiabrera, 

Grattarola, & Viviani, 1984; Coster, 1965; Silve, Leray, Poignard, & Mir, 2016). 

Numerous applications of PEF have arose in the food, pharmaceutical, medical and 

biotech industry (Casciola & Tarek, 2016; Heinz, Alvarez, Angersbach, & Knorr, 2001; 

Knorr, Geulen, Grahl, & Sitzmann, 1994; Mathys et al., 2013; Raso, Calderón, 

Góngora, Barbosa-Cánovas, & Swanson, 2006; Raso & Heinz, 2006; Yarmush, 

Golberg, Serša, Kotnik, & Miklavčič, 2014). PEF allows a more sustainable and less 

harsh production of microbiologically safe and qualitative food, as it is a non-thermal 

technique (Toepfl, Heinz, & Knorr, 2005; Toepfl, Mathys, Heinz, & Knorr, 2006). 

Currently, nanosecond PEF (nsPEF) applications are of major interest for the bio-

based industry because of the ability to induce biological effects while reducing the 

energy input compared to conventional PEF processes. Cell apoptosis, sub-lethal 

stress induction and a targeted release of intracellular valuables are among the 

possible applications (Bai, Gusbeth, Frey, & Nick, 2017; Buescher & Schoenbach, 

2003; Goettel, Eing, Gusbeth, Straessner, & Frey, 2013). Schoenbach, Beebe, and 

Buescher (2001) further reported the possibility to target cells selectively on a 

subcellular level employing nsPEF. 

The electrical nature of a cell, which is composed of resistors (cell plasma) and 

capacitors (membranes), results in increased electropermeabilization effects on cell 

organelles compared to membranes for angular frequencies ω (rad s−1) above 107 

(Kotnik & Miklavčič, 2006). Therefore, applying nanosecond pulses to biological cells 

will result in pronounced intracellular electro effects (Buescher & Schoenbach, 2003). 

Intracellular electro effects could be conformational changes of membrane-bound 

proteins and stimulation of DNA damage (Schoenbach et al., 2007; Stacey et al., 

2003). 

Despite the high potential of nsPEF, its applications remain scarce in the bio-based 
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industry because of the lack of accurate measurements and control of nanosecond 

pulses. 

 

1.1. Electrical principles of nsPEF 

Aspects regarding the electrical principles applicable for nsPEF treatments are 

derived from the relevant literature (Bluhm, 2006; Küchler, 2017; Schwab, 1981). 

Ohm's law, which is the underlying principle for PEF applications, states that the 

applied voltage UH (V) is equal to electrical resistance R (Ω) times the current I (A) 

Eq. (1). 
 

𝑈 = 𝑅 ∙ 𝐼  (1) 
 

Batch process PEF applications are widely executed in plate-plate based 

electroporation cuvettes. The electrical resistance for such a treatment chamber is 

expressed as 
 

𝑅 = 1 𝜎 ∙ 𝑑 𝐴 = 𝜌 ∙ 𝑑 𝐴⁄⁄⁄   (2) 
 

where σ is the media conductivity (S m−1); d is the electrode distance (m); A is the 

electrode surface area (m2) and ρ is the electrical resistivity (Ωm). However, for 

nsPEF applications Ohm's law Eq. (1) must be modified to Eq. (3). Instead of the 

resistance being independent of frequency f (s−1), the frequency-dependent 

impedance Z (Ω) should be used. 
 

𝑈 = 𝑍 ∙ 𝐼  (3) 
 

Equal generator Z1 (Ω) and treatment chamber Z2 (Ω) impedance allow direct 

application of Ohm's law (Eq. (3)). Impedance disparities result in reflections within 

the system, which require consideration (Eq. (4)). The reflection coefficient Γ (–) 

corresponds to the reflected voltage UR (V) divided by the applied voltage. The 

equation is a result of current and voltage continuity. 
 

𝛤 = 𝑈 𝑈⁄ = (𝑍 − 𝑍 ) (𝑍 + 𝑍 )⁄   (4) 
 

In the case of matched load conditions Z1 = Z2, the reflection factor is equal to zero 

and no reflections occur. A reduced pulse amplitude will result for the case Z1 > Z2, 

whereas the case Z1 < Z2 results in an increased amplitude. Analyzing the nsPEF 

system components, the treatment setup appears to be an RLC circuit (Fleming, 
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1891). The generator output cable and the plate-plate based treatment chamber build 

such an RLC element. The impedance for an RLC element is shown in Eq. (5), with 

the complex reactance X (Ω) being composed of the inductive XL (Ω) and capacitive 

XC (Ω) reactance. 
 

𝑍 = 𝑅 + 𝑗𝑋 → |𝑍| = 𝑅 + (𝑋 − 𝑋 )   (5) 
 

R is the resistance given by Eq. (2). The inductive and capacitive reactances are 

shown in Eqs. (6) & (7) with the inductance L (H m−1) Eq. (10) and the capacitance C 

(F m−1) Eq. (9), respectively. The angular frequency ω (s-1) for the reactance is equal 

to 2π∙f. 
 

𝑋 = 𝑗𝜔𝐿  (6) 
 

𝑋 = −1 𝑗𝜔𝐶⁄   (7) 
 

The reciprocal of the impedance, called the admittance Y (S), is calculated from the 

sum of the conductance G (S) and the complex susceptance B (S) Eq. (8). 
 

𝑌 = 𝐺 + 𝑗𝐵  (8) 
 

Laboratory scale experiments mostly rely on plate-plate geometries owing to a 

homogenous applied electric field. Plate-plate treatment chambers have a given 

capacitance, with a permittivity ε (F m−1) being calculated from the permittivity of free 

space ε0 (F m−1) and the relative permittivity εr (−) of the dielectric medium Eq. (9). 
 

𝐶 = 𝜀 ∙ 𝐴 𝑑⁄ = 𝜀 ∙ 𝜀 ∙ 𝐴 𝑑⁄   (9) 
 

The resulting inductance can be derived from Eq. (10) with the magnetic flux Ψ (Wb). 
 

𝐿 = 𝛹 𝐼⁄    (10) 

 

1.2. Energy input calculations in nsPEF systems 

Applications of nsPEF require a precise energy input measurement and control to 

increase the accessibility of the technology in the biobased industry. The electric field 

E (V m−1) is of high importance for these calculations Eq. (11). 
 

𝐸 = 𝑈 𝑑⁄    (11) 
 

Multiplication of the squared electric field Eq. (11) with the pulse width τp (s), the 
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external media conductivity and number of applied pulses n (–) results in the system 

specific energy input Ws (kJ kg−1) Eq. (12). For batch systems, the number of applied 

pulses can be expressed as the product of treatment duration t (s) and frequency. 

For continuous systems, the treatment duration is expressed as the treatment 

chamber's volume V0 (m3) divided by the volumetric flow rate 𝑉 ̇  (m3 s–1) at constant 

temperature Eq. (13). 
 

𝑊 = 𝐸 ∙ 𝜏 ∙ 𝜎 ∙ 𝑛   (12) 
 

𝑛 = 𝑓 ∙ 𝑡 = 𝑓 ∙ 𝑉 �̇�⁄    (13) 
 

The specific energy input Eq. (12) depends strongly on the media composition and 

treatment chamber geometry. Therefore, a profound system characterization is 

crucial for accurate pulse measurement and control. Incorporation of electrochemical 

changes allow for a comprehensive system characterization. The relative permittivity 

Eq. (9) depends on the ion-concentration within the solution. Blüh (1924) derived 

values for saline solutions on the basis of the Born approximation (Born, 1920). 

Changes in media conductivity caused by the external applied electric field can be 

approximated by Eqs. (14) & (15), with electric field dependence factor γ (m V−1), 

electric charge e (C), Boltzmann constant kB (J K−1) and temperature T (K) (Park, 

Ryu, Kim, & Kang, 2009). 
 

𝜎 = 𝜎(1 + 𝛾𝐸)   (14) 
 

𝛾 = 𝑒 16𝜋 ∙ 𝜀 ∙ 𝑘 ∙ 𝑇⁄    (15) 
 

Nonetheless, process requirements impair optimal conditions for electric 

measurements. Multiphysics simulations are a powerful tool to elucidate the influence 

of reactor designs on the obtained results (Knoerzer, Buckow, Trujillo, & Juliano, 

2014; Meneses, Jaeger, & Knorr, 2011a, 2011b; Wölken, Sailer, Maldonado-Parra, 

Horneber, & Rauh, 2017). In this study, we aim at an optimized reactor configuration 

based on multiphysics simulations for accurate high voltage measurement and 

control, enabling a ubiquitously applicable system to be devised. 

 

1.3. Potential of nsPEF for microalgae applications 

Industrial boundaries and microalgae production conditions commonly result in a non-

axenic and non-sterile cultivation. A stable cultivation relies on microbial 
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contamination control during cultivation. Furthermore, the bio-based industry is urged 

to find novel resources for sustainable energetic and material utilization, making 

Chlorella vulgaris a suitable reference organism (Golberg et al., 2016; Posten & Feng 

Chen, 2016). A case study on targeted microbial contamination control during 

cultivation of C. vulgaris was performed to test the transferability of the findings 

regarding system characterization to bio-based applications. 
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2. MATERIALS AND METHODS 

2.1. Experimental equipment 

The experimental setup for the batch pulsed electric field measurements consisted 

of a cuvette holder and a plate-plate electroporation cuvette (BTX Cuvette, Harvard 

Apparatus, Holliston MA, USA). Electrode distances of 2 and 4mm allowed varying 

ohmic resistances from 25 to 155 Ω, applying Eq. (2) and media properties shown in 

Table 1. 

Two different pulse generators were analyzed NPG-18/3500 (Megaimpulse Ltd., St. 

Petersburg, Russia) and FPG 10-1NL100 (FID GmbH, Burbach, Germany). Both 

pulse generators were diode opening switch generators. Those generators allowed 

applications of rectangular pulses from 2 to 100 ns. The voltage level was adjustable 

from 2 to 20 kV, resulting in electric field strengths from 5 to 100 kV cm−1. The 

repetition rate was adjustable from 1 to 3.5 kHz. The NPG-18/3500 had an internal 

impedance of 75 Ω and the FPG 10-1NL100 of 50 Ω. Both generators were analyzed 

using the same saline solutions according to Table 1 to obtain comparable results. A 

matched load condition was achieved for all types of cuvettes. 

The system behavior after a single pulse was analyzed. Prior to a second pulse 

application, the whole setup was grounded to ensure steady-state conditions 

preceding pulse application. Applied voltage and current were measured using a 

calibrated high voltage probe P6015A (Tektronix Inc., Beaverton OR, USA) and 

current monitor type 6585 (Pearson Electronics Inc., Paolo Alto CA, USA), 

respectively. The high voltage probe was attached directly after the transition from 

the generator output cable to the copper electrodes contacting the cuvette. The 

current monitor was placed perpendicular to the current flow on the anode side of the 

generator. A WaveSurfer 10 1-GHz oscilloscope (Teledyne LeCroy, Chestnut Ridge 

NY, USA) was used to monitor the signals. 

 

2.2. Cuvette holder configuration 

Different cuvette holder configurations were analyzed to assess the influence of 

distorting electric fields within the measuring circuit. The conductive surface area 

surrounded by air was 48.80 cm2
 for the broad configuration (Fig. 1 A). System 

optimization studies resulted in a conductive, air surrounded, surface area of 5.60 

cm2
 for the narrow configuration (Fig. 1 B). For both cases, cuvette contacting was 

realized by copper electrodes directly attached to the core and shield of the 
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generators output cable. 

 

 
M1 - Figure 1: Cuvette holder configuration with air surrounded conductive surface area (purple) of 48.80 
cm2 for the broad setup A) and 5.60 cm2 for the narrow setup B), resulting from multiphysics simulation 
based optimization studies. 

2.3. Treatment media 

Solutions of either NaCl or KCl (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) 

were used as treatment media to investigate the system behavior. Investigation of 

two alkali salts allowed comparable results because of their similar chemical 

behavior. The conductivity was measured using a Seven compact conductivity meter 

(Mettler-Toledo International Inc., Columbus OH, USA). Measurements were 

conducted at three different concentrations to broaden the covered impedance range 

(Table 1).  

 

M1 - Table 1: Resulting conductivity σ for NaCl and KCl solutions used to assess system behavior resulting 
from nanosecond pulsed electric field applications, based on saline concentration c differences. 

 NaCl KCl 

 c (mmol L-1) σ (mS cm-1) c (mmol L-1) σ (mS cm-1) 

Solution I 28.01 3.15 ± 0.016 26.05 3.16 ± 0.005 

Solution II 22.24 2.01 ± 0.001 16.27 2.21 ± 0.005 

Solution III 10.69 1.23 ± 0.004 7.17 1.02 ± 0.004 

 

2.4. Numerical and experimental set up 

The complete system was simulated by use of COMSOL Multiphysics® (Comsol Inc., 

Burlington MA, USA) simulation software version 5.3. The electric current (ec) and 

electrostatics (es) physics interface were used to assess the system behaviors. A 
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current conservation equation Eq. (16) based on Ohm's law Eq. (17) was applied in 

the ec physics interface. Current conservation is expressed as the current density 

gradient J (A m−2) equal to the electric charge Q (C). The current conservation is 

based on the sum of a time dependent Ohm's law 𝐽 = (𝜎 + 𝜀𝜕/𝜕𝑡)𝐸 (A m−2) and the 

displacement current Je (A m−2).  
 

∇𝐽 = 𝑄 ,    (16) 
 

𝐽 = (𝜎 + 𝜀𝜕/𝜕𝑡)𝐸 + 𝐽    (17) 
 

The es physics interface solves Gauss's law for the electric field. Gauss's law in a 

differential form is shown in Eq. (18), with the divergence of the electric displacement 

field ε0εrE (C m−2) equal to the electric charge density ρv (C m−2). 
 

∇ ∙ (𝜀  𝜀 𝐸) = 𝜌     (18) 
 

For both physics interfaces the scalar electric potential -𝛻V (V) was used as the 

dependent variable Eq. (19). 
 

𝐸 = −∇𝑉   (19) 
 

The system was simulated stationary as well as time dependent. A combination of 

the waveform (wv) and analytic (an) function allowed for an incorporation of the actual 

pulse shape into the simulation. The temperature dependency of the conductivity was 

simulated by use of a linearized model. This model depends on the reference 

resistivity ρ0 (Ωm) and the temperature coefficient α (K−1) multiplied by the 

temperature difference T−TRef (K) Eq. (20). 
 

𝜎 = 1 𝜌 (1 − 𝛼 𝑇 − 𝑇 )⁄    (20) 
 

In accordance with the experimental setup, only one pulse was applied to analyze 

the system behavior. 

 

2.5. Chlorella vulgaris cultivation and nsPEF treatment 

Three independent C. vulgaris SAG 211-12 cultivations were prepared in triplicates. 

An aliquot of 20 mL of C. vulgaris suspension was diluted in 40 mL DSN medium 

(Pohl, Kohlhase, Krautwurst, & Baasch, 1987) to obtain an optical density (OD) of 2.5 

at 750 nm. The cultures were incubated at 25 ± 0.2 °C, 70% relative humidity, 150 

rpm, ambient CO2, and continuous illumination with a mean photosynthetically active 
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photon flux density (PPFD) of 36 μmol photons m−2 s−1 using warm white LED lamps 

in a shaking incubator (Multitron Pro shaking incubator, Infors AG, Bottmingen, 

Switzerland). The growth of C. vulgaris was monitored by OD measurements at 750 

nm and 680 nm using disposable 1.5 mL semi-microcuvettes (Brand GmbH, 

Wertheim, Germany) in an UV/VIS spectrophotometer (Cary 100, Agilent 

Technologies, Santa Clara CA, USA). 

Application of three different electric field strengths resulted in three differently treated 

C. vulgaris cultures (Table 2). The treatments consisted of 100 pulses with a pulse 

width τp = 5.56 ns and a frequency f = 3 Hz, resulting in a treatment duration of 33.3 

s. The specific energy input was calculated based on the energy per pulse in 

accordance with Eqs. (12) & (13).  

The treatment of C. vulgaris cultures with nanosecond pulses was performed in a 

batch mode using electroporation cuvettes with an electrode distance of 4 mm. Pulse 

waveform, electrical conductivity and temperature were controlled for all treatments. 

 

M1 - Table 2: Resulting conductivity σ for NaCl and KCl solutions used to assess system behavior resulting 
from nanosecond pulsed electric field applications, based on saline concentration c differences. 

 σ (mS cm-1) E (kV cm-1) 

Treatment 

T1 

1.28 ± 0.02 32.75 

Treatment 

T2 

1.15 ± 0.01 40.88 

Treatment 

T3 

1.24 ± 0.02 49.00 

 

The effect of nsPEF treatment on bacterial counts was analyzed by plate count. Serial 

dilutions between 10−2
 to 10−6

 were prepared in sterile maximum recovery medium 

(Oxoid Limited, Thermo Fisher Scientific Inc., Waltham MA, USA) from all samples. 

Aliquots of 100 μL of the dilutions were plated on BHI (Oxoid Limited, Thermo Fisher 

Scientific Inc., Waltham MA, USA) (3.7% BHI and 1.5% agar in dH2O) and bacterial 

colony forming units (CfU) (g−1) were determined after 2 days of incubation at 30 °C. 

Vitality of C. vulgaris was assessed using Eosin Y staining (Merck KGaA, Darmstadt, 

Germany) for living cells. Each sample was diluted with dH2O to obtain an OD of 

around 2. Subsequently, 500 μL of the diluted algal suspension were mixed with 500 
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μL of Eosin Y disodium salt solution (20 mg mL−1). Following an incubation period of 

20 min in the dark, a washing step was performed by adding 4 mL of dH2O to the 

mixture, followed by centrifugation (1300 rpm, 2 min) (Hermle Labortechnik GmbH, 

Wehingen, Germany). In total, three washing steps were performed. After the third 

washing step, all remaining water was removed and the resulting pellet was diluted 

in dH2O to obtain an OD of 1. An aliquot of 10 μL of the stained suspension was used 

for the determination of the vitality of C. vulgaris. A Thoma cell counting chamber 

(Karl Hecht GmbH & Co KG, Sondheim v. d. Roehn, Germany) and DM 6 light 

microscope (Leica Microsystems GmbH, Wetzlar, Germany) were used to determine 

the vitality of C. vulgaris based on living cell counts (LCC), according to the 

manufacturer's instructions. In accordance with Eq. (21), the recorded OD was 

converted into dry substance (DS) (g L−1). 
 

𝐷𝑆 = 0.424 ∙ 𝑂𝐷    (21) 

 

2.6. Data analysis 

Data analysis was conducted by an independent t-test. The confidence interval was 

95% for microbial contamination control trials and 99% for pulse measurements. 

Statistical results were obtained using the software IBM SPSS Statistics (IBM Corp., 

Armonk NY, USA). 
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3. RESULTS AND DISCUSSION 

3.1. System characterization and optimization 

Pulse measurements were conducted with the broad and narrow cuvette holder 

configuration (Fig. 1 A/B). For the broad cuvette holder, the pulse measurements 

resulted in distorted signals. Voltage and current measurements are biased, and no 

distinct pulse shape was detectable (Fig. 2). Thus, determination of the pulse 

parameters was not possible, and the measured voltage contradicted Eq. (4). The 

voltage amplitude increased, although for Z1 > Z2, the applied voltage should be 

lower. The treatment chamber's resistance was assessed with respect to Eq. (2). All 

saline solutions (Table 1) resulted in a congruent system behavior. 

 

 
M1 - Figure 2: Voltage and current measurement obtained using the NPG-18/3500 generator with a pulse 
width of 5.56 ns and the broad cuvette holder configuration (Figure 1 A) using a 4 mm cuvette filled with 
NaCl solution I (Table 1). 

 

Multiphysics simulation revealed a possible explanation for the distorted signals and 

the resulting measurement error (Fig. 3 A). The electric field strength within the 

measurement area exceeds values of 1 · 105 V m−1. This electric field paired with the 

pulse width of 5.56 ns appears to cause an interfering signal.  
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M1 - Figure 3: Electric field strength simulated for the broad cuvette holder A) (Figure 1 A) and the narrow 
cuvette holder configuration B) (Figure 1 B) using electrostatic (es) physic interface in COMSOL 
multiphysics® simulation. 

 

Multiphysics simulation based system analysis aimed for a reduction of the interfering 

signal. It was hypothesized that by minimizing the air surrounded conductive surface 

area, this interfering signal can be reduced. System analysis by multiphysics 

simulation resulted in the narrow cuvette holder configuration (Fig. 3 B). The 

maximum electric field values are similarly high for the broad and narrow 

configuration (Fig. 3 A/B); see also Fig. 1 A/B. However, the narrow configuration 

(Fig. 1 B) allowed for a reduction of the air surrounded conductive surface area from 

48.80 cm2
 to 5.60 cm2. The minimization of the conductive surface area resulted in a 

decreased interfering signal. The measured current displayed the output pulse of the 

NPG-18/3500 using the optimized narrow configuration (Fig. 1 B), as shown in Fig. 

4. In contrast, voltage measurements were still biased, resulting in detection of a 

wider pulse (Fig. 4). These misleading voltage measurements might be explained by 

consideration of the electric field simulations; see also Fig. 3 A/B. Derived from 

electric field simulations, the voltage measurements occur in the region of the highest 

external electric field. A measuring point outside this area was not achievable 

because of the system components. 
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M1 - Figure 4: Voltage and current measurement obtained by use of NPG-18/3500 generator with a pulse 
width of 5.56 ns and the narrow cuvette holder configuration (Figure 1 B) using a 4 mm cuvette filled with 
NaCl solution I (Table 1). 

 

Nevertheless, Ohm's law must be obeyed; dividing voltage by current should result 

in the commonly used theoretical resistance Eq. (2). For matched load conditions, 

Ohm's law was found to be obeyed regarding absolute errors (Fig. 5). However, the 

results for matched load conditions exhibited a mean percentage difference of −14.89 

± 4.25%. A comparable and scalable system relies on accurate measurements. 

Therefore, the current measurement was further analyzed for nanosecond pulse 

characterization and control, as this is crucial to achieve reproducible results. 

 

 
M1 - Figure 5: Resistance obtained by applying Ohm's law to the current and voltage measured (empty) 
using the narrow cuvette holder configuration compared to the theoretical resistance Eq. (2) (full). The 
pulses were delivered by use of the NPG 18-3500 generator with a pulse width of 5.56 ns. The values are 
derived for 4 mm and 2 mm electroporation cuvettes filled with NaCl solutions, as shown in Table 1, and 
the narrow cuvette holder configuration (Figure 1 B). 

 

3.2. Novel theoretical relation 

In Section 3.1, the commonly used theory of Eq. (2) for nsPEF system 

characterization was analyzed. It was demonstrated that the mean percentage error 
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impairs reproducible bio-based applications. Therefore, novel mathematical 

considerations for accurate measurements are necessary. With regard to the pulse 

voltage and current measurements (Fig. 4), the system is observed to behave as a 

pure RC element. A pure capacitive behavior is characterized by a phase shift φ = 

−90° between current and voltage. Therefore, in accordance with an adjusted Eq. (5), 

the impedance of the system (|𝑍 |  =  𝑅  + 𝑋 ) was calculated assuming a relative 

permittivity of water (εr = 81.1). Regarding frequency, the first peak frequency from a 

Fourier transform of the applied pulses was assessed. This adjustment did not 

improve the evaluation of the measured results. Furthermore, incorporation of the 

reflection factor Eq. (4), characterized by the resistance Eq. (2), did not improve the 

obtained results. It appeared that the system behavior was following a non-ideal RC 

element behavior. Consideration of the pulse shape (which for all cases is 

rectangular) led to a novel equivalent circuit with an assumption of a parallel 

capacitive and resistive system. Therefore, Eq. (2) was extended for high-frequency 

applications, as shown in Eq. (22):  
 

𝑍 = 1 (𝜎 ∙ 𝐴 𝑑 + 𝑌 )⁄⁄    (22) 
 

with the total impedance Ztot (Ω) equal to the fraction of the inverse resistance added 

by the system's admittance Yc (S). For conventional PEF applications in the μs range, 

Eq. (22) correlates with the common resistance Eq. (2). Decreasing the pulse width 

increases the influence of the parallel impedance. 

The measured treatment chamber's impedances for NaCl (A) and KCl (B) after 

application of one 5.56 ns pulse are shown in Fig. 6. The applied voltage used for 

system analysis was adjusted in accordance to the parallel impedance Eq. (22) 

incorporating the reflection factor Eq. (4). Furthermore, to incorporate 

electrochemical changes, the relative permittivity was adapted based on the 

correlation derived from Blüh, 1924 (Table 3). 
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M1 - Table 3: Electric conductivity σ and resulting relative permittivity εr for saline solutions of NaCl and KCl 
based on (Blüh, 1924) 

 NaCl KCl 

 σ (mS cm-1) εr (-) σ (mS cm-1) εr (-) 

Solution I 3.15 ± 0.015 68.95 ± 0.050 3.16 ± 0.005 68.94 ± 0.019 

Solution II 2.01 ± 0.010 73.21 ± 0.033 2.21 ± 0.005 72.48 ± 0.019 

Solution III 1.23 ± 0.003 76.11 ± 0.163 1.02 ± 0.003 76.88 ± 0.003 

 

Adjustment of the treatment chamber impedance in accordance to Eq. (22) led to 

correlating results for cases given Z1 > Z2 (Fig. 6) and could therefore increase the 

measurement accuracy. The angular frequency was calculated assuming a 

frequency given by Eq. (23).  
 

𝑓 = 1 (2 ∙ 𝜏 )⁄    (23) 
 

The inclusion of the electric field strength dependent conductivity, as stated by Park 

et al. (2009), did not increase the accuracy of measured pulse analysis. Therefore, 

this intermediate step is not necessary for single-phase systems; however, for 

colloidal systems and DC fields, Park et al. (2009) found it to be relevant. The 

treatments of cell suspensions with μs-ms pulse widths may require this adaption for 

precise pulse measurements, energy input calculations and system characterization, 

as well as control. 

 

 
M1 - Figure 6: Theoretical impedance (full) values derived by consideration of Eq. (21) compared with the 
measured results (empty) for 4 mm and 2 mm electroporation cuvettes filled with A) NaCl and B) KCl 
solutions according to Table 1 utilizing the NPG18-3500 pulse generator with a pulse width of 5.56 ns and 
the narrow cuvette holder configuration (Figure 1 B). 
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The significance of the novel theoretical relation Eq. (22) was evaluated for pulse 

widths from 10 to 100 ns using the FPG 10-1NL100 pulse generator. The results for 

NaCl (Fig. 7) and KCl (see Supplementary material) solutions (Table 1) were 

determined to be similar. Adjustment of the treatment chamber impedance Eq. (22) 

and voltage amplitude Eq. (4) enabled correlation of the measurements. Based on 

consideration of the absolute error results for cases given Z1 > Z2, a correlation was 

observed with the novel theoretical relation Eq. (22) for pulses from 5.56 to 100 ns 

Eq. (22). 

 

 
M1 - Figure 7: Theoretical impedance (full) values derived by considering Eq. (22) compared with the 
measured results (empty) for 4 mm and 2 mm electroporation cuvettes filled with NaCl solutions, as shown 
in Table 1. The pulse generator FPG 10-1NL100 and pulse widths of 10 ns A), 20 ns B), 50 ns C) and 100 
ns D), utilizing the narrow cuvette holder configuration (Fig. 1 B) were analyzed. 

 

Increasing the pulse width reduced the effect of the parallel impedance Eq. (22) 

concerning Eqs. (7) & (23). The parallel impedance is valid as long as the frequency 

according to Eq. (23) is lower than the cutoff frequency fc (Hz) of the RC element (fc 

= 1/2πRC). In addition, the capacitors charging and discharging time τc (s) (τc = R∙C) 
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must be considered. 

Regarding the dependence of the pulse width and charging time, different current 

parameters are relevant. After a charging time tc (s) of 5·τc, the capacitor is charged 

to 99%. Achieving a steady-state system requires a fully charged and discharged 

capacitor, which is the case for τp > 10 · τc. For cases of τp > 10 · τc, the current 

satisfying Eq. (22) is the measured peak to peak current. In the case of τp < 10 · τc 

the maximum current results in correlating values according to Eq. (22). The 

proposed current most suitable for nanosecond pulse characterization is in 

accordance with literature (Pirc, Reberšek, & Miklavčič, 2017; Reberšek, Miklavčič, 

Bertacchini, & Sack, 2014). 

In our study, based on current measurements, the parallel impedance Eq. (22) and 

resistance Eq. (2) showed a significant difference (p < 0.01) regarding system 

characterization. In addition, a significant difference between the parallel impedance 

and the impedance, derived from voltage and current measurements, was obtained 

by satisfying Ohm's law Eq. (3) (p < 0.01). The relative error is based on the 

resistance Eq. (2) equal to −0.14 ± 0.08 and the parallel impedance Eq. (22) equal to 

0.02 ± 0.03. The results were obtained for matched load conditions. In the case of an 

unmatched system, the error increased. However, the relative error for the parallel 

impedance (Eq. (22)) was for all cases lower compared to any other evaluated theory. 

 

 
M1 - Figure 8: Boxplot data for matched load conditions using 4 mm and 2 mm cuvettes filled with NaCl and 
KCl solutions in accordance with Table 1 for pulse widths below cutoff frequency of the RC element; the 
same letters indicate statistical significance (p < 0.01). 

 

3.3. Microbial contamination control within Chlorella vulgaris culture 

The transferability of findings regarding system characterization and control was 
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investigated by a case study on targeted microbial contamination control during 

cultivation of C. vulgaris. The full potential of microalgae in the bio-based industry can 

be revealed with a stable cultivation system. Due to industrial production conditions 

and boundaries it is common to use non-axenic and non-sterile microalgae to 

produce high value added functional ingredients, food, feed, and bioenergy. A stable 

cultivation system requires measures for microbial contamination control in the 

presence of a viable algae culture. 

Applying the novel theoretical relation Eq. (22), the energy input Eq. (12) for the 

inactivation trials was calculated. The energy input was 0.53 kJ kg−1 (Treatment T1), 

0.99 kJ kg−1 (Treatment T2), and 1.69 kJ kg−1 (Treatment T3), with a relative error of 

−0.0003 ± 0.072. This relative error is greater than that obtained for the matched case 

(Z2 = Z1) (Fig. 8); however, it is still lower than for the resistance model Eq. (2). Using 

the former equation for energy input calculations Eq. (2) corresponds to a 4-times 

higher energy input with 1.99 kJ kg−1 (Treatment T1), 3.81 kJ kg−1 (Treatment T2) 

and 6.43 kJ kg−1 (Treatment T3) with a relative error of 0.445 ± 0.111. Therefore, 

applying the novel theoretical relation significantly increases the accuracy of 

treatment controls. 

A significant difference regarding bacterial CfU was found between the control and 

all treatments (p < 0.05) (Fig. 9 B). Inter treatment significance was found between 

treatment T1 and T2 as well as treatment T1 and T3. There was no statistical 

significance observable between treatment T2 and T3 (p = 0.211). For all treatments, 

no changes were observed in the external media conductivity and in the sample's 

temperature. 

Eosin Y staining of the living cells determined the immediate vitality of C. vulgaris. 

There was no significant difference regarding vitality of C. vulgaris (Fig. 9 C). These 

findings enable a microalgae cultivation system by-passed with an nsPEF treatment 

chamber, which allows continuous microbial contamination control during cultivation.  
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M1 - Figure 9: Resulting effects of nsPEF treatments at electric field strengths of E1 = 27.43 kV cm−1 
(Treatment T1), E2 = 39.64 kV cm−1 (Treatment T2), and E3 = 49.79 kV cm−1 (Treatment T3) of Chlorella 
vulgaris SAG 211-12. The effects were based on a 14 days revitalization ability of C. vulgaris according to 
Eq. (21) A), determination of CfU after 2 days of incubation B) and immediate vitality assessment of C. 
vulgaris, as determined by Eosin Y staining C); for figure B) the same letters indicate statistical significance 
(p < 0.05) and for figure C) no statistical significant difference was found. 
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4. CONCLUSIONS 

The study aimed at an optimized reactor configuration based on multiphysics 

simulations for accurate high voltage measurement and control. Multiphysics 

simulation allowed comprehensive analysis of the cuvette holder configurations used 

for nsPEF applications. As a result, the accuracy of nanosecond pulse measurements 

was improved. Experimental analysis results led to the derivation of a novel 

theoretical relationship for the calculation of the treatment chamber resistance. The 

theoretical relationship is based on a parallel system impedance Eq. (22). Extension 

of the commonly used equation for the treatment chamber resistance Eq. (2) to the 

nanosecond range Eq. (22) resulted in a significant decrease of the measurement 

signal disparities (p < 0.01). The relative error for matched load conditions (Z2 = Z1) 

was 0.02 ± 0.03. Thus, nanosecond pulses can be measured and controlled, thereby 

improving the utility of nsPEF for bio-based applications. 

A case study for nsPEF applications in the bio-based industry demonstrated a 

statistically significant reduction of microbial contamination within a C. vulgaris 

culture. The detected total bacterial count reduction of >1 log10 without compromising 

the eukaryotic microalgae strain is a promising phenomenon that has not been 

thoroughly elucidated to date. The continuous operability of nsPEF enables novel 

cultivation systems with an integrated nsPEF treatment chamber, allowing for 

simultaneous contamination control and cultivation of relevant organisms. Further 

detailed analysis is required to optimize the targeted microbial contamination control. 

An in-depth understanding of the biological response might enable tailored microbial 

inactivation in the future. 

Applying the novel theoretical relation (Eq. (22)) enabled a more accurate energy 

input calculation (Eqs. (12) & (13)). This improvement will enhance comparability of 

the results from different laboratories and hence facilitate research in the area of 

nsPEF processing. Further research is necessary to optimize the pulse measurement 

for mismatched load conditions (Z2 ≠ Z1). Derivation of a complete system 

characterization will promote the utilization of nsPEF in the bio-based industry.  
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ABSTRACT 

Pulsed electric field (PEF) is an emerging nonthermal technique with promising 

applications in microalgae biorefinery concepts. In this work, the flow field in 

continuous PEF processing and its influencing factors were analyzed and energy 

input distributions in PEF treatment chambers were investigated. The results were 

obtained using an interdisciplinary approach that combined multiphysics simulations 

with ultrasonic Doppler velocity profiling (UVP) and rheological measurements of 

Arthrospira platensis suspensions as a case study for applications in the biobased 

industry. UVP enabled non-invasive validation of multiphysics simulations. A. 

platensis suspensions follow a non-Newtonian, shear-thinning behavior, and 

measurement data could be fitted with rheological functions, which were used as an 

input for fluid dynamics simulations. Within the present work, a comprehensive 

system characterization was achieved that will facilitate research in the field of PEF 

processing. 

 

 

GRAPHICAL ABSTRACT 
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1. INTRODUCTION 

Nonthermal processes such as pulsed electric field (PEF) can be used to effectively 

process biomass (Mahnič-Kalamiza et al., 2014; Rocha et al., 2018; Vorobiev and 

Lebovka, 2008). For instance, PEF could be used to gently pasteurize heat-sensitive 

liquids (Mathys et al., 2013; Raso et al., 2006) or efficiently extract valuable 

compounds from microalgae (Goettel et al., 2013; ’t Lam et al., 2017; Kempkes et al., 

2011; Parniakov et al., 2015; Postma et al., 2016). Apart from these focus areas, 

many other applications and advantages of PEF can be considered. Toepfl et al. 

(2006) note the potential to use PEF to improve environmental sustainability while 

saving energy and costs. Overall, PEF has many promising applications for 

microalgae processing, such as lipid extraction, stress inductions and contamination 

control within microalgae cultures (Bensalem et al., 2018; Buchmann et al., 2018; 

Eing et al., 2009; Rocha et al., 2018). Despite the long history of PEF research and 

the apparent advantages of PEF, it is not yet widely used commercially. Researchers 

mainly attribute this to the lack of treatment homogeneity, comparability, and 

reproducibility of PEF research results (Buckow et al., 2010; Jaeger et al., 2009; Raso 

et al., 2016; Buchmann et al., 2018). In fact, limited comparability and reproducibility 

of PEF research has been reported as the main underlying problem and is viewed by 

Raso et al. (2016) as a barrier for the development and wide use of the technology. 

Buckow et al. (2010) discusses the high monetary costs caused by the nonuniformity 

of PEF treatments and the high energy use resulting thereof. Consequently, many 

researchers have rightly focused on understanding PEF treatment inhomogeneities 

and on developing measures to reduce such inhomogeneities. However, 

experimental validation of simulated results is a challenging task (Buckow et al., 

2010; Gerlach et al., 2008). 

The ultrasonic Doppler velocity profiling (UVP) method can be utilized to 

noninvasively determine velocity profiles and therefore to validate flow field 

simulations. The method was developed at the Paul Scherrer Institute in Switzerland 

(Takeda, 1995). UVP uses ultrasonic echography and the Doppler shift frequency to 

measure the instantaneous velocity profile of liquids (Takeda, 1995). The time delay 

between the initiation and reception of the ultrasound pulse gives information on the 

reflection position, allowing velocity determination by incorporation of the Doppler 

shift frequency (Takeda, 2012). Compared to other flow measuring methods, UVP 

can be used on opaque liquids, and since it is noninvasive, it does not influence the 



MANUSCRIPT 2  

65 

velocity profile (Wiklund et al., 2007). 

To link UVP measurements to simulation results, the characteristic suspension 

viscosities must be known. Analysis of characteristic suspension viscosities as used 

for flow field simulations and experiments can be conducted using rheological 

measurements (Ewoldt et al., 2015). Thereby, the viscosity of fluids as a function of 

the applied force or shear rate can be determined. Microalgae suspensions from 

Arthrospira platensis serve as a promising model system for such analysis since they 

are widely used in research and application. When simulating Newtonian fluids, a 

constant viscosity value can be assumed for the entire simulated process. On the 

other hand, simulations of non-Newtonian fluids are more complex and require a 

viscosity function as an input. 

Noninvasive system analysis can be executed by integration of suspension 

characteristics into numerical simulations. Simulations can be used to improve PEF 

in an iterative process, for example, by constantly simulating and optimizing the 

treatment chamber geometry (Buckow et al., 2010). Furthermore, computational tools 

can aid in understanding the different process factors involved in PEF and how those 

influence the treatment (Fiala et al., 2001; Gerlach et al., 2008; Meneses et al., 

2011c). For those reasons, numerical simulations are used in this work to gain a 

better understanding of flow fields in PEF processing. Although simulation models 

might seem plausible, their solutions might not always be accurate, especially for 

complex problems (Barbosa-Cánovas et al., 2011). Consequently, it is essential to 

validate the simulations with experimental data whenever possible. This principle is 

also accounted for in the experimental portion of this work. Multiple papers in the past 

decade have described or reviewed the basic physics laws, principles, equations and 

boundary conditions underlying numerical simulations of PEF (Buckow et al., 2010; 

Gerlach et al., 2008; Krauss et al., 2011; Meneses et al., 2011a; Wölken et al., 2017). 

The focus of research on PEF simulations has been on improving the electric field 

homogeneity (Álvarez et al., 2006; Fiala et al., 2001; Meneses et al., 2011b; Zhang 

et al., 1995). Within this study, a comprehensive approach is taken to achieve a 

homogenous and comparable energy input from PEF, considering electric and flow 

field inhomogeneities. This novel approach combines multiphysics simulation with 

noninvasive UVP measurement and rheological validation, enabling a 

comprehensive PEF system analysis and laying the foundation for improved 

microalgae processing.  
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2. MATERIALS AND METHODS 

2.1. Experimental setup 

Experiments were conducted using a 10 mm and 1 mm diameter polycarbonate 

treatment chamber (manufactured at ETH Zürich, Switzerland). The treatment 

chamber was clamped into a retainer with the flow aligned vertically. Polypropylene-

based tubes with a 2.79 mm 

internal diameter (SC0319A, Cole-Parmer GmbH, Wertheim, Germany) were 

attached to the treatment chamber on both sides as an inlet and outlet for the treated 

liquid. A peristaltic pump (MS-4/12-100 ISMATEC®, Cole-Parmer GmbH, Wertheim, 

Germany) was used at the 

highest speed (99 rpm) to pump the liquid through the PEF treatment cell from the 

bottom up, as described elsewhere (Goettel et al., 2013). Prior to flow measurements, 

it was ensured that the treatment chamber was thoroughly filled with liquid so that 

there were no remaining air bubbles and the flow reached steady-state conditions. 

 

2.2. Arthrospira platensis suspensions 

Arthrospira platensis suspensions were used as a model system for conducting flow 

behavior experiments. A. platensis suspensions of four different concentrations in 

deionized water were prepared (5, 25, 60 and 100 g L−1); using A. platensis powder 

(PREMIUM II, origin China, Institute for Food and Environmental Research ILU, 

Bergholz-Rehbruecke, Germany). The suspensions were thoroughly stirred and 

shaken in a flask to achieve a homogenous suspension. Flow experiments were 

conducted within two hours of production to minimize any decomposition of the 

suspension. In addition, a magnetic stirrer was used during the entire flow profiling 

experiment to prevent sedimentation. 

 

2.3. Measuring mass flow rate 

The mass flow rate through each parallel plate treatment chamber (10 mm and 1 mm 

gap) was measured for the water and A. platensis suspensions used in the flow field 

measurements. The liquids were pumped through the treatment cell as described in 

Section 2.1 and collected in a 50 mL falcon tube. The time for 20 mL to flow through 

the system was recorded. From the mass flow rate ṁ (kg s-1), the cross-sectional 

area of the inlet A (m2), and the fluid density ρ (kg m-3), the average flow velocity u 

(m s-1) in the inlet were calculated for different inlet diameters (Eq. (1)). These 
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measurements served as a guide for the selection range of the inlet velocity value u0 

(m s-1) in the simulations. Using the actual experimental inlet velocity as a boundary 

condition in the simulation allowed an experimental validation. 
 

�̇� = 𝑢 ∙ 𝐴 ∙ 𝜌  (1) 

 

2.4. UVP measurements 

A 10 mm lab-scale parallel plate continuous PEF system as described in Section 2.1 

was used for the UVP experiments. An ultrasonic profiler (UB-Lab, UBERTONE, 

Strasbourg, France) was used for measurements, together with two 4 MHz and one 

8 MHz ultrasound transducer (UBLab, UBERTONE, Strasbourg, France). Round 

holes approximately 6 mm deep with a diameter only marginally larger than the 

ultrasound transducer were drilled into the outer polycarbonate shell of the treatment 

cell at three incident angles 𝜃  (-) (0° or perpendicular to the liquid flow, 45°, 60°) to 

hold the ultrasound transducers in place. Water as a reference medium, as well as 

three different concentrations of A. platensis suspensions, were used for the UVP 

measurements (see section 2.2). Inert copolyamide acoustic reflector beads (size 

80–200 μm, density 1.07 g cm−3, MET-FLOW S.A., Lausanne, Switzerland) were 

added to the suspensions and the water in order to facilitate the reflections of the 

ultrasound waves and to improve the measurement signal. The results were 

averaged over ten measurements for each investigated suspension and water. For 

an in-depth method description and experimental procedure, refer to Takeda (2012). 

 

2.5. Rheological measurements 

Rheological analyses were conducted on the A. platensis suspensions and water as 

described in Section 2.2. The flow behavior was analyzed using a stress-controlled 

rheometer (Physica MCR 501, Anton Paar, Graz, Austria) with double gap geometry 

(DG 26.7, Anton Paar, Graz, Austria). For each measurement, a liquid volume of 3.8 

mL was loaded into the outer cylinder. Samples were sheared at shear rates γ ̇(s−1) 

of 500 s−1 – 0.5 s−1 and vice versa. By reversing the shear rate, it was ensured that a 

possible sedimentation of A. platensis during rheological measurements was 

accounted for. The resulting measurement points were visualized in a scatter plot 

showing the viscosity versus the shear rate. The best-fitting rheological equation was 

either the Herschel-Bulkley equation (Eq. (2)) or the non-Newtonian power law (Eq. 

(3)) (Mezger, 2015; Spagnolie, 2015). 
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𝜏 = 𝜏 + 𝐾�̇�   (2) 
 

𝜏 = 𝐾�̇�   (3) 
 

with shear stress τ (Pa), yield stress τ0 (Pa), flow consistency index K (Pa sn) and flow 

behavior index n (–). Incorporation of the generalized Newtonian law (μ(γ)̇ = τ / γ̇), 

allows Eq. (2) to be rewritten. The resulting equation gives the viscosity μ (Pa s) of 

the non-Newtonian fluid as a function of the shear rate, given a shear rate equal to 

or greater than the zero shear rate γ0̇̇ (s−1) (Eq. (4)). 
 

𝜇 = 𝜏 |�̇�| + 𝐾|�̇�|  , |�̇�| ≥ �̇�   (4) 
 

This function can now be applied onto rheological data to obtain values for the yield 

stress, flow consistency index, and flow behavior index. The resulting functions were 

used as viscosity functions in the multiphysics simulations, as described in Section 

2.6. 

The rheological results were further used to derive an equation for the A. platensis 

suspension’s viscosity as a function of its concentration, using the Krieger-Dougherty 

relation (Eq. (5)). The Krieger-Dougherty relation (Eq. (5)) can be used to express the 

suspension viscosity as a function of the particle concentration (Krieger and 

Dougherty, 1959). While this relation is strictly valid for the low shear Newtonian 

plateau, it can be used at the lower end of the measured shear rate range (Zhang et 

al., 2013). 
 

𝜇 = 𝜇 𝜇⁄ = (1 − 𝛷 𝛷 )⁄
[ ]   (5) 

 

where μr (–) denotes the relative viscosity of the suspensions, μ (Pa s) represents the 

effective viscosity of the suspensions, μs (Pa s) represents the viscosity of the 

suspending medium, ɸmax (–) is the maximum volume fraction, ɸv (–) represents the 

volume fraction, and [μ] (–) denotes the intrinsic viscosity of the suspended particles. 

Ciferri (1983) describe the morphology of A. platensis as helical filaments. 

Consequently, the shape of A. platensis filaments can be approximated as a cylinder 

with an aspect ratio of 1:10. This ratio was confirmed in microscopic images. Metzner 

(1985) gives values for the maximum packing fraction of short fibers with different 

aspect ratios. Pan (1993) provides a graph for the maximum volume fraction as a 

function of the aspect ratio. Both sources suggest that the value for maximum packing 

fraction of elongated structures with aspect ratios close to 1:10 can be approximated 
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at ϕmax = 0.43. 

In the absence of a value for the volume fraction of A. platensis suspensions, the 

mass fraction was used instead. The mass fraction was approximated from the mass 

concentration using a value for the free water content in the A. platensis powder. The 

water content in the utilized A. platensis powder was determined to be at 6.56% by 

using a moisture analyzer (HR73/HA-P43, Mettler-Toledo International Inc., 

Columbus OH, USA). The water content of the powder was subtracted from the 

powder mass and added to the mass of the suspending medium water to calculate 

the mass fraction. 

 

2.6. Computational fluid dynamics simulation 

COMSOL multiphysics® software (version 5.3, Comsol Inc., Burlington MA, USA) was 

used to conduct multiphysics simulations of the flow field in PEF treatment chambers. 

The geometries of the parallel plate treatment chambers available at ETH Zurich, 

Sustainable Food Processing Laboratory were recreated in COMSOL multiphysics®. 

The simulations for parallel plate treatment chambers were conducted using a 3D 

model. The geometry of a co-linear treatment cell was simulated using a 2D 

axisymmetric approach. 

The Reynolds numbers for the lab-scale geometries investigated in this work were all 

well below the critical Reynolds value of 2300, even at the highest velocities and 

lowest viscosities that were simulated. Thus, Reynolds numbers were sufficiently 

small that a laminar physics model was used to simulate the flow field. Boundary 

conditions for the fluid properties, i.e., the fluid density and the dynamic viscosity, 

were defined for every simulation. The density was set to equal the density of water 

for all simulations (ρ = 1000 kg m−3). To simulate the flow of water, the standard 

dynamic viscosity of water as deposited in the software was used (μ = 0.001 Pa s). 

The flow behavior of the A. platensis suspensions used for the experimental part of 

this work was measured in rheological trials as described in Section 2.5. The results 

of these experiments were used to construct viscosity functions for every 

concentration of A. platensis solution measured. The viscosity functions were then 

integrated into the simulation. The presented work only considered stationary 

solutions of the simulation, as the system had reached its equilibrium and was in a 

steady state. Therefore, investigating stationary solutions was sufficient to describe 

the situation present in most PEF research applications. Further, effects of 
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temperature on media parameters were neglected due to the low energy inputs 

studied. 

 

2.7. Data analysis 

Data analysis was conducted by an independent t-test. The confidence interval was 

95% for all experiments. Statistical results were obtained using the software IBM 

SPSS Statistics (IBM Corp., Armonk NY, USA). 
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3. RESULTS AND DISCUSSION 

To set up the multiphysics simulations, the mass flow rate was determined prior to all 

other experiments. It was found that the mass flow rate was equal to 3.03·10−7 kg s−1, 

2.94·10−7 kg s−1, 2.86·10−7 kg s−1 and 2.78·10−7 kg s−1 for water and for A. platensis 

suspension with concentrations of 5 g L−1, 25gL−1 and 100 g L−1, respectively. Based 

on the mass flow rate, the inlet velocities were calculated for different inlet 

configurations using Eq. (1). 

 

3.1. Flow behavior of Arthrospira platensis suspensions 

Rheological measurements demonstrated that A. platensis suspensions showed a 

non-Newtonian, shear-thinning behavior, and measurement data could be fitted with 

rheological functions (Fig. 1). Lower-concentration suspensions (5 g L−1, 25gL−1) 

were best fitted using the Herschel-Bulkley equation (Eq. (2)) whereas higher-

concentration suspensions (60 g L−1, 100 g L−1) were best fitted with the non-

Newtonian power law (Eq. (3)). 

 

 
M2 - Figure 1: Rheological measurement results for water and different A. platensis suspension 
concentrations, fitted with rheological equations. The viscosity increased for increasing concentrations. The 
suspensions exhibited a non-Newtonian, shear thinning behavior. In comparison, water showed Newtonian 
behavior, characterized by the horizontal line at viscosity μ = 0.001 Pa s. 

 

The flow consistency index and the flow behavior index of A. platensis suspensions, 

which together define the viscosity functions at the respective concentration, are 

shown in Table 1 in accordance with Eq. (4). The rheological results for A. platensis 

suspensions correspond well with findings by Bernaerts et al. (2017), who 
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characterized rheological behavior for suspensions of seven different strains of 

microalgae, including A. platensis. The rheological behavior depends on the 

investigated strain and biopolymer composition; therefore, it must be analyzed for 

every strain independently. 

 

M2 - Table 1: Values for yield stress τ0 times shear rate |�̇�|−1, flow consistency index K, and flow behavior 
index n of A. platensis suspensions obtained from the Herschel-Bulkley and non-Newtonian power law fits 
on the rheological measurements. 

 τ0|�̇�|−1 K n-1 

 (Pa s) (Pa sn) (-) 

A. platensis 5 g·L-1 0.0012 0.0063 -0.1091 

A. platensis 25 g·L-1 0.0016 0.0085 -0.0161 

A. platensis 60 g·L-1 - 0.0093 -0.1952 

A. platensis 100 g·L-1 - 0.0751 -0.3703 

 

The investigated A. platensis suspensions showed an increasing viscosity with 

increasing concentration (Fig. 1). Therefore, the maximum packing fraction was 

integrated with the rheological results to obtain a Krieger-Dougherty plot illustrating 

the dependency of cell concentration on relative viscosity (Fig. 2). The viscosity 

increased exponentially with increasing concentration. Hence, the resulting plot 

illustrates that the empirical equation formulated by Krieger and Dougherty accurately 

approximates the viscosity of A. platensis suspensions as a function of their 

concentration. The maximum mass fraction was set to 0.43 in accordance with the 

literature. The data shown in Fig. 2 were obtained for a shear rate of 5 s−1. In 

accordance with Eq. (5), a value for the intrinsic viscosity of 39.24 was obtained. 

This value is significantly higher than the intrinsic viscosity of 24.7 for Chlorella 

vulgaris reported by Zhang et al. (2013). This observation means that the A. platensis 

cells contribute more to the viscosity of the suspension than C. vulgaris cells do. In 

view of the morphological differences between C. vulgaris and A. platensis, this 

difference is not surprising. The long filamentous structure of A. platensis interacts 

more strongly with the medium than the spherical cell of C. vulgaris, resulting in a 

higher viscosity of the suspended cells. 
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M2 - Figure 2: Relative viscosity μr = μ / μs of A. platensis suspensions as a function of their mass fractions, 
estimated by fitting the Krieger-Dougherty equation to the rheological data for shear rate 𝛾̇ = 5 s−1, with the 
maximum mass fraction set to 0.43. The resulting intrinsic viscosity value [μ] equals 39.24. The relative 
viscosity increased exponentially as a function of its mass fraction. 

 

3.2. Experimental validation of flow fields 

Experimental validation of the fluid dynamic simulations was conducted using a 

parallel plate treatment chamber of 10 mm diameter applying UVP, as described in 

Section 2.4. The results of the measurements are presented in Fig. 3 and are 

compared with the simulation results for exactly the same treatment chamber 

geometry, using the viscosity functions obtained from the rheological measurements. 

The results of the experiments and simulations correlate. Based on an independent 

t-test, no significant difference between UVP and simulation results was found for 

water and 25 g L−1 and 100 g L−1 A. platensis solutions. Both in the simulation and in 

the flow profiling results, the velocity profile was narrow and pronounced at low 

viscosity but flattened to become more uniform at higher viscosity. 
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M2 - Figure 3: a) Ultrasonic Doppler velocity profiling (UVP) measurement and b) simulation results for 
water and suspensions with different A. platensis concentrations in the 10 mm diameter treatment chamber. 

 

However, a statistically significant difference between the simulation and UVP 

occurred at suspension concentrations of 5 g L−1 (p < 0.05). The reason for this 

deviation might be the sensitivity of the UVP method. As described in Section 2.4, the 

number of microalgae cells in the 5 g L−1 suspension might simply be too low for the 

ultrasound transducer to receive a signal significantly different from that of water. 

Nevertheless, UVP validates the simulation results well and reinforces that 

simulations are a useful means to test the basic principles 

in processes such as PEF. 

While the validity and value of the simulations has already been confirmed by other 

researchers who have used simulations for PEF (Buckow et al., 2010; Fiala et al., 

2001; Gerlach et al., 2008; Meneses et al., 2011b), using the UVP method to validate 

the simulation results is a new approach. Some researchers have raised the concern 

that measuring equipment might disturb the flow and thus make an experimental 

validation of flow experiments difficult (Buckow et al., 2010; Gerlach et al., 2008). The 

UVP method addresses these concerns well, since it can be used on a broad range 

of liquids and suspensions, even opaque and non-Newtonian suspensions, without 

disturbing the flow field. However, when testing lab-scale equipment, it is necessary 

to increase the scale to a diameter in the range of 10mm or more in order to obtain 

sufficient data points during UVP measurements. 
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3.3. Simulation based comprehensive system analysis 

3.3.1. Effect of inlet velocity 

The effect of changing inlet velocity was investigated in both the treatment chamber 

geometries of 10 mm and 1 mm diameter and for fluids of different viscosity. Fig. 4 

shows the velocity profiles in the center of the treatment chambers for different inlet 

velocities (u0). In both geometries, the velocity profiles had a parabolic shape, as 

expected from laminar flow profiles. The velocity was at its maximum in the center of 

the treatment chamber and tended towards zero near the walls. The maximum 

velocity increased with increasing inlet velocity. Therefore, the differences in velocity 

across the treatment chamber became larger with increasing inlet velocity, assuming 

laminar flow. This basic principle was confirmed in simulations for all different medium 

viscosities and treatment chamber geometries tested. The influence of inlet velocity 

on the flow profile correlated for all tested viscosity and treatment chamber 

configurations. Therefore, reducing the inlet velocity would increase the treatment 

homogeneity in parallel plate treatment chambers, provided a laminar flow field. 

 

 
M2 - Figure 4: Simulation results showing the effect of increasing inlet velocity u0 on the velocity profiles in 
the parallel plate treatment chambers for a) A. platensis suspension of concentration 100 g L−1 in the 10 
mm diameter parallel plate chamber and b) water in the 1 mm diameter parallel plate chamber. 

 

3.3.2. Effect of viscosity 

Liquid flow in continuous PEF was simulated for different viscosities, using the 

viscosity functions determined in Section 3.1 for the different concentrations of A. 

platensis. The inlet velocities and all other parameters were kept constant to 

investigate the effect that viscosity alone had on the velocity profile. The simulation 
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results are displayed in Fig. 5 for both parallel plate treatment chamber geometries. 

In the 10 mm diameter parallel plate chamber, the effect of viscosity (Fig. 1) was 

clearly visible (Fig. 5a). At a low viscosity equal to that of water, the maximum velocity 

in the treatment chamber was the highest. There was a highly pronounced velocity 

profile and recirculation zones near the chamber walls. These recirculation zones 

could be reduced with an optimized treatment chamber inlet design. Nevertheless, 

with increasing viscosity, the peak velocity decreased and the velocity profile became 

flatter and more homogeneous overall. In the 1 mm diameter chamber, the velocity 

profile appeared to be almost independent from the viscosity (Fig. 5b). Within narrow 

treatment chambers, the friction from the walls and the interacting forces between the 

fluid and the walls dominated the fluid flow. The wall forces appear to have influenced 

the flow field all the way to the center of the treatment chamber. On the other hand, 

with larger geometries such as the 10 mm diameter chamber, the wall appeared to 

exert its effect on liquid fractions that were nearby, but the viscosity of the fluid 

governed the liquid flow in the center. 

Goettel et al. (2013) observed that the conductivity of PEF-treated microalgae (A. 

protothecoides SAG 211-7a) suspensions increased with increasing biomass 

concentration, making the PEF treatments at higher concentrations more efficient. An 

increase in concentration led to an increase in viscosity, as illustrated in section 3.1. 

Therefore, based on the results presented in Fig. 5, an improvement in treatment 

homogeneity and energy efficiency accompanied the increased biomass 

concentration. This finding further emphasizes the importance of flow field 

considerations in continuous PEF systems. 

Overall, the results showed that the medium viscosity does have an impact on the 

flow profiles, although this effect seems to be dependent on the size of the treatment 

chamber. Higher viscosities in general improved the flow field uniformity and reduced 

the peak viscosity in the center of the treatment chamber. When scaling up from a 

treatment chamber with one or only a few millimeters in diameter, one should be 

aware that the impact of viscosity might become more important with increasing 

scale. 
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M2 - Figure 5: Simulation results showing the effect of increasing viscosity, according to Fig. 1, on the 
velocity profiles in the treatment chambers for different concentrations of A. platensis suspensions for the 
a) 10 mm and b) 1 mm diameter parallel plate chambers. 

 

3.4. Energy input comparison between different treatment chambers 

In PEF treatments, the specific energy input is crucial to assess treatment effectivity 

and to compare results from different laboratories. In parallel plate treatment 

chambers where the electric field is uniform, variabilities in the flow fields account for 

the entire inhomogeneity in energy input. Therefore, only the flow field must be 

simulated without having to consider the electric field distribution. In contrast, with 

collinear treatment chambers, both the flow field and the electric field are 

inhomogeneous. Therefore, there are two independent factors that both contribute to 

potential treatment inhomogeneities. It may not be sufficient to only investigate one 

of these two factors. To make a conclusive statement on the overall treatment 

homogeneity, specific energy input distributions were calculated for both co-linear 

and parallel plate treatment chambers, combining the results from flow field and 

electric field simulations. To make the results as comparable as possible, a collinear 

cell with a 4mm gap between the insulators (the geometry utilized by Meneses et al. 

(2011c)) was compared to a parallel plate treatment chamber with a 4 mm electrode 

gap (the geometry utilized by Goettel et al. (2013)). All other parameters such as inlet 

velocity, viscosity, electric potential, pulse width, pulse repetition rate, and medium 

conductivity were kept equal for both treatment chambers (Table 2). The results for 

the energy input distribution are visualized in Fig. 6. Since there was a much larger 

treatment zone in the parallel plate chamber and the liquid was exposed to a higher 
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pulse number, the specific energy input was approximately ten times higher than that 

of the co-linear chamber. However, by reducing the pulse repetition frequency by the 

same factor of ten, the energy input for both treatment chambers correlated. The 

shape of the energy input distributions was almost the same for both geometries. 

Therefore, for the chosen parameters, both treatments were approximately equally 

nonuniform, with equal amounts of deviation from the average treatment effect. 

However, as illustrated by the dotted line (· ·) in Fig. 6, there was a significant 

difference between the actual energy input distribution in the co-linear chamber 

considering electric and flow field, and the energy distribution assuming a uniform 

flow field. This difference further underlines the necessity to consider the flow field in 

continuous PEF. 

 

M2 - Table 2: Parameters used for the calculation of the energy input distribution in the parallel plate and 
co-linear treatment chamber geometries. The electric potential U, the pulse width τp, the medium 
conductivity σ, the pulse repetition frequency f and the treatment chamber diameter Din were all defined the 
same for both treatment chamber geometries, providing the same conditions for both chambers in order to 
make the results comparable. Due to the differences in geometry, the treatment chamber length L was 
larger for the parallel plate chamber than for the co-linear chamber. 

 U τp σ f Din L 

 (V) (µs) (mS cm−1) (s−1) (mm) (mm) 

parallel plate 1000 1 4 9 4 28 

co-linear 1000 1 4 9 4 5 

 

 

The parameters of the energy input had to be examined more closely to understand 

what made up the inhomogeneities in both treatment chamber geometries and what 

was different between the two geometries. The parallel plate chamber had a uniform 

electric field but a nonuniform flow field. On the other hand, the co-linear chamber 

had a more uniform flow field due to its pinched geometry. However, the electric field 

of the co-linear chamber was nonuniform; it was stronger near the walls and weaker 

towards the center of the chamber. Therefore, the liquid near the walls that was 

already flowing more slowly experienced a higher field, while the fast-moving liquid 

in the center experienced a lower electric field. Consequently, the flow field was more 

uniform in the co-linear chamber, but the electric field nonuniformity exacerbated the 

effect of the inhomogeneous flow field. Overall, it is possible that under certain 

conditions, either the co-linear or the parallel plate chamber is more uniform 

concerning the energy input distribution. In the case simulated in Fig. 6, the effects 
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of electric field and flow field described above seemed to be in balance, resulting in 

correlating energy input profiles for both treatment chambers. However, any of the 

medium or process parameters can be modified, and the modifications might favor 

one of the two geometries more than the other. While for different reasons, both the 

co-linear and parallel plate treatment chambers exhibited a nonuniform energy input 

distribution. Therefore, it is important to calculate and compare the energy input 

distributions every time when changing between the two geometries, optimizing the 

treatment chamber designs, modifying process parameters, or scaling up the 

process. 

 

 
M2 - Figure 6: Simulated distribution of specific energy input across treatment chambers for parallel plate 
and co-linear geometries, both with 4 mm diameter and assuming the viscosity of water. All other 
parameters (inlet velocity, electric potential, pulse width, pulse repetition rate, and medium conductivity) 
were also kept equal for both treatment chambers (Table 2). The dotted (· ·) line represents the energy 
input distribution in the co-linear chamber when assuming an average or uniform flow field and only 
considering the nonuniform electric field. The dashed (- -) line represents the energy input in a batch parallel 
plate system with no flow and a uniform electric field. 

 

The dashed line (- -) in Fig. 6 shows the specific energy input distribution of a batch 

parallel plate treatment chamber with the same dimensions as the continuous 

chamber. All other parameters such as the electric potential, conductivity, pulse width 

and frequency were kept the same as for the continuous process (Table 2). It became 

evident that the energy input in the continuous process deviated greatly from a batch 

process, even when using the otherwise exact same process parameters and 

geometry. To quantify the extent of the deviation, one can disregard the fluid adjacent 

to the wall, and focus on the 80 percent of fluid in the center of the chamber. In these 

middle 80 percent of the parallel plate chamber volume, the average specific energy 
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input was approximately 165 J kg−1 for the continuous system and three times higher 

for the batch system at approximately 700 J kg−1. At the same time, the approximately 

10 percent of liquid nearest to the walls displayed an extremely high energy input that 

was significantly beyond the energy input of 700 J kg−1 expected from the batch 

treatment and may have led to overtreated microalgae cells. This difference between 

batch and continuous PEF processes is striking, and it is highly relevant for improving 

reproducibility in PEF research. Considering the large deviations between batch and 

continuous PEF, one must be extremely cautious when transferring process 

knowledge or settings from batch to continuous processes during scale-up. 
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4. CONCLUSIONS 

Sustainable and economically viable microalgae-based biorefinery concepts require 

cost-effective processing. PEF processing demonstrated relevant applications in 

microalgae valorization; however, the reproducibility of results was low. In continuous 

PEF processing electric and flow field, characterization is crucial. The novel approach 

to combine multiphysics simulation with noninvasive UVP measurements and 

rheological validation enabled a comprehensive PEF system characterization and 

control. The results presented in this work will allow for better reproducibility of 

results, facilitating the research on PEF and subsequent microalgae biorefinery 

approaches. Further research is required in the area of turbulent flow fields for scale-

up considerations. 
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1. INTRODUCTION 

Treatment homogeneity is a crucial element in order to apply PEF/nsPEF in a 

targeted way. Given the almost fully homogenous electric field distribution (Diaz, 

2005) in parallel-plate treatment chambers, they appear the most suitable ones to 

reach this goal. Nonetheless, co-linear treatment chambers are currently the most 

used systems in lab and industrial applications. One of the discussed advantages of 

co-linear chambers is the suitability for cleaning in place, however, liquid processing 

units such as plate-plate heat exchangers prove that hygienic operation in non-

circular tubes is feasible (Góngora-Nieto et al., 2002; Toepfl, 2006; Jeurnink 1994). 

A further discussed disadvantage of parallel-plate treatment chambers is the low 

electrical resistance, resulting in high peak currents and failures within the electric 

circuit (Jaeger et al., 2009; Toepfl, 2006). However, the electrical resistance of a 

treatment chamber mainly depends on the chosen geometrical parameters and can 

be adjusted according to Eq. (1) 
 

𝑅 = 1 𝜎 ∙ 𝑑 𝐴 = 𝜌 ∙ 𝑑 𝐴⁄⁄⁄   (2) 
 

where σ is the media conductivity (S m−1); d is the electrode distance (m); A is the 

electrode surface area (m2) and ρ is the electrical resistivity (Ωm). 

Furthermore, an additional load in parallel or series to the integrated treatment 

chamber could be used to achieve matched load conditions and thereby operate the 

system safely. 

Therefore, the industrial standard was challenged based on the comprehensive PEF 

system analysis, focusing on a thorough PEF system optimization, allowing for 

targeted treatments on a first pilot-scale level.  
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2. MATERIALS AND METHODS 

2.1. Numerical simulations 

COMSOL multiphysics® software (version 5.3a, Comsol Inc., Burlington MA, USA) 

was used to conduct multiphysics simulations of the flow field in PEF treatment 

chambers. The simulations for parallel plate treatment chambers were conducted 

using a 3D model. The geometry of a co-linear treatment cell was simulated using a 

2D axisymmetric approach. 

The Reynolds numbers for the lab-scale geometries investigated in this work were all 

well below the critical Reynolds value of 2300. For the system optimization, Reynolds 

numbers up to 4000 were reached. Depending on the expected flow regime, a 

laminar or turbulent flow model was chosen. Within this study, the turbulent algebraic 

yPlus model was used with the respective governing equations. Despite reduced 

accuracy close to the wall, the robust model results in a good approximation for 

internal flow and is less computationally expensive (Frei, 2019). 

Boundary conditions for the fluid properties, i.e., the fluid density and the dynamic 

viscosity, were defined for every simulation. The density was set to the density of 

water for all simulations (ρ = 1000 kg m−3). The standard dynamic viscosity of water 

as deposited in the software was used (μ = 0.001 Pa s), to simulate the flow of water. 

The flow behavior of model suspensions was measured in rheological trials as 

described in Buchmann et al, (2018). The same viscosity functions were integrated 

as a model system into the optimization simulations. The presented work only 

considered stationary solutions of the simulation, which are sufficient to describe the 

situation present in most PEF research applications. Further effects of temperature 

on media parameters were neglected due to the low energy inputs.  

 

2.2. Model systems for PEF system optimization 

Based on the flow behavior characterization from Buchmann et al, (2018), three 

model systems were evaluated for strategies aiming at a more homogeneous energy 

input distribution within PEF/nsPEF processes. The optimization focused on the 

growth and/or cellular compound stimulation as shown by literature and a parallel 

scale-up approach thereof (Buchmann et al., 2019; Buchmann and Mathys, 2019; 

Haberkorn et al., 2019). Based on the equipment available at ETH Zürich, the 

maximum electrode distance was fixed at 10 mm due to the required electric field 

strength of 10 kV cm-1. 
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M2U - Table 1: Evaluated parameters for nsPEF system optimization focused on growth stimulation 
according to Buchmann et al., (2019), with reference Arthrospira platensis concentrations of 0, 5 and 25 g 
L-1 as a model system according to Buchmann et al., (2018). Different scale-up scenarios were analyzed 
for a throughput of around ≥ 100 L h-1. In addition, a Reference treatment chamber was analyzed in order 
to have a direct comparison to the results obtained from Buchmann et al., (2018b). 

 reference 0 g L-1- 5 g L-1- 25 g L-1- 

Treatment chamber 

Chamber diameter [mm] 

Chamber length [mm] 

 

4 

28 

 

5 

28 

 

5 

28 

 

10 

28 

Process parameter 

Inlet velocity [m s-1] 

Average residence time [s] 

Pulse repetition frequency [Hz] 

Pulse number [-] 

Pulse duration [ns] 

Applied Voltage [V] 

Electric field strength [kV cm-1] 

Energy input [J kg-1] 

 

1 

0.028 

107 

3 

1000 

1000 

2.5 

75 

 

1.2 

0.023 

88 

2.05 

100 

5115 

10.23 

256 

 

1.2 

0.023 

88 

2.05 

100 

5115 

10.23 

256 

 

0.3 

0.093 

22 

2.05 

100 

10230 

10.23 

256 

System parameter 

Flow regime [-] 

Throughput [L h-1] 

 

turbulent 

57.6 

 

turbulent 

108 

 

turbulent 

108 

 

laminar 

108 

 

2.3. Results evaluation 

The optimization approach was validated based on a horizontal 3D cut line in the 

middle of the treatment chamber’s height. Evaluation of the system’s homogeneity 

was conducted by analyzing the specific energy input in percentage across 80% 

(Δ𝑊spec,80 (%)) of the treatment chamber according to Eq. (1): 

 

∆𝑊 , = 𝑊 (0.8𝑟) 𝑊 (0𝑟)⁄   (1) 

 

with Δ𝑊spec(0.8r) (J kg-1) being the specific energy input at 80 % of the radial 

coordinate and Δ𝑊spec(0r) (J kg-1) the specific energy input on the chamber’s 

centerline. 
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3. RESULTS AND DISCUSSION 

Based on the results of Buchmann et al. (2018), the optimized co-linear and non-

optimized parallel-plate treatment chamber are not suitable for homogeneous energy 

inputs. The specific energy input deviation over 80% of the radial coordinate was 

96.27% for the optimized co-linear chamber and 173.28% for the non-optimized 

parallel plate treatment chamber.  

The investigation of the optimized co-linear treatment chamber, considering uniform 

flow with respect to the Δ𝑊spec,80, allowed for an evaluation of the electric field 

inhomogeneity within the optimized system ((Meneses et al. (2011)). The relative 

deviation across 80% of the chamber thereby corresponded to 15.75% (Fig. 1). The 

electric field inhomogeneity in a co-linear system is thus similar to the total deviation, 

considering electric and flow field inhomogeneity, in a parallel-plate treatment 

chamber assuming turbulent flow (Δ𝑊spec,80 = 15.87%) (Fig. 1; Table 1). Given that 

in the parallel-plate system a uniform electric field is present, the deviation within the 

system derives mostly from the flow field distribution. Hence, the treatment 

homogeneity in the co-linear system appears to be inferior to the parallel-plate 

system, as electric and flow field inhomogeneity sum up to the total treatment 

inhomogeneity. Thus, the co-linear treatment chamber was not considered in the 

approach to developing a treatment chamber suitable for homogeneous and specific 

PEF treatments on a pilot-scale level.  

 

 
M2U - Figure 1: Distribution of the specific energy input across parallel-plate and co-linear treatment 
chambers, all with a diameter of 4 mm. The reference simulation (parallel-plate turbulent) is thereby 
compared to previous simulations conducted by Buchmann et al. (2018). In all simulations, the viscosity of 
water (0.001 Pas) was assumed and electric potential, pulse width, pulse repetition rate, medium 
conductivity were kept constant. Corresponding values are listed in Table 1, column reference. 



MANUSCRIPT 2 – UNPUBLISHED RESULTS  

90 

The treatment chamber optimization was conducted for a system suitable for treating 

a 300 L cultivation system with the protocol for growth stimulation established by 

Buchmann et al (2019). Therefore, the throughput of the whole system needed to be 

≥ 100 L h-1 and was set to 108 L h-1 (Table 1). Thereby, low viscous fluids, in our case 

microalgae concentration up to 5 g L-1 achieved Reynolds numbers beyond the 

critical Reynolds number of 2300. High viscous fluids, however, resulted in a laminar 

flow profile. Based on the comprehensive system analysis, two strategies are 

proposed in order to increase treatment homogeneity on the tested scale.  

In the case of low viscous fluids, achieving a stable turbulent flow must be the aim. 

High viscous fluids, however, show a quite homogeneous flow profile in the laminar 

case. Thus increasing the chamber diameter, allowing for a reduced flow velocity 

without compromising on the throughput, appeared to be a suitable approach. In all 

cases, the inlet had the same diameter as the treatment chamber in order to reduce 

high peak velocities in the chamber’s center. Based on the increased inlet velocity 

and chamber diameter the Δ𝑊spec,80 was reduced to 13.84%, 14,22% and 47,33% for 

a model system of 0 g L-1, 5 g L-1 and 25 g L-1 respectively.  

Based on the increased cell growth achieved in a system with deviations in the 

specific energy input of 173.28% (Buchmann et al, 2019), the optimization of the flow 

field and thus increased energy input homogeneity, bears the potential to further 

increase the efficiency of the growth stimulation process enabling an increased 

resource efficiency in bio-based applications.  
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4. CONCLUSIONS 

PEF system optimization bears the potential to drastically increase the system’s 

efficiency due to an increased treatment homogeneity. Based on the comprehensive 

PEF system analysis, the co-linear system was found to be inferior to a parallel-plate 

system. Thereby, optimization focused on the parallel-plate system were a treatment 

deviation of 13.84% across 80% of the chamber was found for water-like systems. 

Thus, the overall deviation in the parallel-plate system is lower compared to an 

optimized co-linear system’s deviation in the electric field only (15.75%). Further 

improvements of the treatment homogeneity are possible with regard to mixing 

elements prior to the treatment chamber and/or structural modifications of the wall.  
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ABSTRACT 

Photoautotrophic microalgae based biorefinery concepts are currently not 

competitive compared to other established production systems. Therefore, innovative 

upstream processes need to be developed to increase the competitiveness of 

photoautotrophic microalgae biorefinery concepts. Abiotic sub-lethal stress induction 

via nanosecond pulsed electric field (nsPEF) treatment might be a viable process to 

increase the efficiency of photoautotrophic microalgae cultivation. In this work, an 

increased cell growth after nsPEF treatment was observable. Application of nsPEF 

to highly proliferating cells in a repetitive process resulted in a statistical significant 

increase in cell growth (p = 0.009). The effect was most pronounced after five days 

wherefore cellular structures and processes were analyzed to reveal a possible 

mechanism. Within this work, a protocol for increased cell proliferation with a possible 

mechanism was derived, which improves competitiveness of photoautotrophic 

microalgae biorefineries in the future. However, based on the derived mechanism, 

the results are also relevant for other microorganisms. 

 

 

GRAPHICAL ABSTRACT 
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1. INTRODUCTION 

The constant growth of human population causes new challenges regarding energy 

supply, food security, human health and biodiversity. Agriculture causes 30% of 

global greenhouse gas emission and 85% of the water footprint (Smetana et al., 

2015). Biorefinery concepts, implementation of innovative technologies as well as a 

shift from animal toward more plant-based foods are possible solutions to tackle 

those challenges (Chaudhary et al., 2018). In this context, the exploitation of 

microalgae have become a field of great interest (Golberg et al., 2016; Rocha et al., 

2018). They can serve as raw material for biofuels or agricultural biostimulants but at 

the same time are a promising source for food and feed production due to their high 

proportion of proteins and micronutrients (Colla et al., 2007). Besides these, 

microalgae can be cultivated on non-arable land and fixate CO2 if cultivated 

photoautotrophically (Jacob-lopes et al., 2018). However, the cultivation of 

photoautotrophic microalgae is currently not competitive in comparison to many other 

plant sources (Smetana et al., 2017). High production costs resulting from the growth 

medium, energy supply and extraction of valuable compounds demands further 

improvement in the up- and down-stream processing of microalgae (Golberg et al., 

2016).  

Nanosecond pulsed electric fields (nsPEF) are a promising technology to increase 

the viability of microalgae cultivation systems. Among the possible applications of 

nsPEF are sub-lethal stress induction as well as targeted microbial flora control 

(Buchmann et al., 2018b; Buescher and Schoenbach, 2003; Eing et al., 2009). In 

nsPEF applications on eukaryotic cells, an increased growth was observable after 

the treatment (Eing et al., 2009; Gusbeth et al., 2013). 

The underlying theory assumes an abiotic stress induction on a subcellular level. 

Based on mathematical models an increased electropermeabilization effect on 

intracellular structures compared to the cell membrane was observed for angular 

frequencies ω (rad s−1) above 107 (Kotnik and Miklavčič, 2006; Vernier et al., 2006). 

The double-shell model of a biological cell and its resulting reference circuit supports 

this theoretical analysis (Schoenbach et al., 2004). Hence, nsPEF treatments affect 

sub-cellular compartments. This aspect results from the charging time constant of the 

plasma membrane (Vernier et al., 2006). The charging time constant is dependent 

on the conductive (intra- and extracellular fluids) and the dielectric (cell membrane) 

properties of a cell in an electric reference circuit (Vernier et al., 2006). A pulse 
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duration below the charging time constant will result in an electric field conveyed 

through the intracellular space (Schoenbach et al., 2004). In addition, intracellular 

effects are most pronounced in proliferating cells compared to stationary phase cells 

(Schoenbach et al., 1997). 

Induced intracellular effects could be Ca2+ release from internal storages, formation 

of radical oxygen species and release of cytochrome c from mitochondria among 

others (Batista Napotnik et al., 2016; Schoenbach et al., 2007). 

The induced effects are confirmed by numerical simulation in which nsPEF increased 

the number of minimum size pores compared to conventional PEF (Gowrishankar et 

al., 2006). Hence, nsPEF treatments enable the transport of primarily small molecules 

across the membrane by either direct transport or voltage gating of channels 

(Casciola and Tarek, 2016; Stewart et al., 2004). 

However, the fundamental process characteristic to induce intracellular electro 

effects is not yet understood. The influence of pulse repetition frequency (PRF), ionic 

strength of the medium and cell composition are currently investigated. Silve et al. 

(2014) introduced the concept of electro-desensitization, were an increased PRF 

results in reduced electroporation effects. This principle is based on different 

dynamics of membrane resealing (Lamberti et al., 2015). A study from Sridhara and 

Joshi (2014) focused on the influence of external medium conductivity and found that 

high ionic strengths in the medium locally increase the electroporation process, 

resulting in much faster pore formation. Napotnik et al. (2012), could further 

demonstrate that nsPEF lead to an increase in the inner mitochondrial membrane 

permeability. 

The lipid composition between the inner mitochondrial membrane and the prokaryotic 

membrane was shown to be similar (Fontanesi, 2015). Hence, the concept of 

electropulsation, oxidation of membrane phospholipids, could play an important role 

in the underlying mechanisms of pulsed electric field application (Breton and Mir, 

2018). Therefore, the effects of nsPEF on mitochondrial structures might be 

transferrable to prokaryotic cells, and vice versa with regard to the endosymbiotic 

theory. However, the exploitation of nsPEF induced effects on prokaryotic cells is a 

new area of research. 
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2. MATERIAL AND METHODS 

2.1. Nanosecond pulsed electric field (nsPEF) treatment  

The nsPEF treatments were executed in triplicates using a Blumlein generator 

(manufactured at the Karlsruhe Institute of Technology (KIT), Germany), for further 

information refer to Kolb et al. (2006). The cable length of 20,8 m resulted in a 

rectangular pulse with a pulse duration of 100 ns. A metal oxide semiconductor field-

effect transistor (MOSFET) switch (manufactured at the Karlsruhe Institute of 

Technology (KIT), Germany) was connected to the Blumlein and triggered with a 

frequency generator (YOKOGAWA FG 300, Yokogawa, Musashino, Japan). The 

system was charged to 1 kV by incorporating a high voltage power supply (Model 

205A-05R, Spellmann High Voltage Electronics Ltd., Pulborough, UK) (Fig. 1). 

 

 
M3 - Figure 1: Reference 100 ns pulse as applied in the experiments. 

 

The resulting electric field strength E (kV cm−1) was 10 kV cm−1 as experiments were 

conducted using a plate-plate 1 mm polycarbonate treatment chamber 

(manufactured at the Karlsruhe Institute of Technology (KIT), Germany), for further 

information regarding the experimental setup refer to Goettel et al. (2013). The pulse 

duration and electric field were kept constant due to experience from previous studies 

(Eing et al., 2009) and processing capabilities. The microalgae suspension was 

pumped through polypropylene-based tubes (SC0319A, Cole-Parmer GmbH, 

Wertheim, Germany) connected to the treatment chamber. A peristaltic pump (MS-

4/12-100 ISMATEC®, Cole-Parmer GmbH, Wertheim, Germany) was used at 15 rpm 

to pump the suspension through the treatment chamber. The electrical efficiency of 

the process is around 90% and higher, in dependence of the treatment homogeneity 
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(Buchmann et al., 2018a,b). In order to achieve matched load conditions the pate-

plate treatment chamber was adjusted to the conductivity σ (mS cm−1) of the 

microalgae suspensions. The relation between conductivity and impedance can be 

derived from Eq. (1), with the total impedance Ztot (Ω) equal to the fraction of the 

inverse resistance, with the conductivity σ (mS cm−1), electrode surface area A (m2) 

and electrode distance d (m), added by the system’s admittance Yc (S). 
 

𝑍 = 1 (𝜎 ∙ 𝐴 𝑑 + 𝑌 )⁄⁄   (1) 
 

The specific energy input WS (J kg−1) can be calculated according to Eq. (2), with the 

electric field E (kV cm−1), pulse width τp (ns), conductivity σ (mS cm−1), and pulse 

number n (–). 
 

𝑊 = 𝐸 ∙ 𝜏 ∙ 𝜎 ∙ 𝑛  (2) 
 

The pulse number can be derived from Eq. (3), with the frequency f (Hz) and the 

residence time t (s), which itself can be expressed as the treatment chamber’s volume 

V0 (m3) divided by the volumetric flow rate V (m3 s−1). 
 

𝑛 = 𝑓 ∙ 𝑡 = 𝑓 ∙ 𝑉 �̇�⁄   (3) 
 

Further information on these theoretical backgrounds could be found elsewhere 

(Buchmann et al., 2018a,b; Pirc et al., 2017; Reberšek et al., 2014). Based on an in-

depth nsPEF system characterization (Buchmann et al., 2018a,b), the specific energy 

input could be calculated for all experiments. 

 

2.2. Arthrospira platensis cultures 

The strain Arthrospira platensis SAG 21.99 was cultivated in a modified Zarrouk 

medium (Aiba and Ogawa, 1977). The cultures were incubated at 25 ± 0.2 °C, 70% 

relative humidity, 150 rpm, ambient CO2, and continuous illumination with a mean 

photosynthetically active 

photon flux density (PPFD) of 32 μmol photons m−2 s−1 using warm white LED lamps 

in a shaking incubator (Multitron Pro shaking incubator, Infors AG, Bottmingen, 

Switzerland). The growth of A. platensis was monitored by OD measurements at 750 

nm. 

Prior and after every experiment, the conductivity and pH of the A. platensis 

suspensions were measured using a Seven compact conductivity meter (Mettler-
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Toledo International Inc., Columbus OH, USA) and pH meter (827 pH lab, Metrohm, 

Herisau, Switzerland) that was connected to a primatrode (Metrohm, Herisau, 

Switzerland), respectively. 

 

2.3. Microalgae growth and pigment assessment 

Assessing microalgae growth was done by gravimetrical determination of the dry 

substance (DS) (g L−1) using an analytical balance (LA 214i, VWR, Leuven, Belgium). 

The gravimetrical analysis was conducted after microalgae harvesting by use of a 

vacuum filtration system (SciLabware Ltd., Staffordshire, UK). Glass microfiber filters 

with a pore size of 1.2 μm (GF/C, GE Healthcare, Chicago IL, USA), were used to 

collect the dry substance. Based on the gravimetrical analysis a conversion factor to 

the optical density (OD) at 750 nm was determined. OD measurements were 

conducted in triplicates with a UV/VIS spectrophotometer (Cary 100, Agilent 

Technologies, Santa Clara CA, USA). 

The conversion of OD to DS was conducted in accordance with Eq. (4) 
 

𝐷𝑆 = 0.689 ± 0.039 ∙ 𝑂𝐷   (4) 
 

where the conversion factor (0.689 ± 0.039) was obtained empirically. The C-

phycocyanin (cPC) and allophycocyanin (aPC) content of the A. platensis 

suspensions was assessed by correcting the measured absorption values with the 

absorption at 750 nm. Based on Yoshikawa and Belay, (2008) aPC and cPC 

concentrations (g L−1) could be determined according to Eqs. (5) and (6): 
 

𝑎𝑃𝐶 = 0.180 ∙ 𝐴 − 0.042 ∙ 𝐴   (5) 
 

𝑐𝑃𝐶 = 0.162 ∙ 𝐴 − 0.098 ∙ 𝐴   (6) 
 

An independent T-test at a confidence interval of either 95% or 99% was used to 

assess statistical significance of the results. The results were obtained using the 

software IBM SPSS Statistics (IBM Corp., Armonk NY, USA). 

 

2.4. Single cell electrical impedance spectroscopy 

Impedance measurements of microalgae cells were conducted using a custom-made 

electrical impedance spectroscopy (EIS) platform for single cell analysis. The 

platform is composed of a microfluidic chip made of polydimethylsiloxane (PDMS) 

and bonded to a glass substrate with patterned platinum electrodes. The PDMS chip 
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consists of an inlet and outlet connected by a 3 mm straight channel of 300 · 50 μm2 

(width · height) dimensions. The channel features a constriction at the center with 50 

μm width and height. The 150 nm thick platinum electrodes are deposited on a glass 

substrate patterned via a lift-off process. A pair of coplanar electrodes of 150 μm 

width and spacing between the electrodes is aligned within the channel's constriction 

to enable EIS measurements of single flowing cells. The solution was injected with a 

flow rate of 2.5 μL min−1 using a syringe pump (Pump 11 Elite, Harvard Apparatus, 

Holliston MA, USA) connected to the inlet port. The chip was contacted via a custom-

made printed circuit board (PCB) to route the connections from the impedance 

spectroscope to the electrodes. Impedance measurements were performed using a 

HF2-LI impedance spectroscope (Zurich Instruments AG, Zurich, Switzerland). EIS 

measurements were taken at six frequencies logarithmically spaced between 100 

kHz and 10 MHz. An AC voltage of 300 mV at each selected frequency was applied 

between the coplanar electrodes. The current flowing through the system was then 

converted to voltage through a trans-impedance amplifier with 1 kΩ feedback resistor 

and sampled by the HF2-LI with a sampling frequency of 225 Hz. The signal was post 

processed in Matlab (MATLAB 2016b, The Mathworks Inc., Natick MA, USA). The 

passage of each microalgae cell induces a transient reduction of the voltage-

converted current between the electrodes pair resulting in a peak. The transient peak 

height was extracted by measuring the local peak-to-baseline value for all 

simultaneously recorded frequencies. Untreated as well as nsPEF treated A. 

platensis cells were analyzed. More than 100 cells per condition were analyzed to 

provide significant statistics for measuring the average peak-to-baseline signal 

variations caused by the passage of the cells over the electrodes. All measurements 

were carried out in the same modified Zarrouk medium (Aiba and Ogawa, 1977) to 

avoid signal differences caused by different medium conductivity. 

 

2.5. Proteomic analysis 

A shotgun analysis liquid chromatography and mass spectrometry (LC-MS) was 

conducted at the Functional Genomics Center Zurich (FGCZ), Switzerland. 

Protein/peptide identification and characterization was performed using liquid 

chromatography-electrospray ionization- tandem mass spectrometry 

(LC/ESI/MS/MS). Sample preparation was conducted by precipitation and proteolytic 

digestion. The nsPEF treated A. platensis cells were harvested and the pellet was 
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resuspended (10 g L−1) in a 1:5 diluted solution I of the Zarrouk medium (Aiba and 

Ogawa, 1977). In a next step trichloroacetic acid (TCA, Sigma-Aldrich, St. Louis MO, 

USA) precipitation was conducted using 10 μL of sample with 90 μL of water and 100 

μL 20% TCA. The sample was washed twice with cold acetone. The dried pellets 

were afterwards dissolved in 45 μL buffer (10mM Tris + 2mM CaCl2 at pH 8.2) and 5 

μL trypsin (100 ng μL−1 in 10mM HCl) for digestion, which was carried out in a 

microwave instrument (Discover System, CEM, Matthews NC, USA) for 30 min at 5W 

and 60 °C. Subsequent samples were dried in a Savant SpeedVac (Thermo Fisher 

Scientific, Waltham MA, USA). For LC-MS/ MS analysis the samples were dissolved 

in 0.1% formic acid (Romil Ltd., Cambridge, UK) and an aliquot of 4% was analyzed 

on a nanoAcquity UPLC (Waters Inc., Milford MA, USA) connected to a Q Exactive 

mass spectrometer (Thermo Fisher Scientific, Waltham MA, USA) equipped with a 

Digital PicoView source (New Objective, Woburn MA, USA). Peptides were trapped 

on a Symmetry C18 trap column (5 μm, 180 μm · 20 mm, Waters Inc., Milford MA, 

USA) and separated on a BEH300 C18 column (1.7 μm, 75 μm · 150 m, Waters Inc., 

Milford MA, USA) at a flow rate of 250 nl min−1 using a gradient from 1% solvent B 

(0.1% formic acid in acetonitrile, Romil Ltd., Cambridge, UK) / 99% solvent A (0.1% 

formic acid in water, Romil Ltd., Cambridge, UK) to 40% solvent B/60% solvent A 

within 90 min. Mass spectrometer settings were: Data dependent analysis. Precursor 

scan range 350–1500mz−1, resolution 70′000, maximum injection time 100 ms, 

threshold 3e6. Fragment ion scan range 200–2000mz−1, resolution 35′000, maximum 

injection time 120 ms, threshold 1e5. Proteins were identified using the Mascot search 

engine (version 2.5.1.3, Matrix Science, Boston MA, USA). Mascot was set up to 

search the SwissProt and the Trembl (bacteria only) database assuming the digestion 

enzyme trypsin. Mascot was searched with a fragment ion mass tolerance of 0.030 

Da and a parent ion tolerance of 10.0 ppm. Oxidation of methionine was specified in 

Mascot as a variable modification. Scaffold (Proteome Software Inc., Portland OR, 

USA) was used to validate MS/ MS based peptide and protein identifications. Peptide 

identifications were accepted if they achieved a false discovery rate (FDR) of less 

than 0.1% by the Scaffold Local FDR algorithm. Protein identifications were accepted 

if they achieved an FDR of less than 1.0% and contained at least 2 identified peptides. 

Subsequent results are based on the Trembl (bacteria) search. The database 

contains around 80 million different proteins and a fully sequenced A. platensis strain 

with 6630 open reading frames (NIES-39, National Institute of Technology and 
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Evaluation, Tokyo, Japan). The data was analyzed applying very stringent settings, 

(protein threshold 99%, min # peptides 2 and peptide threshold 95%). Statistical 

analysis was conducted by a T-test with normalization, on a 99% confidence interval. 
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3. RESULTS AND DISCUSSION 

According to the theory of an increased nsPEF effect on fast proliferating cells 

(Schoenbach et al., 1997), the influence of cell growth stage on the increased cell 

proliferation was investigated. Based on literature data different inoculation intervals 

were analyzed. The effect of nsPEF treatments after 12, 36 and 60 h of inoculation 

was assessed (Fig. 2). 

 

 
M3 - Figure 2: Percentage difference in dry substance five days after the nsPEF treatment between treated 
and untreated Arthrospira platensis solutions with varying time intervals between inoculation and nsPEF 
treatment. The illustrated results were obtained for an energy input of 3 · 256.22 ± 67.53 J kg−1 as shown 
in Table 1 and the experimental procedure stated in Section 2.1. 

 

The obtained results (Fig. 2) correspond with the theory where an increased effect 

was expected on highly proliferating cells (Schoenbach et al., 1997). Therefore, 

experiments were conducted within the exponential phase using a time interval of 36 

h between inoculation and nsPEF treatment. 

Based on the concept of electrosensitization (Pakhomova et al., 2011), the nsPEF 

treatment was applied repetitively. A single treatment did not result in a statistical 

significant effect and neither did a single repetition of the treatment. The increased 

cell proliferation was observable if the treatment was repeated three times as 

described in the methods Section 2.1. In-between the single nsPEF treatment was a 

time interval of three hours. 

Based on the obtained results, the assessment of the influence of treatment energy 

on the cell proliferation was examined after 36 h and after three subsequent nsPEF 

treatments. We found that nsPEF treatments lead to an increase in DS in A. platensis 

suspensions. The various analyzed energy inputs were achieved by increasing the 

PRF while maintaining all other pulse parameters (Table 1). 
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M3 - Table 1: Experimental parameters used in the analyzed nsPEF treatments. With electric field strength 
E (kV cm−1), pulse duration τp (ns), conductivity σ (mS cm−1), frequency f (s−1), residence time t (s), number 
of applied pulses n (–), and specific energy input Ws (J kg−1). The specific energy input is stated for a single 
treatment. 

E τp σ f t n Ws 

(kV cm-1) (ns) (mS cm-1) (s-1) (s) (-) (J kg-1) 

10.23 ± 0.0050 100 11.93 ± 0.98 1.00 0.23 ± 0.06 0.23 ± 0.06 28.40 ± 7.49 

10.23 ± 0.0050 100 11.95 ± 1.01 3.00 0.23 ± 0.06 0.68 ± 0.18 85.34 ± 22.49 

10.23 ± 0.0050 100 11.95 ± 1.01 5.00 0.23 ± 0.06 1.14 ± 0.30 142.23 ± 37.49 

10.23 ± 0.0050 100 11.97 ± 1.03 7.00 0.23 ± 0.06 1.59 ± 0.42 199.45 ± 52.57 

10.23 ± 0.0050 100 11.96 ± 1.02 9.00 0.23 ± 0.06 2.05 ± 0.54 256.22 ± 67.53 

10.23 ± 0.0050 100 11.96 ± 1.05 11.00 0.23 ± 0.06 2.50 ± 0.66 313.16 ± 82.54 

10.23 ± 0.0050 100 11.96 ± 1.05 13.00 0.23 ± 0.06 2.96 ± 0.78 370.10 ± 97.55 

 

Based on findings from Buchmann et al. (2018a), varying only the PRF ensured an 

reproducible nsPEF treatment. Furthermore allowed this alteration of the system to 

analyze the effects of PRF and energy input on the obtained results. 

A PRF of 9 Hz resulting in an energy input of 256.22 ± 67.53 J kg−1 was found to be 

most effective (Fig. 3A) (p = 0.009). The increase in DS was 13.1 ± 1.6 %. The other 

tested energy inputs did not increase cell proliferation significantly (p > 0.05). The 

treatment energy is always stated for an individual replication of the nsPEF treatment 

(Fig. 3A). The energy input in-between experiments did not vary significantly, as no 

influence on external medium conductivity was detectable. 

With regard to aPC and cPC, an even increased difference between treated and 

untreated samples was found (Fig. 3B). The increase was 18.8 ± 5.5 % and 19.5 ± 6 

% for aPC and cPC, respectively. The observation was in accordance with the overall 

results. Energy inputs resulting in a non-significant cell proliferation increase did also 

not affect phycocyanin concentrations significantly. 
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M3 - Figure 3: Percentage difference in dry substance A) between treated and untreated Arthrospira 
platensis solutions after 5 days of cultivation. The stated energy input is only depending on the pulse 
repetition frequency and represents a single treatment (Table 1), which was repeated three times, with time 
intervals of three hours. The allophycocyanin (aPC) and C-phycocyanin (cPC) concentration difference on 
the fifth day for 256.22 ± 67.53 J kg−1 is shown in B). 

 

Based on the experimental procedure the effect of PRF and energy input on the 

nsPEF induced effect was studied. The obtained results indicate that the effect of 

nsPEF on the cell proliferation of A. platensis is primary energy dependent. 

Alternatively, an increased cell proliferation would have to be observed with PRFs of 

11 and 13 Hz (Table 1). As illustrated in Fig. 3A, this dependency on PRF was not 

detectable. 

However, regarding the importance of the repetitive nsPEF application the concept 

of electrosensitization (Pakhomova et al., 2011) appears to be valid for nsPEF 

induced effects on cell proliferation. This concept was further tested by applying the 

energy input equal to a repetitive experiment in one single experiment. These 

experiments resulted in a significant difference in DS (p = 0.000003) if the energy 

was applied in a single, compared to a repetitive treatment (Fig. 4). Hence, the 

repetitive abiotic stress induction appears to be critical for increased cell proliferation 

due to nsPEF. However, even the application of the whole energy input did not 

statistically significant reduce the DS of A. platensis (p > 0.05). Further studies should 

focus on the optimized treatment repetition/ frequency to use the full potential of 

nsPEF treatments based on the concept of electrosensitization. 
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M3 - Figure 4: Percentage difference in dry substance after application of the same energy input by single 
treatment (780.44 ± 206.74 J kg−1) compared to three uniform treatments (3 · 256.22 ± 67.53 J kg−1) 
performed as in Section 2.1. The single energy application was achieved by a reduction of the residence 
time t (s), while keeping all other parameters constant (Table 1). 

 

3.1. Analysis of nsPEF treatment mechanisms 

Prior and after every experiment, the conductivity of the A. platensis cultures was 

measured. There was no significant difference detectable between treated and 

untreated cultures. In addition, no cell swelling was observable for the A. platensis 

cells during the experimental period. Moreover, there was no difference in the pH of 

A. platensis solutions detectable. Concisely, short-term electroporation effects were 

not detectable by these analytical methods. However, as already described by Bai et 

al. (2017), the effect of nsPEF was most pronounced 5 days after the nsPEF 

treatment (Fig. 5). 

 

 
M3 - Figure 5: Growth monitoring of Arthrospira platensis culture during experimental procedure, by 
measuring DS and OD measurement at 750 nm. 

 

Detectable changes after 5 days let to the hypothesis that cellular structures/ 
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processes were altered by the nsPEF treatment. Therefore, the cellular structure was 

analyzed after 5 days using a non-invasive technique, such as EIS. Impedance 

cytometers, realized by integrating a 

set of electrodes within a microfluidic channel, have been used for multi-parametric 

assessments across different frequencies for differentiation of single cells, based on 

cell size, membrane integrity and internal properties of cells (Sun and Morgan, 2010). 

Impedance characterization at low frequencies (< 1 MHz) provides information on cell 

volume/ size due to the non-conducting cell membrane barrier, while intermediate 

frequencies (0.5–10 MHz) are used to investigate membrane capacitance due to 

increases in capacitive coupling across the cell barrier (Cheung et al., 2005; McGrath 

et al., 2017). EIS can therefore be used to assess morphological variations of A. 

platensis after exposure to different treatments. The acquired EIS spectra did not 

show significant differences (p > 0.05) between treated and untreated cells in the 

tested frequency range (Fig. 6). EIS characterization therefore supports the 

hypothesis that nsPEF treatment does not induce morphological changes on a 

plasma membrane level. Hence, the applied rectangular 100 ns pulses seem to 

primarily affect the subcellular structures (Kotnik and Miklavčič, 2006). Given the 

similarity between mitochondrial cell membranes and prokaryotic cell membranes 

(Fontanesi, 2015), prokaryotes may allow for analysis of nsPEF induced subcellular 

effects. Thereby, the increased cell proliferation in prokaryotic cells might be 

transferable to eukaryotic cells. 

 

 
M3 - Figure 6: Peak-to-baseline voltage amplitude of untreated and treated Arthrospira platensis cells 
measured between 100 kHz and 10 MHz. 

 

This hypothesis was tested with a shotgun LC-MS analysis of the harvested biomass. 
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Thereby, 956 proteins were identified corresponding to 12'268 peptide spectra. 

Based on the database search as described in Section 2.5, two significant different 

proteins were determined. The first protein is the Na-Ca exchanger/integrin-beta4 

OS=Arthrospira sp. PCC 8005 OX=376219 GN=ARTHRO_430061 PE=4 SV=1 

(p=0.0069). The heterodimeric protein integrin is involved in transmembrane cell 

communication and regulation of cell behavior (Rédei, 2008). The protein is present 

in the cytoplasmic domain of Na-Ca exchangers and mediates the bi-directional 

transfer of signals (Schwarz and Benzer, 1997). Thereby, integrins have been 

attributed to growth promotion as they signal to guanine nucleotide-binding proteins 

(Harburger and Calderwood, 2009). The overexpression of these proteins correlates 

with the abiotic stress response of plants, which involves Ca2+ as an essential second 

messenger in the signaling pathway (Zhu, 2016). 

The second overexpressed protein is the elongation factor Tu OS=Halomonas 

daqingensis OX=419596 GN=tuf PE=3 SV=1 (p=0.0073) belonging to the cluster of 

Elongation factor Tu OS=Arthrospira platensis (strain NIES-39/IAM M-135) 

OX=696747 GN=tuf PE=3 SV=1 (D4ZUX7_ARTPN). The cluster is assembled using 

protein cluster analysis based on shared evidence. The elongation factor (EF) TU 

binds aminoacyl-tRNA to the ribosomal acceptor site (Zvereva et al., 2001). 

Aminoacyl-tRNA is an amino acid-charged tRNA at the 3′ end (Rédei, 2008). The 

prokaryotic EF-TU is a guanine nucleotide-binding Ras-like protein (Paduch et al., 

2001; Wuichet and Søgaard-Andersen, 2014). The Ras superfamily are proto-

oncogenes with various cellular functions, for example they are one of the most 

important turnstiles in signal transduction (Dong et al., 2007; Wuichet and Søgaard-

Andersen, 2014). 

The proteomics result correspond well with the observed macroscopic change in cell 

proliferation. Integrin signaling to a Ras-like protein is strongly related to increased 

cell proliferation. However, the proteomics results are only indicating a possible 

nsPEF induced abiotic stress response pathway, as the proteome was solely 

analyzed on the fifth day. Furthermore, there was no correction for multiple 

comparisons executed. Nevertheless, the results were obtained in triplicates and 

there are only two distinct proteins overexpressed with the applied boundary 

conditions. 

Given that the observed effect is only detectable after 5 days might also correlate 

with the cell doubling time. With respect to Fig. 5, the doubling time is around three 
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days after the nsPEF treatment. Therefore, the cell number is quite low to detect 

significant differences from the beginning and need to increase, to recognize the 

macroscopic effect after 5 days. 

The obtained results are in good agreement with literature. A repetitive nsPEF 

treatment led to increased effects, which corresponds well with the concept of 

electrosensitization (Pakhomova et al., 2011). Furthermore, the increase in cell 

proliferation was most pronounced in fast proliferating cells (Schoenbach et al., 

1997). Moreover, the outer cellular structure of treated and untreated A. platensis did 

not change. This aspect might be surprising as prokaryotes and mitochondria are 

similar in cell membrane composition (Fontanesi, 2015) and therefore, subcellular 

effects in eukaryotes should theoretically be expressed on a cellular level in 

prokaryotes. However, focusing the effect of nsPEF in eukaryotes on mitochondrial 

changes might still be valid. Prokaryotes and mitochondria are not only similar in cell 

membrane composition but further in the aspect that both contain similar molecular 

weight 

ribosomes (Amunts et al., 2015; Ban et al., 2014; Rédei, 2008). Therefore, nsPEF 

induced growth-promoting effects might be linked back to organellar ribosomes and 

Ca2+ signaling. The involvement of Ca2+ signaling pathways might be a reason for the 

improved effects of nsPEF on highly proliferating cells. It was shown for Arabidopsis 

thaliana that highly proliferating cells have an increased Ca2+ channel activity 

compared to mature cells (Very and Davies, 2000). Hence, the proposed mode of 

action might even be valid for nsPEF induced effects in Arabidopsis thaliana (Eing et 

al., 2009). 

The obtained results indicate that Ca2+ could play a crucial role in the nsPEF induced 

upregulation of cell proliferation. Therefore, further research should be conducted 

with labelled Ca2+ to analyze flux as well as relocation of the cation. In addition, a 

monitoring of the changes occurring in the cell’s proteome throughout the cultivation 

might reveal the underlying mode of action of nsPEF induced abiotic stress. 
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4. CONCLUSIONS 

Photoautotrophic microalgae based biorefinery concepts are currently not 

competitive compared to other established production systems. However, nsPEF 

treatment led to an increased cell proliferation in prokaryotic A. platensis. The 

increase was detectable after repeated nsPEF treatment in the exponential growth 

phase. The effect was most pronounced five days after the treatment, and besides 

dry substance; an increase in pigments was detectable. Proteomic analysis revealed 

a possible stress response pathway. However, the role of specific cellular processes 

in an nsPEF induced growth stimulation needs to be further analyzed. Thereby, 

nsPEF treatments might enable sustainable and economical microalgae based 

biorefineries. 
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ABSTRACT 

Microalgae as a novel food ingredient are of increasing interest as they can be grown 

on non-arable land and fixate CO2 when grown photoautotrophically. Here, we 

employ proteins extracted from Arthrospira platensis biomass to be used for the 

stabilization of fluid interfaces, which is one of the most important techno-functional 

applications of proteins. Model foams were prepared from crude A. platensis powder 

and A. platensis isolate and whey protein isolate as a reference. The derived A. 

platensis isolate exceeded the overrun and the foam stability of whey protein isolate. 

The comparable low surface activity of crude A. platensis powder emphasizes the 

need for the extraction process. The neutral color of the A. platensis isolate indicates 

that the valuable natural pigments present in A. platensis were retained while 

achieving relevant techno-functional properties with the residual biomass. Physical 

treatment with nanosecond pulsed electric fields further increased the biomass yield 

without impeding the techno-functional properties of the derived isolates. Thus, 

protein extraction from microalgae biomass is an interesting approach to obtain 

techno-functional proteins and increase microalgae production efficiency. 
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1. INTRODUCTION 

Microalgae-based food production systems can potentially meet the increasing 

demand for healthy and nutritious food due to the growing world population. Within 

the food industry, one of the main interests of microalgae is its protein content and 

the correlating high-quality amino acid composition. Therefore, microalgae are 

considered a source of alternative, vegetal proteins (Wong, Cheung, & Ang, Jr., 

2004). Moreover, different protein-pigment complexes, bioactive peptides or surface 

active proteins are present in various species and are of interest from a technological 

perspective (Buono, Langellotti, Martello, Rinna, & Fogliano, 2014; Dai, Bergfreund, 

Reichert, Fischer, & Weiss, 2019; Matos, 2017). 

The broad cultivation of microalgae is currently not competitive because of inefficient 

up- and downstream processing (Caporgno & Mathys, 2018; Smetana, Sandmann, 

Rohn, Pleissner, & Heinz, 2017). Nanosecond pulsed electric fields (nsPEF) have 

demonstrated potential in the upregulation of cell proliferation in eukaryotes (Eing, 

Bonnet, Pacher, Puchta, & Frey, 2009) and most recently in the prokaryotic 

microalgae Arthrospira platensis as well (Buchmann, Frey, Gusbeth, Ravaynia, & 

Mathys, 2019). Therefore, the cultivation efficiency of microalgae could be increase, 

yet the influence of nsPEF on technofunctional properties of microalgae is unknown. 

As an application, foaming properties were investigated as they are among the most 

important techno-functional properties of food proteins (Smith, 2017). Foams are a 

two-phase system, in which a gas is dispersed in a continuous liquid or solid. The 

creation of a stable foam is challenging because of rapidly occurring destabilization 

processes. Foams are thermodynamically unstable, which counteracts the foam 

volume and foam stability (Wilson, 1989). The three main processes involved in foam 

destabilization, coalescence, drainage, and Ostwald ripening, can be counteracted 

by the adsorption of proteins at the air/water interface forming a viscoelastic 

interfacial layer and partly by higher viscosity of the dispersed phase (Foegeding, 

Luck, & Davis, 2006; Pugh, 1996; Voorhees, 1985). 

Foam stability is defined by the rate of loss of foam structure and is related to the 

ability to maintain bubble size. Overrun (OR) is defined as the ability to incorporate 

air into the continuous phase. Proteins can prevent the destabilization processes in 

foams (foam stability) and enhance overall foam formation (overrun) (Marinova et al., 

2009; Wilson, 1989). Both properties are linked to interfacial tension and in particular 

to the viscoelastic interface between the gas bubbles and the continuous phase 
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(Hailing & Walstra, 1981; Nicorescu et al., 2011). Proteins present in the aqueous 

phase are able to adsorb at the air/water interface. They decrease surface tension 

and form viscoelastic interfacial layers, thereby counteracting coalescence and 

drainage (Dickinson, 1999; Dickinson, Murray, & Stainsby, 1988; Fischer, 2013; 

Foegeding et al., 2006). The reduction of surface tension by proteins depends on the 

protein concentration, the protein diffusion coefficient as well as the kinetic barrier of 

protein adsorption. In literature a reduction of surface tension to around 65 mN m−1 

was found for β-casein and β-lactoglobulin at concentrations of 1·10−7 mol L−1 

(Mitropoulos, Mütze, & Fischer, 2014). Given the protein's amphiphilic structure the 

adsorption at the interface is energetically driven (Beverung, Radke, & Blanch, 1999; 

Mezzenga & Fischer, 2013). The adsorption kinetics of proteins during foam 

formation at the newly generated air/water interface ultimately determine foam 

overrun and bubble size (Damodaran, 2006). Three different time regimes of proteins 

are commonly distinguished (Beverung et al., 1999). First, a diffusion-driven lag 

phase or induction phase with no observable changes in surface pressure is 

observed. The protein diffusion to the air/water interface is influenced by their 

solubility (Singhal, Stone, Vandenberg, Tyler, & Nickerson, 2016). Second, proteins 

start adsorbing at the air/water interface. Upon adsorption, proteins undergo 

structural changes resulting in a kinetic energy barrier which increases with the 

protein's thermodynamic stability and decreases with exposed hydrophobicity 

(Mitropoulos et al., 2014; Wierenga, Meinders, Egmond, Voragen, & de Jongh, 2003). 

Third, interfacial gelation occurs due to the ongoing rearrangement of adsorbed 

proteins as well as the formation of multiple layers in the water phase (Dickinson, 

1999; Mezzenga & Fischer, 2013). 

Other protein adsorption factors are ionic strength and pH. Adsorption is enhanced 

at an increasing ionic strength and near the isoelectric point. However, both may also 

induce protein aggregation, resulting in a larger hydrodynamic radius and lower 

effective concentration (Mezzenga & Fischer, 2013; Mitropoulos et al., 2014; Zhang 

& Sun, 2002). Moreover, in protein mixtures such as whey protein isolate, the different 

fractions may competitively adsorb (Zhang, Dalgleish, & Goff, 2004). 

The aim of this study was to investigate the foaming properties of 

photoautotrophically grown A. platensis. The foaming properties of commercial A. 

platensis powder were compared with those of whey protein isolate (WPI) as a 

benchmark foaming agent. In addition, the techno-functional properties following 
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nsPEF treatment that upregulate cell proliferation (Buchmann et al., 2019) were 

evaluated and compared with A. platensis isolate (API).  
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2. MATERIAL AND METHODS 

2.1. Raw materials 

The strain Arthrospira platensis SAG 21.99 was cultivated in a modified Zarrouk 

medium (Aiba & Ogawa, 1977). The cultures were incubated at 25 ± 0.2 °C, 70% 

relative humidity, 150 rpm, ambient CO2, and continuous illumination with a mean 

photosynthetically active photon flux density (PPFD) of 32 μmol photons m−2 s−1 using 

warm white LED lamps in a shaking incubator (Multitron Pro shaking incubator, Infors 

AG, Bottmingen, Switzerland). Growth of A. platensis was monitored by optical 

density (OD) measurements at 750 nm (Cary 100, Agilent, Santa Clara, USA). 

In comparison to self-grown A. platensis, a commercially available A. platensis 

powder Premium II (PII) from China (Institut für Lebensmittelund Umweltforschung 

ILU, Nuthetal, Germany) was used. A spray drying process with a final protein content 

>60 g L−1 was used to manufacture the powder. As reference material for surface 

tension and foaming experiments whey protein isolate (WPI) with a protein content 

of >90 g L−1 (NZMP SureProtein WPI 8855, Fonterra, Auckland, New Zealand) was 

included in the experimental design (Table 1). 

 

M4 - Table 1: Overview of the raw material name and source with the corresponding abbreviation. 

Name Abbreviation Source 

Crude Arthrospira platensis powder CP Commercial 

Arthrospira platensis isolate API Commercial 

Whey protein isolate WPI Commercial 

untreated self-cultivated Arthrospira platensis control Self-cultivated 

nsPEF treated self-cultivated Arthrospira platensis treated Self-cultivated 

 

 

2.2. Nanosecond pulsed electric field (nsPEF) treatment 

The nsPEF treatments of the fresh biomass were executed in biological triplicates. 

The generator output voltage was 1 kV, resulting in an electric field strength E (kV 

cm−1) of 10 kV cm−1, as a plate-plate 1mm polycarbonate continuous treatment 

chamber was used. For further information regarding the nsPEF treatment, refer to 

Buchmann et al. (2019). Regarding the treatment homogeneity, the electrical 

efficiency of the process was approximately 90% or higher (Buchmann, Böcker, et 

al., 2018; Buchmann, Bloch, & Mathys, 2018). 
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2.3. Extraction procedure 

The extraction procedure for the production of A. platensis isolates (API) was based 

on an alkaline extraction, followed by acidic precipitation, and was comparable to that 

used by Benelhadj, Gharsallaoui, Degraeve, Attia, and Ghorbel (2016). 

For the alkaline extraction, the Zarrouk growth medium (Aiba & Ogawa, 1977) served 

as a buffer. The solution was diluted at 1:5 with Milli-Q water (Zarrouk buffer 20%) 

reaching a final pH of 9.35. This dilution was necessary to decrease the buffer 

capacity and therefore minimize the amount of HCl during precipitation. A total of 12 

g A. platensis was added to 600 mL of Zarrouk buffer 20% and placed on a magnetic 

stirrer (MST Basic C, Bioswisstec AG, Schaffhausen, Switzerland). After 24 h, the pH 

was controlled in order to detect contamination or fouling. The suspension was 

centrifuged for 60 min at 16,000 g (Sorvall LYNX 6000, Thermo Fisher Scientific, 

Waltham, USA). The supernatant was collected and stored at 4 °C. For more efficient 

extraction, this step was repeated again with the pellet. Therefore, the pellet was 

dissolved in 300 mL Zarrouk buffer 20%, agitated for 30 min at RT and 200 rpm and 

centrifuged. Both supernatants were combined and adjusted to a pH of 3 with HCl (1 

M). The solution was agitated and centrifuged at 16,000 g for 30 min each. The pellet 

was recovered, shock-frozen in liquid nitrogen (< −196 °C) and freeze-dried for 36 h 

at 260 μbar (Bench Top Pro Manifold Freeze Dryer, SP Industries, Warminster, PA, 

USA). The final isolates were gravimetrically measured and nitrogen was quantified 

by using the Dumas method with a conversion factor of 5.03 based on mass balance 

determination (TruMac CN, LECO Coporation, St. Joseph, USA). 

 

2.4. ζ-potential measurement 

The ζ-potential was used to assess the net charge of the proteins as a function of pH. 

A Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) was used to 

analyze the ζ-potential. The samples were dissolved at a concentration of 1 g L−1 in 

50mM phosphate buffer at a pH from 2 to 11. After 4 h of dissolution, ζ-potential was 

measured using a DTS 1060 cell (Malvern Instruments Ltd., Worcestershire, UK) at 

22 °C. 

 

2.5. Bubble pressure tensiometry 

A bubble pressure tensiometer (BPT) (BP50, Krüss GmbH, Hamburg, Germany) with 
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a 0.05 mm capillary was used to assess the surface tension as a function of surface 

age. The BPT records the maximum internal pressure of a spherical gas bubble 

formed in a liquid. Based on the Young-Laplace equation (Eq. (1)) and the known 

radius of the capillary, the surface tension σ (mN m−1) at a defined surface age is 

calculated from the BPT (Eq. (2)). The Young-Laplace equation (Eq. (1)) relates the 

internal pressure of a spherical gas bubble ρ (Pa) to the radius of curvature rc (m) and 

the surface tension as follows: 
 

𝜌 = 2𝜎 𝑟⁄   (1) 
 

𝜎 = (𝑝 − 𝑝 ) ∙ 𝑟 2⁄   (2) 
 

with the maximum pressure pmax (Pa) and the hydrostatic pressure p0 (Pa). 

The time dependence of the surface tension was studied at a fixed concentration of 

0.1% w/V under acidic (pH 3), neutral (pH 7), and alkaline (pH 10) conditions. Prior 

to the first measurement, the capillary was calibrated to 72.4 mN m−1 using Milli-Q 

water. After each measurement, the capillary was purged using Milli-Q water. 

Measurements were performed using logarithmic time steps to record the surface 

tension of the bubbles from 15 ms to 16000 ms, resulting in 25 measurements. The 

results were graphically evaluated by plotting the surface age versus the surface 

tension. 

 

2.6. Foam processing and characterization 

The different raw materials were dissolved in phosphate buffer, and the pH was 

adjusted using HCl/NaOH solution. The working solutions were prepared by mixing 

0.1 g or 0.01 g of A. platensis powder with 5 mL Milli-Q and additionally stirring for 30 

min. This step facilitated the dissolution of the powder, particularly at a low pH. During 

the second step, aliquots of 50mM phosphate buffer (85 wt % in H2O, Merck, 

Darmstadt, Germany) at pH values of 3, 7 or 10 were added, leading to a final buffer 

concentration of 25 mM. The samples were stirred for another 30 min and stored in 

a fridge at 4 °C. 

Foaming experiments required a minimum concentration of 1% w/V. For each powder 

and pH combination, triplicate samples were prepared and simultaneously measured. 

Samples were whipped at 1500 rpm using a commercial milk frother (Cilio, Aerolatte, 

Leipzig, Germany). The frother blade was immersed in the liquid sample and foam 

was formed over 60 s at pH 3, 7 and 10. 
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The overrun (OR) was defined as the volume following 60 s of foaming Vt0 (%) over 

the initial volume of the liquid V (mL) (Peng, Yang, Li, Tang, & Li, 2017). The 10 mL 

samples were foamed in 75 mL glassware and Vt0 was determined by height 

measurement of the foam using a scale. The OR was calculated according to Eq. (3) 

as follows: 
 

𝑂𝑅(%) = (𝑉 𝑉⁄ ) ∙ 100  (3) 
 

The mean and standard deviation of the replicates were used for evaluation. The 

foaming stability (FS) is defined in Eq. (4) and was determined by the difference in 

the volume at a specific time point Vt (%) compared to that at Vt0 (%) over the initial 

sample volume, as follows: 
 

𝐹𝑆(%) = ((𝑉 − 𝑉 ) 𝑉⁄ ∙ 100  (4) 
 

Volumes were recorded immediately after foaming (t0), after 20 min (t20) and after 60 

min (t60). 

 

2.7. Bubble size distribution 

The bubble size distribution (BSD) measurements were used to observe the foam 

microstructure over time. The BSD and surface tension experiments were executed 

in triplicate for each raw material and pH combination. The samples were analyzed 

immediately after foaming (t0), after 20 min (t20) and after 60 min (t60). The foam 

microstructure was analyzed using an inverse light microscope (Nikon Diaphot TMD, 

Nikon Corporation, Japan). Following post-processing, using manual bubble 

recognition, which aims to increase the contrast of the microscopic images, the 

pictures were integrated into the software BubbleDetect (ETH Zurich, Switzerland, 

Müller-Fischer, Suppiger, and Windhab (2007)) (Fig. 1). Bubble Detect is able to 

automatically determine the number and diameter of spherical objects. As a control, 

images were evaluated one-by-one for bubble recognition and diameter 

size. Bubble Detect was calibrated using a recorded picture. 
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M4 - Figure 1: Process to determine bubble diameter and counts for bubble size distribution (BSD). The 
microscopic image a) was postprocessed b) and automatically analyzed by the software Bubble Detect c). 

 

The bubble size distribution was evaluated using three different methods: 1) 

qualitatively by comparison of the pictures, 2) graphically by plotting the distributions 

in quantiles and 3) statistically by fitting an ordinary least squares (OLS) model. For 

the graphical evaluation, the replicates data points were combined and treated as if 

they were one observation. As response variables for the OLS, the median diameter 

(d50, μm) and the span (see Eq. (5)) were calculated similarly to that in Nicorescu et 

al. (2011). The median is accurate for skewed distributions and less susceptible to 

outliers. The span is an estimate of the width of the distribution and was calculated 

from the 90th (d90, μm) and 10th percentiles (d10, μm) and normalized by division of 

the median, according to Eq. (5) a follows: 
 

𝑠𝑝𝑎𝑛 = (𝑑 − 𝑑 ) 𝑑⁄   (5) 

 

2.8. Statistical analysis 

Statistical analysis was performed on the observations resulting from the foaming 

property experiments. It was assumed that the data are normally distributed and have 

a homogeneous variance. The model was developed based on a parametric linear 

regression, estimated using a mixed effect model and evaluated in the free software 

R and RStudio Version 3.4.4 (RStudio Inc., Boston, MA, USA) with ANOVA. Because 

of the significant interaction effect between “pH” and “Treatment”, a pairwise 

comparison between all levels of the factors was performed by using contrasts. The 

p-values of the pairwise comparison were adjusted using a Scheffé correction. 
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3. RESULTS AND DISCUSSION 

3.1. ζ-potential of the Arthrospira platensis isolate 

The ζ-potential of the API shown in Fig. 2 was measured to quantify the effect of the 

electrostatic interactions between the proteins in different pH regimes. As commercial 

and self-cultivated microalgae samples showed a similar ζ-potential, the results for 

the API are shown representatively. The API ζ-potential was constant at −40 mV at 

pH > 5. At a more acidic pH, the ζ-potential decreased with the charge inversion 

denoting the isoelectric point (pI) around pH=3. Given that the API is a mixture of 

several protein fractions, this corresponds to the net charge of all protein fractions. 

Therefore, it suggests that proteins present in the API are subjected to electrostatic 

repulsion at pH > 4. With respect to foaming, different adsorption kinetics and foam 

stabilities, are expected at pH > 4 compared to a more acidic pH, as assessed in 

detail later. The isoelectric point of the WPI as stated in literature is at pH = 4.6 

(Anandharamakrishnan, Rielly, & Stapley, 2008; Gbassi et al., 2012). 

 

 
M4 - Figure 2: ζ-potential of the Arthrospira platensis isolate (API) extracted from commercial powder and 
dissolved in aliquots of 50mM phosphate buffer ranging from pH 2 to 11 at room temperature. 

 

3.2. Adsorption kinetics at air/water interfaces 

The measurement of surface tension was focused on the surface activity of different 

A. platensis fractions at the air/water (a/w) interface. The adsorption of the crude A. 

platensis powder (CP) and API in comparison to WPI is shown in Fig. 3. The A. 

platensis isolate adsorbed faster than CP and WPI, except at pH 3 (Fig. 3) as the 

WPI had a net charge of +23.1 mV (Gbassi et al., 2012). A rapid decrease in surface 

tension is related to the rapid adsorption at the interface and therefore stabilization of 

the dispersed air bubbles (Beverung et al., 1999; Wierenga et al., 2003). A pH equal 



MANUSCRIPT 4  

125 

to the pI of the microalgae samples (Fig. 2) could have resulted in protein aggregation 

due to the hydrophobic attraction impeding the diffusion-limited adsorption at the a/w 

interface (Singhal et al., 2016; Wierenga et al., 2003). 

For pH 7 and 10, the lowest decrease in surface tension was found for the WPI. The 

observation at pH 7 was not expected as the pI of WPI is at pH = 4.6 

(Anandharamakrishnan et al., 2008; Gbassi et al., 2012). However, a possible 

explanation for the observation could be the composition of WPI. The pI of WPI 

corresponds to the net charge of all protein fractions and varies for the individual 

fractions. According to literature, immunoglobulins present in WPI have a pI between 

pH 5.5 to 6.8 (Bryant & McClements, 1998). A pH around the individual pI probably 

led to hydrophobic attraction, resulting in increased protein aggregation. The API 

showed superior surface activity in comparison to that of CP independent of pH. The 

results correlate with the ζ-potential measurement (Section 3.1) as a constant ζ-

potential above pH > 5 was measured. These observations are in line with the results 

of Chronakis, Galatanu, Nylander, and Lindman (2000), who found a similar 

adsorption behavior for A. platensis isolates at a pH ranging from 4.5 to 11. Similar 

to this study, the authors observed faster adsorption at pH 7 than at pH 4.5. 
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M4 - Figure 3: Surface tension over time for the Arthrospira platensis isolate (API), crude Arthrospira 
platensis powder (CP) and whey protein isolate (WPI) at a concentration of 0.1% weight per volume for pH 
3, pH 7 and pH 10. 

 

The surface activity of the self-cultivated nsPEF treated A. platensis samples was 

investigated and compared to untreated self-cultivated A. platensis samples and API 

in order to observe effects on microalgae constituent alterations induced by the 

nsPEF treatment (Fig. 4). Neither for pH 7 nor for pH 10, did the nsPEF treatment 

influence the surface activity as shown in Fig. 4. The self-cultivated samples had a 

similar surface activity compared to that of API (Fig. 4). For all samples at pH 7, the 
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lag phase lasted until 3000 ms and reached 62–67 mN m−1 after 16000 ms. Similar 

to the results found during the surface tension experiments with commercial powders, 

the self-cultivated cultures did not show a significant pH dependence between pH 7 

and 10, which is in agreement with the ζ-potential measurement (Section 3.1). 

Nevertheless, there was a slight trend for the untreated self-cultivated A. platensis 

samples (control, Fig. 4) to reach a lower surface tension at 16000 ms (61–62 mN 

m−1) compared to that of the self-cultivated nsPEF treated A. platensis samples 

(treated, Fig. 4) samples (63–63.5 mN m−1) at pH 10.  

It was observed that the nsPEF treatment increased the biomass while maintaining 

high protein content, but its composition was influenced (Buchmann et al., 2019). 

However, based on the surface tension measurements, the quality of the isolate was 

not adversely affected, as the surface activity was comparable to that of the control 

and the API. Therefore, the nsPEF technology was able to increase the biomass yield 

while maintaining the foaming properties. 

 

 
M4 - Figure 4: Surface activity of the nanosecond pulsed electric field treated self-cultivated Arthrospira 
platensis (treated) and untreated self-cultivated Arthrospira platensis (control) compared to Arthrospira 
platensis isolate (API) at a concentration of 0.1% weight per volume at pH 7 and 10. 
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3.3. Overrun and stability of foams 

The overrun was characterized by the height measurement of the foam, calculated 

median (median d t0), and span of the foam bubble size distribution immediately after 

foaming (span t0) (Fig. 5). At pH 3, the API showed the highest overrun followed by 

the WPI and CP with the lowest OR. The overrun at pH 7 was higher for the API 

compared to that of the CP with a tendency to increase from pH 7 to 10. However, 

the increase in the OR from pH 7 to 10 was more pronounced for the CP than for the 

isolate. These results are correlating with literature data of API where an increase in 

overrun was found from pH 3 to pH 10 (Benelhadj et al., 2016; Devi & Venkataraman, 

1984). In comparison to the WPI, the overrun performance of the API was significantly 

different, higher at pH 7 but lower at pH 10, in which the WPI reached ist maximum 

volume and minimal median, respectively (Fig. 5, Table 2). However, the median d t0 

did not correlate with the OR and did not considerably change over the different pH 

values for the microalgae samples (Fig. 5). Therefore, the adsorption process during 

our experiments can be regarded as mostly a kinetic-limited process (Beverung et 

al., 1999; Wierenga et al., 2003, Mezzenga & Fischer, 2013). The overrun at pH 3 

indicates that shear-induced foaming by a rotor-stator device enabled insoluble 

protein adsorption (Smith, 2017). During a diffusion-limited adsorption process, the 

overrun should correlate with the decrease in surface tension (Fig. 3) (Beverung et 

al., 1999).  

 

 
M4 - Figure 5: a) Overrun and b) median d t0 immediately after foaming for the Arthrospira platensis isolate 
(API), crude Arthrospira platensis powder (CP) and whey protein isolate (WPI) over the investigated pH 
range. 

 

A higher foam stability is achieved if the foam decay is decelerated and polydispersity 

is reduced (Marinova et al., 2009; Wilson, 1989). An increased polydispersity 
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decreases the foam stability as Ostwald ripening is increased. In addition to the 

immediate foaming properties, the foam stability and the bubble size distribution were 

assessed as a function of time (Fig. 6). The foam decay was characterized based on 

the evolution in median bubble diameter, indicated as slope t20 and t60 in Table 2.  

 

M4 - Table 2: Foaming characteristics of different samples at pH 3, 7 and 10 at t0 immediately after foaming, 
t20 after 20 min and t60 after 60 min, a means significantly different from whey protein isolate (WPI), b means 
significantly different from crude Arthrospira platensis powder (CP) on a Scheffé corrected p-value <0.05 
after pairwise comparison with contrasts. 

pH Sample OR STD Median d t0 STD span t0 STD Slope t20 STD Slope t60 STD 

    [%] ± [μm] ±   ± [μm min-1] ± [μm min-1] ± 

3 

API 415 10.5 333.94 47.08 1.89a,b 0.11 12.38a,b 2.95 5.97a 0.97 

WPI 393.3 18.2 326.8 55.96 1.21 0.18 -4.76 4.18 
  

CP 366.7 18.2 256.9 55.96 1.11 0.15 -0.25 2.74 2.24 1.68 

7 

API 433.3a 14.9 337.96a 30.25 1.16 0.15 2.27 4.03 0.53a 1.37 

WPI 405 27.9 72.77 52.39 1.15 0.26 10.72 3.87 5.94 2.38 

CP 326.7a 25.8 270.94a 52.39 1.06 0.21 3.08 3.87 2.23 2.38 

10 

API 458.3a 14.9 315.58a 30.25 1.19 0.15 -2.31 4.74 2.9a 1.37 

WPI 500 25.8 127.64 52.39 1.43 0.26 4.11 4.74 15.94 2.38 

CP 393.3a 25.8 241.43 52.39 1.19 0.26 7.32 4.74 2.35a 2.38 

 

At pH 3, the box width of the API was lower than that for the CP, but it showed more 

outliers. Regarding the speed of the median increase (slope t20), a significantly higher 

slope was observed for the API compared to that the CP. However, the median 

increase decelerated comparing slope t20 to slope t60. For the CP, the median 

increase is lower, but according to the box width, the disparity increases between t20 

and t60. Moreover, the distribution after 60 min (t60) for the CP is skewed (median 

position compared to the whole box width). After all, CP and API exceeded the foam 

stability of the WPI at pH 3 as the foam completely disappeared after 60 min. 

Comparing the API to CP, the increased polydispersity could indicate an imminent 

collapse resulting from Ostwald ripening (Voorhees, 1985). The increased 

polydispersity indicates that the thermodynamically-driven Ostwald ripening is 

advanced and thereby close to the equilibrium state which is a two-phase system 

with a low curvature interfacial area. According to Voorhees (1985), these surface 
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energy driven morphological changes mostly correlate with the last phase of a first-

order phase transformation process. 

At pH 7 and 10, the widths of the boxplots are in a similar range for all the microalgae 

samples. Dense foams are observed at t0 with a small distribution in the range of 

200–600 μm. During the following 60 min, the distribution width increases to a greater 

extent than the median. Thus, the bubble size distributions are more skewed than at 

the beginning, indicating a higher polydispersity. An exception is the distribution 

observed for the CP at pH 10 after 60 min, where the disparity decreases again after 

20 min. The foam stability of A. platensis derived foams over 60 min is in line with 

literature (Nirmala, Prakash, & Venkataraman, 1992). Regarding the ζ-potential 

measurement (Fig. 2), a similar behavior for the microalgae samples at pH > 5 was 

expected. However, there was a tendency to decelerate the bubble median increase 

at pH 7 compared to that at pH 10, and it was more pronounced for the API than for 

the CP. These results correlate well with the adsorption kinetics experiments, during 

which a faster adsorption was found for the API compared to that of the CP (Fig. 3). 

The presented data indicates higher OR and foam stability, which was less pH 

dependent than the results from the literature (Benelhadj et al., 2016; Devi, 

Subbulakshmi, Devi, & Venkataraman, 1981). 

In addition, the pH dependency of the microalgae samples related to the BSD over 

time was less pronounced than that for the OR. The samples show a higher disparity 

at pH 3 compared to pH 7 and 10 and fewer structural changes according to the 

differences between slope t20 and t60. At pH 7 and 10, the bubble size distributions 

are similar. The patterns of the microalgae samples are similar to the values observed 

for the WPI, in which the bubble size distribution also did not show a clear pH 

dependence, although the median increase between t20 and t60 of the microalgae 

samples is slower at pH 7 and 10 compared to that of the WPI. These result correlate 

with the surface tension measurements were an increased reduction of the surface 

tension was observed for the microalgae samples. Therefore, protein adsorption and 

the size of the viscoelastic interfacial layer could be increased, stabilizing the foam 

(Foegeding et al., 2006). 

Overall, better foam stability in comparison to that of the WPI was observed for all 

microalgal samples at pH 3. The results were most pronounced for the CP as the 

span, and the median were smaller compared to those of the API; therefore, 

polydispersity was reduced. In fact, there was complete foam decay for the WPI at 
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pH 3, which agrees with observations from the bubble size distribution. The enhanced 

foam stability of the A. platensis samples at pH 3 can be associated with higher 

protein aggregation potential leading to more cross-linking and a more viscoelastic 

film at the interface (Lupatini, Colla, Canan, & Colla, 2017; Müller-Fischer et al., 2007; 

Wilson, 1989). The pH at the determined pI of the API probably led to hydrophobic 

attraction (Gbassi et al., 2012). 

We found that CP and API had similar or even better foaming properties compared 

to those of WPI. Hence, the CP and API showed potential to be alternative foaming 

agents. The extracted API had a superior overrun at pH 3 and 7, and the foam stability 

was higher at all 

pH values compared to WPI. In contrast, there was higher decrease in surface 

tension for the API observed at pH 7 and 10, but lower decrease at pH 3 compared 

to that of the WPI. Therefore, the foaming process is not regarded as diffusion limited 

(Beverung et al., 1999). During the foaming process high shear rates are occurring 

in the system which results in a not diffusion limited process. Otherwise, surface 

tension measurements with concentration where a lag-phase is present (Fig. 3) and 

overrun should correlate (Fig. 5, Table 2). In fact, the WPI is widely used in the food 

industry because of its contribution to overrun and stability, as well as the ability to 

dissolve in an acidic pH, which is uncommon (Marinova et al., 2009; Norwood et al., 

2016; Zayas, 1997). Thus, the isolate derived from A. platensis has the potential to 

reach the importance of that of WPI, with the benefit of coming from a vegetal source. 
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M4 - Figure 6: Bubble size distribution of crude Arthrospira platensis powder (CP), Arthrospira platensis 
isolate (API) and whey protein isolate (WPI) over time and at different pH values. Medians are estimated 
from all replicates at once and interconnected between the different time points. The box width includes all 
data points within the 10th and 90th percentiles. Time points correspond to t0 immediately after foaming, t20 
after 20 min and t60 after 60 min. The distribution for the WPI at t60 at pH 3 is not shown as the foam 
completely disappeared. 

 

3.4. Macroscopic foam properties 

Foaming properties are among the most important techno-functional properties that 

are provided by food ingredients. Images of the foamed A. platensis and WPI 

samples are shown in Fig. 7. A clear difference in color was visible for the A. platensis 

samples prior to (CP) and following extraction (API). The extraction procedure 

reduced the coloring agents leading to a yellowish/whitish foam color. For industrial 

applications, a coloring side effect of a foaming agent is generally undesirable. The 

isolated API was able to form foams with neutral color. This observation is in line with 

previous studies, including Waghmare, Salve, LeBlanc, and Arya (2016) who 

reported a less intense color for isolates compared to whole biomass derived from 

Chlorella pyrenoidosa. Therefore, the presented procedure enables the derivation of 

the high-value blue colorant phycocyanin, while utilizing the remaining cell 

constituents as promising food ingredients (Böcker et al., 2019; Caporgno & Mathys, 

2018). 
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M4 - Figure 7. Macrostructure of foams created at pH 3, 7 and 10 at t0 immediately after foaming, t20 after 
20 min and t60 after 60 min for Arthrospira platensis isolate (API), crude Arthrospira platensis powder (CP), 
and whey protein isolate (WPI). A total of 10 mL algae with 50 mM phosphate buffer was foamed at a 
powder concentration of 1% weight per volume for 60 s using a milk frother. 

 

Herein, we demonstrated the adsorption of soluble microalgae protein at air/water 

interfaces and the production of model foams. However, the same principles of 

adsorption and interfacial stabilization apply to oil/water interfaces and emulsions 

(Dalgleish, 1997; Fischer & Erni, 2007). Thus, soluble microalgae protein could 

further be employed for the stabilization of emulsions, although the adsorption 

kinetics and interfacial layer formation may vary depending on the nature of the used 

oil (Bergfreund, Bertsch, Kuster, & Fischer, 2018). 
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4. CONCLUSIONS 

Photoautotrophic cultivation systems of microalgae bear great potential as an 

alternative source of food ingredients. Model foams were prepared from crude A. 

platensis powder (CP), A. platensis isolate (API) and whey protein isolate (WPI) to 

assess their foaming properties. The API showed better overrun and stability 

compared to that of the WPI and CP. The superior foaming properties of the API 

compared to those of the WPI were maintained even after nsPEF treatment. 

Therefore, nsPEF treatment presents a possible physical treatment to increase the 

biomass yield without compromising the investigated foaming properties. Moreover, 

the production of API leads to the separation of the economically important protein-

pigment complex phycocyanin from the bulk biomass, enabling a cascade utilization 

of highly relevant cellular compounds derived from A. platensis. Thereby, microalgae 

biomass utilization could be improved. Further research should focus on the 

biochemical nature of A. platensis derived proteins with a foaming activity. In this 

regard, investigation of isolated protein and peptide fractions from the microalgal 

biomass with respect to their foaming activity would be beneficial. 
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ABSTRACT 

Microalgae-based biorefinery concepts can contribute to providing sufficient 

resources for a growing world population. However, the performance needs to be 

improved, which requires innovative technologies and processes. Continuous 

extraction from Chlorella vulgaris cultures via pulsed electric field (PEF) processing 

might be a viable process to increase the performance of microalgae-based 

biorefinery concepts. In this study, increasing protein extraction rates were observed 

with increasing electric field strength, up to 96.6 ± 4.8% of the free protein in the 

microalgae. However, increased extraction rates negatively influenced microalgae 

growth after PEF treatment. A free protein extraction rate up to 29.1 ± 1.1% without 

a significant influence on microalgal growth after 168 h was achieved (p = 0.788). 

Within the scope of this work, a protocol for continuous protein extraction during 

microalgae cultivation by PEF processing was developed. The incorporation of 

innovative downstream into upstream processing could be a viable future concept. 

 

 

GRAPHICAL ABSTRACT 
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1. INTRODUCTION 

The world population is expected to reach 9.8 billion people by 2050 (United Nations, 

2017). Thereby, the demand for arable land independent sustainable resources is 

increasing (Alexandratos and Bruinsma, 2012; Chaudhary et al., 2018). Microalgae 

such as Chlorella vulgaris are possible resources to meet this demand. 

C. vulgaris is a popular species in the bio-based industry because of its high protein 

and lipid content. C. vulgaris can not only be used for biofuel production but also as 

a novel food source (Becker, 2013; Brennan and Owende, 2010; Caporgno and 

Mathys, 2018). The annual production of Chlorella species amounts to approximately 

5000 metric tons (Masojídek and Torzillo, 2014). However, current cultivation 

systems are not yet competitive compared with other established sources (Smetana 

et al., 2017). One way to increase the performance of microalgae-based biorefineries 

is growth stimulation or selective microbial inactivation via nanosecond pulsed 

electric field (nsPEF) processing, an innovative technology in microalgae upstream 

processing (Buchmann et al., 2019a,b, 2018a). However, further improvements in 

downstream processing are required to overcome limitations regarding the high 

production costs of microalgae derived from the growth medium, energy supply and 

intensive extraction procedures for valuable compounds (Enzing et al., 2014; Golberg 

et al., 2016). 

C. vulgaris possesses a rigid cell wall, which protects the microalgae against harsh 

environmental conditions (Safi et al., 2014). However, this rigid cell wall causes low 

bioavailability of microalgae constituents for human digestion. Therefore, the 

disintegration of microalgae cells is necessary to release microalgal constituents 

(Becker, 2007). Currently, energy-intensive downstream processes, including the 

harvesting of biomass, cell disruption and drying of the extracted components, are 

required (Enzing et al., 2014; Golberg et al., 2016). 

Pulsed electric field (PEF) processing of fresh microalgae biomass could be a 

potential solution to realize a closed loop biorefinery concept. PEF processing is 

extensively investigated as an innovative nonthermal technique to increase mass 

transfer across cellular membranes (Golberg et al., 2016; Toepfl et al., 2007). 

However, PEF-based extraction of cell constituents showed lower yields compared 

to other established extraction processes (Carullo et al., 2018; Grimi et al., 2014). 

Nevertheless, pulsed electric field processing can be applied reversibly or 

irreversibly, depending on the selected parameters (Luengo et al., 2015a). Reversible 
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electropermeabilization is widely used for the insertion of molecules into cells, 

whereas irreversible electropermeabilization is widely used for microbial inactivation 

and cancer treatment (Campana et al., 2016; Stacey et al., 2003). Applying PEF in a 

reversible way increases the mass transfer across the cell membrane without 

impeding the cell’s physiological state (Luengo et al., 2015a). In addition, the 

extractable cell constituents after PEF processing depend on the suspending fluid 

(Goettel et al., 2013). Therefore, combining PEF processing with membrane 

technology could allow for continuous cascade processing of microalgae (Bleakley 

and Hayes, 2017; Goettel et al., 2013). 

Based on these findings, the aim of this project was to assess the ability of PEF 

processing to extract microalgal proteins from viable cell cultures, towards the 

implementation of PEF processing in a closed-loop biorefinery concept. 
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2. MATERIAL AND METHODS 

2.1. Raw materials 

Chlorella vulgaris SAG 211-12 was obtained from the Culture Collection of Algae at 

Goettingen University (SAG, Goettingen, Germany). First, 50 mL of C. vulgaris was 

inoculated one week prior to experiments in 350 mL of DSN cultivation medium in a 

1-L Erlenmeyer flask (Pohl et al., 1987). The initial dry weight (DW) of C. vulgaris was 

standardized to 0.3 g L−1. C. vulgaris was cultivated under autotrophic and non-axenic 

growth conditions. The cultures were incubated at 25 ± 0.2 °C, 70% relative humidity, 

150 rpm, 7% v/v CO2, and continuous illumination with a mean photosynthetically 

active photon flux density (PPFD) of 36 μmol photons m−2 s−1 using warm white LED 

lamps in a shaking incubator (Multitron Pro shaking incubator, Infors AG, Bottmingen, 

Switzerland). The growth of C. vulgaris was monitored by optical density (OD) 

measurements at 750 nm (GENESYS™ 10S, Thermo Fischer Scientific Inc., 

Waltham, MA, USA). The correlation factor between OD and DW is shown in Eq. (1) 

(R2 = 0.9971): 
 

𝐷𝑊(𝑔 𝐿 ) = 0.3712 ∙ 𝑂𝐷 + 0.0672  (1) 

 

2.2. Sample preparation 

Prior to the cell disruption processes, the concentration and conductivity of the 

microalgae cultures were standardized. For all PEF experiments, a microalgae 

concentration of 6 g L−1 was used. Through centrifugation (1780 g, 5 min), the 

microalgae biomass was separated from the supernatant (Centrifuge Z 366 K, 

Hermle Labortechnik GmbH, Wehingen, Germany). Subsequently, the supernatant 

was removed and the microalgae biomass was resuspended in 151.7 mM phosphate 

buffered saline (PBS), adjusted to a conductivity σ (mS cm−1) of 2 mS cm−1 and pH = 

7. The conductivity adjustment was necessary to achieve matched load conditions in 

subsequent PEF treatments. Directly after the preparation of the microalgae 

suspensions, the conductivity was measured and the pH of the microalgae 

suspension was monitored. Following a mixing step, 0.5 mL aliquots of the 

microalgae suspensions were transferred to electroporation cuvettes for PEF 

treatment. 

In addition to this standard protocol, the influence of the treatment fluid on the protein 

extraction and recovery rate was analyzed. Therefore, the cultivation media DSN 
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(Pohl et al., 1987) was used as a treatment fluid without conductivity adjustment, after 

dry weight standardization. The resulting mismatched load conditions were 

accounted for in the energy input calculations (Buchmann et al., 2018b). 

 

2.3. Pulsed electric field (PEF) treatment 

The samples were treated batch wise in plate-plate electroporation cuvettes at 2 mm 

electrode distance, resulting in electric field strengths of up to 20 kV cm−1 (BTX 

cuvettes, Harvard Apparatus, Holliston MA, USA). Hence, a homogenous treatment 

resulting in a homogenous energy input was achieved (Buchmann et al., 2018a,b). 

The experimental setup consisted of a cuvette holder connected to a TSS 500 pulse 

generator (EM Test, Reinach, Switzerland). The pulse generator was capable of 

exponential decay pulses with a pulse width of 50 μs and a varying pulse amplitude 

from 1 V to 4000 V. Pulse measurements were conducted with a P6015A voltage 

probe (Tektronix Inc., Beaverton OR, USA) connected to a Wave Surfer 10 

oscilloscope (Teledyne LeCroy GmbH, Heidelberg, Germany). For further information 

regarding the experimental setup, refer to Buchmann et al. (2018b). 

 

2.4. Protein extraction by high-pressure homogenization 

Protein extraction by high-pressure homogenization (HPH) was carried out in order 

to compare two different extraction methods for microalgal cell constituents. 

According to Safi et al. (2015), high-pressure homogenization is one of the most 

efficient extraction methods. Thus, this method was selected as the reference 

process. For each sample, 2 mL of microalgae suspension were transferred to an 

HPH (Cell Disruptor, Constant Systems Limited, Daventry, UK). The microalgae cells 

were treated with 100 MPa. 

Subsequent determination of the protein content was performed in accordance with 

the protocol described below (Section 2.5). However, the protein concentration was 

evaluated directly after the HPH process without an additional incubation period, as 

preliminary results indicated no increase in protein extraction with an extended 

incubation period. 

 

2.5. Protein quantification 

Following PEF treatment, the cuvettes were placed on a shaking plate (150 rpm) at 

ambient conditions for 24 h. The 24 h incubation period was derived from preliminary 
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results. Following the incubation period, proteins were quantified by a colorimetric 

protein assay kit (Bradford Reagent, VWR International, Radnor, PA, USA) (Bradford, 

1976). 

Protein quantification was conducted after centrifugation (5000 g, 5 min) of the 

microalgae suspensions, separating the biomass from the protein-containing 

supernatant. The standard manufacturer VWR protocol was followed, with an 

incubation time of 10 min. Subsequently, the absorbance at 595 nm was measured 

by UV–Vis spectroscopy (GENESYSTM 10S, Thermo Fischer Scientific Inc., 

Waltham, MA, USA). In addition to this standard protocol, the influence of the 

incubation fluid on the protein extraction and recovery rate was analyzed. Therefore, 

microalgae were transferred to DSN medium for the incubation period, instead of 

PBS. Directly after PEF treatment, microalgal samples were separated from PBS by 

centrifugation (5000 g, 5 min). Then, the PBS was removed and replaced by the same 

amount of DSN medium per sample. In the case of DSN as the treatment fluid, the 

incubation was directly carried out in DSN as well, equivalent to the sole PBS 

protocol, without an additional centrifugation step.  

Determination of the total protein concentration was carried out by amino acid 

analysis (AAA) at the Functional Genomics Center Zurich (FGCZ), Switzerland. The 

AAA was carried out with a microalgae concentration of 6 g L−1. 

 

2.6. Microalgae revitalization 

Microalgae revitalization was conducted by inoculation of the whole incubation 

volume in 10 mL of DSN medium in a sterilized 100-ml Erlenmeyer flask. Following 

DW determination, another 25 mL of DSN medium were added. This sequential DSN 

addition was necessary to reduce the dilution of the microalgae culture for DW 

determination. All samples were incubated at equal cultivation conditions as 

described above (Chapter 2.1). The growth curves of the revitalized samples were 

monitored over 168 h. The microalgae revitalization was assessed by the recovery 

rate (Eq. (2)): 
 

Recovery rate (%) = (TreatmentDW ⁄ ControlDW)∙100.   (2) 

 

2.7. Proteomic analysis 

A shotgun analysis, liquid chromatography and mass spectrometry (LC-MS), of 

extracted proteins from C. vulgaris was conducted at the Functional Genomics Center 
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Zurich (FGCZ), Switzerland. Proteins extracted by PEF were compared to proteins 

extracted by high-pressure homogenization. 

The subsequent results are based on the SWISS-PROT database search. The 

database contains approximately 560,000 different proteins and a sequenced C. 

vulgaris SAG 211-12 strain. C. vulgaris has approximately 7100 protein-coding genes 

(Zuñiga et al., 2016). The data were analyzed applying very stringent settings (protein 

threshold 1% FDR, min # peptides 2 and peptide threshold 0.1% FDR). 

The total spectra with normalization and a minimum value of 0.5 were investigated. 

Further information regarding the proteomic analysis can be found in Buchmann et 

al. (2019b). 

 

2.8. Statistical analysis 

The statistical analysis was conducted using IBM SPSS Statistics® (Version 24.0., 

IBM Corp., Armonk NY, USA). The equality of variance for the compared groups was 

tested using Levene’s test. Subsequently, one-way ANOVA was performed, followed 

by a post hoc Tukey’s HSD test. A confidence interval of 95% for all statistical 

evaluations was used. Proteomic results were analyzed by an analysis of variance 

with a 95% confidence interval, including a Benjamini-Hochberg correction. 
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3. RESULTS AND DISCUSSION 

The absolute protein concentration of the investigated C. vulgaris suspension 

obtained by the AAA amounted to 2.87 g L−1 and 2.71 g L−1. Consequently, the 

microalgae culture used consisted of 46.46 ± 0.01% protein. This total protein 

concentration of C. vulgaris agrees with the literature, where a total protein content 

of C. vulgaris between 42 and 58 % was found (Safi et al., 2014). 

The energy inputs of the PEF experiments performed in PBS or in DSN fluid are 

compared in Table 1. The theoretical applied electric field strength and the actual 

measured electric field strength must be distinguished. The actual measured electric 

field strength is lower than the theoretical. Furthermore, the measured electric field 

strength of experiments conducted in DSN is significantly lower compared to the 

experiments conducted in PBS. The higher conductivity of DSN results in 

mismatched load conditions. Consequently, for equal theoretical PEF parameters, 

the energy inputs of experiments performed with DSN as the treatment fluid are lower 

compared to the energy inputs of experiments performed with PBS as the treatment 

fluid. No temperature influence could be detected across all PEF parameters, with a 

temperature increase of < 5 °C for all investigated conditions. 

 

M5 - Table 1: Resulting energy inputs for different electric field strengths and incubation fluids in PEF 
treatments using a 2 mm electroporation cuvette, with electric field strength E (kV cm−1), conductivity σ (mS 
cm−1), number of pulses n (−) and energy input W (kJ KgSus

−1). 

Incubation fluid Theoretical E Measured E σ n ∆W 

(-) (kV cm-1) (kV cm-1) (mS cm-1) (-) (kJ kgSus
-1) 

PBS 10 9.24 ± 0.32 1.9 ± 0.1 2 1.94 ± 0.01 

PBS 15 13.86 ± 0.48 1.9 ± 0.1 2 4.37 ± 0.02 

PBS 20 18.47 ± 0.63 1.9 ± 0.1 2 7.76 ± 0.04 

DSN 10 2.83 ± 0.01 9.7 ± 0.04 2 0.95 ± 0.001 

DSN 15 4.24 ± 0.02 9.7 ± 0.04 2 2.13 ± 0.006 

DSN 20 5.64 ± 0.02 9.7 ± 0.04 2 3.79 ± 0.01 

 

For increased readability, the electric field strength is stated as the theoretical electric 

field strength in the manuscript. The energy input for the high-pressure 

homogenization was 400 kJ kgSus−1 for each pass and two subsequent passes were 
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applied in order to ensure complete disintegration of the cells. 

 

3.1. Optimization of PEF-based protein extraction 

The influence of the electric field strength on protein extraction was analyzed in order 

to optimize the PEF-based protein extraction. Therefore, the number of pulses was 

adjusted to obtain an equal energy input (7.76 ± 0.04 kJ kgSus−1) for both electric field 

strengths (10 and 20 kV cm−1). Based on the energy input calculation, differences in 

the electric field strength can be accounted for by adjusting the number of applied 

pulses; for further information, refer to Buchmann et al. (2019b). The results indicate 

a dependency of the protein extraction on the electric field strength. An electric field 

strength of 10 kV cm−1 resulted in an average protein extraction of 0.55 ± 0.01 g L−1, 

whereas for an electric field strength of 20 kV cm−1, a protein concentration of 0.80 ± 

0.04 g L−1 was extracted. The results are in agreement with the common theory of 

electropermeabilization, for which a critical electric field needs to be exceeded in 

order to cause PEF-based effects on biological cells (Grahl and Märkl, 1996; Teissie 

and Tsong, 1981; Zimmermann et al., 1974). Thereby, the size of the permeable 

structures is crucial for the extraction efficiency, since it determines the size of the 

molecules that are able to cross the cell membrane (Saulis, 2010). Based on the 

assumption that the mass transfer across the cell membrane is diffusion limited, 

protein extraction rates were analyzed over a prolonged time period (Puc et al., 

2003). Overall protein extraction rates increased with time, reaching a maximum after 

24 h. Therefore, protein extraction by PEF was followed by a 24 h incubation in order 

to maximize protein extraction efficiency. 

As the average protein concentration did not change significantly with the increasing 

number of pulses, the pulse number was set to two (data not shown). This parameter 

was the lowest possible value where no influence on the protein extraction rate was 

observed. These results are in agreement with literature where after a certain 

threshold extraction was not enhanced by increasing the number of applied pulses 

(Luengo et al., 2015b). Thus, the energy input could be reduced with an unaffected 

protein extraction rate. However, based on preliminary results, the overall protein 

extraction rate strongly depends on the microalgae growth state. According to 

Yamamoto et al. (2004), the thickness and number of cell walls changes during the 

autosporulation of C. vulgaris. Hence, C. vulgaris has a thinner cell wall in the early 

growth phase compared to later phases. It is therefore hypothesized that protein 
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extraction rates are higher for microalgae in the early growth phase. The influence of 

microalgal growth phase was analyzed by PEF treatments of microalgae cultures 

over the whole cultivation cycle. 

 

3.2. Protein extraction by PEF in dependency of microalgae growth phase 

The PEF parameters were based on the obtained results with regard to overall protein 

extraction efficiency, set to an electric field strength of 20 kV cm−1 and two applied 

pulses. The concentration of extracted protein decreased over time (Fig. 1). 

Therefore, the extraction of protein from microalgae seems to be strongly dependent 

on their growth phase. The absolute amount of extracted protein decreased by 32.3% 

from the first PEF treatment after 48 h (0.39 ± 0.01 g L−1) of cultivation to the last PEF 

treatment after 240 h of cultivation (0.12 ± 0.01 g L−1). A possible reason for the 

decrease in protein extraction is the increased thickness of the cell wall over the 

growth phases (Yamamoto et al., 2004). A thicker cell wall may hamper the formation 

of permeable structures by PEF and hence protein diffusion, as the induced 

transmembrane potential is negatively affected (Marszalek et al., 1990; Teissie and 

Tsong, 1981). Another possible reason for the decrease in protein extraction is that 

the concentration of extractable protein itself may vary over time (Safi et al., 2014). 

However, the diffusion-driven process allows the extraction of soluble compounds 

while potentially insoluble compounds are concentrated within the intact microalgal 

cell. 

 

 
M5 - Figure 1: Extractable protein concentration dependence of Chlorella vulgaris growth state with an 
electric field strength of 20 kV cm−1 and two applied pulses resulting in an energy input of 7.76 ± 0.04 kJ 
kgSus

−1. 

 

The change in overall extracted proteins was analyzed by comparing the PEF 
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treatments to a reference high-pressure homogenization treatment, which, according 

to Safi et al. (2015), is one of the most efficient extraction methods (Fig. 2). 

 
M5 - Figure 2: Comparison of the overall extracted protein concentration by HPH at 100 MPa and PEF 
treatments at 20 kV cm−1 over the cultivation cycle of Chlorella vulgaris. 

 

Comparing the absolute protein extraction rates, HPH treatments appear to be 

superior to PEF treatments (Fig. 2). These results agree with the literature, where a 

low protein extraction rate by PEF treatment was found in comparison to HPH (’t Lam 

et al., 2017; Carullo et al., 2018; Postma et al., 2016). However, the HPH treatment 

results in a complete disintegration of the microalgal cells, whereas the PEF 

treatment results in visually intact microalgal cells. Moreover, the supernatant after 

PEF treatment was transparent, whereas the supernatant after HPH treatment turned 

green, indicating the disruption of the chloroplast by HPH. This observation indicates 

that internal cell structures are not irreversibly affected by PEF, and thus, only free 

protein can be released from the cell. Structural proteins of membranes and 

organelles do not appear to be available within the chosen treatment parameters; 

thus, protein extraction by PEF results in lower absolute yields (Fig. 2, Table 2). 

However, as with the chosen parameters, mostly the outer cell membrane seems to 

be permeabilized, the extractable protein concentrations might differ from the 

absolute protein concentration (Safi et al., 2015, 2014). The initial microalgal dry 

weight in the treated samples was 6 g L−1, with 46.46 ± 0.01% being proteins. Of 

these, only 30% are freely available and are therefore available for reversible PEF-

based extractions (Berliner, 1986; Safi et al., 2014). With respect to the resulting free 

protein concentration, PEF yields extraction rates up to 96.6 ± 4.8%. 
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3.3. Cellular origin of PEF- and HPH-based extracted proteins 

A shotgun proteomic analysis was conducted in order to investigate the cellular origin 

of PEF- and HPH-based extracted proteins. Overall, 1583 proteins were identified 

using the settings described in Section 2.7. Mostly proteins found in the thylakoid 

membrane of the chloroplast were significantly increased in the supernatant from 

HPH-treated microalgae compared to PEF-treated (Table 2). Other significantly 

increased proteins were from the inner mitochondrial membrane and chloroplast 

(Table 2). These results support the theory that only free protein can be extracted by 

PEF, as organelle-related and structural proteins were significantly increased after 

HPH processing. Comparing the absolute protein extraction efficiency, PEF 

processing within the chosen parameters cannot compete with HPH processing. 

However, considering that only 30% of the total protein content from C. vulgaris is 

freely available, reversible PEF can yield up to 96.6 ± 4.8% of this protein fraction 

(Berliner, 1986). Moreover, the aim of this research was not the optimization of PEF-

assisted absolute protein extraction, but rather a continuous extraction of proteins 

from viable microalgae cultures. Therefore, an investigation of the recovery levels of 

PEF-treated microalgae was conducted. 

 

M5 - Table 2: Significantly increased proteins in the supernatant of HPH-treated Chlorella vulgaris in 
comparison to PEF-treated samples, analyzed by a proteomic shotgun analysis. 

Identified proteins  p-values 

Cluster of Photosystem II D2 protein OS=Chlorella vulgaris OX=3077 

GN=psbD PE=3 SV=1 (PSBD_CHLVU) 

p < 0.00010 

Cluster of Photosystem II CP47 reaction center protein OS=Chlorella 

vulgaris OX=3077 GN=psbB PE=3 SV=1 (PSBB_CHLVU)  

p < 0.00010 

Cluster of Photosystem II protein D1 OS=Chlorella vulgaris OX=3077 

GN=psbA PE=3 SV=1 (PSBA_CHLVU)  

p < 0.00010 

Cluster of Photosystem I P700 chlorophyll a apoprotein A2 OS=Chlorella 

vulgaris OX=3077 GN=psaB PE=3 SV=1 (PSAB_CHLVU)  

p < 0.00010 

Cluster of Photosystem II CP43 reaction center protein OS=Chlorella 

vulgaris OX=3077 GN=psbC PE=3 SV=1 (PSBC_CHLVU)  

p = 0.00011 

Cytochrome b559 subunit alpha OS=Chlorella vulgaris OX=3077 

GN=psbE PE=3 SV=1  

p = 0.00024 

Cluster of ATP synthase subunit beta, chloroplastic OS=Chlorella 

vulgaris OX=3077 GN=atpB PE=3 SV=1 (ATPB_CHLVU)  

p = 0.00024 
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Cluster of ATP synthase subunit alpha, chloroplastic OS=Chlorella 

vulgaris OX=3077 GN=atpA PE=3 SV=1 (ATPA_CHLVU)  

p = 0.00096 

Cluster of Cytochrome f OS=Chlorella vulgaris OX=3077 GN=petA PE=3 

SV=2 (CYF_CHLVU)  

p = 0.0016 

Cluster of ADP,ATP carrier protein OS=Parachlorella kessleri OX=3074 

PE=3 SV=1 (ADT_PARKE)  

p = 0.00035 

50S ribosomal protein L12, chloroplastic OS=Chlorella vulgaris 

OX=3077 GN=rpl12 PE=3 SV=1 

p = 0.0010 

30S ribosomal protein S4, chloroplastic OS=Chlorella vulgaris OX=3077 

GN=rps4 PE=3 SV=1  

p = 0.00042 

 

3.4. Continuous microalgae cultivation with PEF-assisted protein extraction 

Based on the preliminary results, continuous microalgae cultivation with PEF-

assisted protein extraction was analyzed for 10, 15 and 20 kV cm−1. As the PEF-

based protein extraction was found to be mainly electric field strength dependent, 

within the chosen parameter range, the number of pulses was set to two. Thereby, 

the energy input was minimized without affecting the protein extraction rates. 

 

 
M5 - Figure 3: Protein extraction for two applied pulses at an electric field strength of 10, 15 and 20 kV cm−1 
resulting in 1.94 ± 0.01, 4.37 ± 0.02 and 7.76 ± 0.04 kJ kgSus

−1, respectively, and three subsequent PEF 
treatment cycles with 168 h of cultivation in-between. 

 

For an electric field strength of 10 kV cm−1, no significant protein extraction was found. 

The protein extraction rate at an electric field strength of 20 kV cm−1 resulted in the 

highest protein extraction rate. These results are in agreement with the above results 

for the maximum protein extraction rate. Moreover, the protein extraction rate was 

stable over the three cycles (Fig. 3, Table 3). The different extraction rates for 20 kV 
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cm−1 can mainly be attributed to the different recovery levels of the microalgae 

cultures and subsequent different growth phases prior to the treatment. The influence 

of the growth phase on protein extraction was elucidated in Section 3.1. The results 

indicate that protein extraction in an early growth phase is higher than that in later 

growth phases. 

 

 
M5 - Figure 4: Algae recovery levels after a) the first and b) the second PEF cycle with two applied pulses 
at an electric field strength of 10, 15 and 20 kV cm−1, resulting in 1.94 ± 0.01, 4.37 ± 0.02 and 7.76 ± 0.04 
kJ kgSus

−1, respectively, in comparison to the control. 

 

The microalgae treated with an electric field strength of 10 kV cm−1 fully recovered 

168 h after the PEF treatments with a recovery rate of 99.5 ± 8.3% (Fig. 4a) and 93.8 

± 6.7% (Fig. 4b). PEF treatments at an electric field strength of 15 kV cm−1 resulted 

in a recovery rate of 59.2 ± 8.2% (Fig. 4a) and 68.0 ± 4.5% (Fig. 4b) after 168 h. At 

an electric field strength of 20 kV cm−1, the microalgae recovery rate after 168 h was 

29.4 ± 2.7% (Fig. 4a) and 46.0 ± 13.2% (Fig. 4b). The free protein extraction rate and 

recovery rate for the investigated electric field strengths are summarized in Table 3. 
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M5 - Table 3: Free protein extraction and recovery rate for multiple extraction cycles at theoretical electric 
field strengths of 10, 15 and 20 kV cm−1. The same letters indicate nonstatistical significance at a 95% 
confidence interval for the free protein extraction rate over the three extraction cycles. 

Theoretical 

E 

[kV cm-1] 

Free protein extraction rate [%] 

(Recovery rate [%]) 

 1st cycle 2nd cycle 3rd cycle 

10 0.1 ± 0.1a (99.5 ± 8.3) 0.8 ± 0.4a (99.9 ± 8.8) 0.4 ± 0.1a 

15 8.6 ± 2.0b (59.2 ± 8.2) 11.2 ± 1.5b (68.0 ± 4.5) 12.9 ± 0.4b 

20 23.2 ± 1.3 (29.4 ± 2.7) 64.4 ± 7.6 (46.0 ± 13.2) 44.2 ± 12.3 
a p = 0.997.,b p = 0.811. 

 

The results indicate that the higher the protein extraction, the lower is the recovery 

level, thus the severity of PEF induced effects increases. Moreover, the lag phase 

after the PEF treatment is more pronounced if higher protein concentrations are 

extracted. Nevertheless, the results for the three cycles at 10 kV cm−1 or 15 kV cm−1 

are not statistically significant different (Table 3), indicating a stable process and no 

long-term influence of PEF on microalgae recovery or composition with respect to a 

cultivation of 168 h between the treatments. 

 

3.5. Influence of the incubation and treatment fluid on the protein extraction and 
microalgae recovery rates 

To achieve matched load conditions, the PEF treatments were conducted in 151.7 

mM PBS adjusted to a conductivity of 2 mS cm−1 and pH = 7. Based on preliminary 

data indicating that the protein extraction after PEF is diffusion limited, the incubation 

in high conductive (10 mS cm−1) DSN medium was hypothesized to increase the 

overall protein extraction. Moreover, as DSN medium was used to cultivate the 

microalgae, a physiological benefit was hypothesized, as microalgae were incubated 

in their respective cultivation media and therefore the recovery rate should be 

increased as well. In the first step, the influence of the incubation fluid on the protein 

extraction was analyzed. 

The protein extraction was significantly higher if DSN medium was used as the 

incubation fluid. DSN medium as the incubation fluid resulted in a free protein 

extraction rate of 52.9 ± 7.1% for an electric field strength of 20 kV cm−1. In contrast, 

PBS as the incubation fluid resulted in a free protein extraction rate of 23.2 ± 1.3% 
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for equal PEF parameters (Table 1). With regard to the recovery rate, the same trends 

as for the PBS/PBS system were observed. The time-dependent recovery rate after 

PEF processing reached 93.8 ± 6.7%, 39.6 ± 3.7% and 1.6 ± 0.7% at an electric field 

strength of 10, 15 and 20 kV cm−1, respectively (Fig. 5). 

The hypothesis of an increased protein extraction at higher ionic strengths of the 

incubation fluid and therefore higher diffusion gradient appears to be verified. The 

results indicate that high conductive incubation fluids facilitate diffusion of proteins 

through permeable structures, as similar electric field strengths in PBS resulted in no 

significant protein extraction. Therefore, the overall performance of the DSN medium 

was assessed using DSN as the treatment and as the incubation fluid. The higher 

conductivity of the DSN medium resulted in mismatched load conditions. These 

mismatched load conditions result in partial reflection of the applied voltage and 

hence lower electric field strengths than actually expected based on the initially 

applied voltage (Buchmann et al., 2018b). The resulting mismatched load conditions 

were accounted for in subsequent energy input calculations (Table 1). 

The protein extraction of the DSN/DSN system was significantly higher than the 

extraction rate obtained for the PBS/PBS system (Fig. 5). The free protein extraction 

rate of the DSN/DSN system resulted in 69.2 ± 1.4% at an electric field strength of 

20 kV cm−1, whereas for the PBS/PBS system, at theoretical equal PEF processing 

parameters, it resulted in 23.2 ± 1.3%. One explanation for the higher protein 

extraction rate is the high conductivity of the DSN medium. The increased 

extracellular conductivity results in an accelerated charging of the membrane (Silve 

et al., 2016). In addition, the increased conductivity accelerates the diffusion-driven 

protein extraction, and thus, a lower electric field strength is more efficient compared 

to low conductive suspending media. This result correlates with the results found for 

the PBS/DSN system. 

The time-dependent recovery rates of the microalgae treated at an electric field 

strength of 10 and 15 kV cm−1 were 47.1 ± 15.4% and 15.8 ± 8.5%, respectively, 

lower than the recovery rates of microalgae treated in PBS. The microalgae treated 

at 20 kV cm−1 did not recover at 

all after 168 h, with a recovery rate of 1.5 ± 0.7%. Due to the correlation of increased 

protein extraction rate and reduced recovery rate, this trend was expected. However, 

the hypothesis regarding the beneficial influence of the DSN medium on the overall 

efficiency of the process with respect to a continuous protein extraction by PEF could 
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not be verified at this time. Further optimization of the PEF treatment parameters with 

respect to the microalgae recovery rate could support the DSN/DSN system, as the 

absolute protein extraction rate is superior at all investigated electric field strengths. 

 

 
M5 - Figure 5: Free protein extraction rate (full) and recovery rate (hollow) for PEF treatments in a) 
phosphate buffered saline (PBS) and b) DSN cultivation medium, at theoretical equal PEF parameters 
(Table 1). 

 

With regard to the free protein extraction efficiency, DSN/DSN performed the best, 

followed by PBS/DSN and PBS/PBS. However, focusing on an innovative closed-

loop biorefinery concept, the recovery rates need to be taken into account as well. 

Assessment of the overall PEF-based extraction efficiency over multiple cycles was 

conducted, introducing the cyclic extraction factor as shown in Eq. (3): 
 

Cyclic extraction factor (-) = free protein extraction rate · recovery rate.  (3) 
 

The cyclic extraction factor was used to correct the increased free protein 

concentration rate with the reduced recovery rate and thereby quantify the overall 

efficiency of the process (Table 4). The best overall performance is achieved at an 

electric field strength of 9.24 ± 0.32 kV cm−1 and two applied pulses. The cyclic 

extraction factor amounted to 0.273 ± 0.029 with an energy input of 1.94 ± 0.01 kJ 

kgsus−1. These experimental conditions resulted in a free protein extraction rate of 

29.1 ± 1.1% and a recovery level of 93.8 ± 6.7% after six days. Considering the cyclic 

extraction factor, lower electric field strengths outperform higher field strengths, due 

to the disproportional decrease in the microalgae recovery rate with increasing 

electric field strength. In order to reach the full potential of the cyclic extraction 

process based on PEF further research should be conducted in e.g. a chemostat to 
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increase the overall performance of the process. 

 

M5 - Table 4: Cyclic extraction factor depending on the PEF parameters as well as the treatment and 
incubation fluid. Specific energy inputs for the individual experiments are shown in Table 1. 

PEF parameter Cyclic extraction factor [-] 

Theoretical E 

[kV cm-1] 

 

n 

[-] 

 

PBS, PBS 

 

PBS, DSN 

 

DSN, DSN 

10 2 0.001 ± 0.001 0.273 ± 0.029 0.246 ± 0.116 

15 2 0.053 ± 0.019 0.233 ± 0.028 0.115 ± 0.062 

20 2 0.069 ± 0.010 0.009 ± 0.005 0.010 ± 0.005 
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4. CONCLUSIONS 

Innovative up- and downstream processes are needed in order to increase the 

performance of microalgae-based biorefineries. PEF processing allowed the 

extraction of up to 96.6 ± 4.8% available free protein. However, the continuous PEF-

based extraction showed a trade-off between a high extraction and recovery rate. 

Applying 1.94 ± 0.01 kJ kgsus−1 resulted in the highest cyclic extraction factor and 

therefore the best process window for continuous extraction from viable cell cultures. 

Further research should focus on the integration of membrane technology in order to 

separate the extract from the microalgae cultures inline. 
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APPENDIX A. SUPPLEMENTARY DATA 

 
M5 - Supplementary Figure 1: Microscopic analysis of Chlorella vulgaris a) prior and b) after two subsequent 
high-pressure homogenization passes. 
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ABSTRACT 

The bio-based industry is urged to find solutions to meet the demands of a growing 

world population. In this context, increased resource efficiency is a major goal. Pulsed 

electric field (PEF) processing is a promising technological solution. Conventional 

PEF and the emerging area of nanosecond PEF (nsPEF) have been shown to induce 

various biological effects, with nsPEF inducing pronounced intracellular effects, 

which could provide solutions for currently faced challenges. Based on the flexibility 

and continuous operation of PEF and nsPEF processing, the technology can be 

integrated into many existing cultivation systems; its modularity provides an approach 

for inducing specific effects. Depending on the treatment conditions, selective 

inactivation, continuous extraction without impeding cell viability, as well as the 

stimulation of cell growth and/or cellular compound stimulation are potential 

applications in the bio-based industry. However, continuous treatment currently 

involves heterogeneous energy inputs. Increasing the homogeneity of PEF and 

nsPEF processing by considering the flow and electric field heterogeneity may allow 

for more targeted effects on biological cells, further increasing the potential of the 

technology for bio-based applications. We provide an overview of existing and 

potential applications of PEF and nsPEF and suggest that theoretical and practical 

analyses of flow and electric field heterogeneity may provide a basis for obtaining 

more targeted effects on biological cells and for further increasing the bio-based 

applications of the technology, which thereby could become a key technology for 

circular economy approaches in the future. 
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1. INTRODUCTION 

Pulsed electric field (PEF) processing is a growing field in the area of electro-

magnetic technologies for medical, environmental, and food applications (Toepfl et 

al., 2006b; Miklavčič et al., 2014; Postma et al., 2016; Raso et al., 2016; Buchmann 

et al., 2018b, 2019c). However, knowledge transfer and applications in bio-based 

industries (including yeast, lactobacilli, algae, and cell tissue production systems) 

have been limited. Raso et al. (2016) noted that the incomplete reporting of process 

protocols and insufficient characterization and control of pulse parameters need to 

be addressed to increase the implementation of PEF processing. 

The treatment is based on the formation of a potential difference across a conductive 

biological material between two electrodes, creating an electric field that depends on 

the applied electric voltage, the shape of the electrodes, and the gap between 

electrodes, for further information on PEF parameter interconnectivity refer to Jaeger 

and Knorr (2017). PEF processing can be divided into conventional PEF processing 

in the range of micro- to milliseconds and nanosecond (nsPEF) processing (Beebe 

and Schoenbach, 2005; Mahnič-Kalamiza et al., 2014), in which high electric fields 

(10–100 kV cm−1) are applied for 1–300 ns. nsPEF induces intracellular effects, 

distinct from the pronounced effects of conventional PEF on the cell membrane 

(Kotnik and Miklavčič, 2006; Chopinet and Rols, 2015). Thereby, innovative 

applications and novel process windows are possible, while similar components for 

both treatments in batch and continuous mode are required (Toepfl, 2011; Buchmann 

et al., 2019c). In both cases, the resulting electropermeabilization increases the mass 

transfer of molecules and ions (Toepfl et al., 2006b). Depending on process 

parameters, a reversible or irreversible effect can be induced. Most current 

applications are focused on irreversible electropermeabilization, including non 

(minimal)-thermal pasteurization, enhanced drying rates, increased extraction yields, 

tissue softening as well as electrochemotherapy, and tumor ablation (Davalos et al., 

2005; Toepfl et al., 2006a; Barba et al., 2015;Dermol et al., 2016;Golberg et al., 

2016). Reversible electropermeabilization is typically used in molecular biology for 

the introduction of specific molecules, such as plasmids and antibodies, in vivo (Smith 

et al., 2004; Breton et al., 2012; Casciola and Tarek, 2016). However, the 

mechanisms underlying the PEF/nsPEF induced effects are still the subject of 

intensive research (Teissie, 2017). 

This perspective on PEF treatments in the bio-based industry summarizes basic 
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principles of electropermeabilization by PEF/nsPEF and promising applications 

across different sectors (including targeted inactivation, the extraction of bioactive 

compounds, and the stimulation of cell growth and/or cellular compounds) (Fig. 1). 

Furthermore, we note that increasing the homogeneity of energy input may lead to 

further improvements in efficiency and a wider array of applications and therefore is 

a key area for future research. 

 

 
P - Figure 1: Exemplary working principle of PEF/nsPEF based processing of cultivated cells and their 
respective effects. 
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2. PULSED ELECTRIC FIELD TREATMENT IN THE BIO-BASED INDUSTRY 

2.1. Basic principles of pulsed electric field processing 

Scale-up approaches using nsPEF technology can benefit to a great extent from 

experience in the domain of conventional PEF processing (Buckow et al., 2010; 

Toepfl, 2011). However, PEF processing requires a multidisciplinary approach, 

including an understanding of innovative concepts within electrical engineering, fluid 

mechanics, and biology (Buchmann et al., 2018a,b, 2019c). The application of PEF 

to biological cells is based on the principle of electropermeabilization due to an 

induced transmembrane potential (Pauly and Schwan, 1959; Zimmermann et al., 

1974; Schoenbach et al., 2004). The transmembrane potential difference as a 

function of time ΔΨm(t) (V) can be derived from Equation (1) with form factor f (-) (1.5 

for a spherical cell), electric field strength as a function of time E(t) (V m−1), cell radius 

am (m), angle with respect to the direction of the electric field 𝜃 (-), treatment time t 

(s), and membrane charging time τm (s), as defined in Equation (2) with membrane 

capacitance per unit area Cm (F) and extracellular σe and intracellular conductivity σi 

(S m−1). 
 

∆𝜓 (𝑡) = 𝑓 ∙ 𝐸(𝑡) ∙ 𝑎 ∙ 𝑐𝑜𝑠𝜃 ∙ (1 − 𝑒 ⁄ )  (1) 
 

𝜏 = 𝑎 ∙ 𝐶 ∙ (1 2⁄ 𝜎 + 1 𝜎⁄ )  (2) 
 

To induce the required effect, the extracellular conductivity is of special interest. The 

membrane charging time (Equation 2) is strongly influenced by extracellular 

conductivity, as intracellular conductivity is fixed by the cell metabolism (Teissie et 

al., 2005). Additionally, extracellular conductivity needs to be in a range such that 

Equation (3) is equal to the pulse generator’s resistance and hence matched load 

conditions are achieved (Küchler, 2009). 
 

𝑅 = 1 𝜎⁄ ∙ 𝑑 𝐴⁄   (3) 
 

where R is the resistance (Ω), σ is the media conductivity (S m−1), d is the electrode 

distance (m), and A is the electrode surface area (m2). 

To assess the load for nsPEF, Equation (3) has to be extended, as shown in Equation 

(4). 
 

𝑍 = 1 (𝜎 ∙ 𝐴 𝑑⁄ + 𝑌 )⁄   (4) 
 

where the total impedance Ztot (Ω) is equal to the sum of the inverse resistance and 
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the system’s admittance Yc (S) (Buchmann et al., 2018b). 

For controlled PEF processing, the flow field distribution within chambers is an 

important parameter that has been neglected in energy input calculations to date 

(Meneses et al., 2011; Knoerzer et al., 2012; Raso et al., 2016; Buchmann et al., 

2018a). The specific energy input Ws (J kg−1) can be calculated according to Equation 

(5), with pulse width τp (s) and number of pulses n (-), 
 

𝑊 = 𝐸 ∙ 𝜏 ∙ 𝜎 ∙ 𝑛.  (5) 
 

The number of pulses can be derived from Equation (6), with frequency f (Hz) and 

residence or treatment time t (s), 
 

𝑛 = 𝑓 ∙ 𝑡  (6) 
 

From the author’s perspective, the integration of the flow and electric field 

heterogeneities into the energy input calculation would facilitate the transferability of 

the results and the implementation of PEF on different scales and systems. 
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2.2. Microbial inactivation by PEF 

The main advantage of PEF-based microbial inactivation is the ability to increase 

product quality while ensuring safety (Toepfl et al., 2006a;Mathys et al., 2013; 

Aganovic et al., 2017). PEF-based pasteurization has been widely investigated and 

industrialized and PEF-assisted sterilization has even been achieved under 

laboratory conditions (Toepfl et al., 2005; Raso et al., 2006; Reineke et al., 2015; 

Jaeger and Knorr, 2017). Although Aganovic et al. (2017) showed that PEF 

processing is actually more energy-intensive than thermal processing, its advantages 

could outweigh this current disadvantage, including its beneficial effects on quality 

due to lower thermal intensity, and therefore sustainability (Chaudhary et al., 2018; 

Chen et al., 2019) as well as its ability to selectively inactivate microorganisms. 

Nevertheless, the energy demand of PEF processing itself could actually be reduced 

by considering electric and flow field deviations in energy input calculations, as 

currently under- and overprocessed areas appear simultaneously during PEF 

processing resulting in overall similar inactivation rates as compared to other 

techniques. A more homogeneous treatment, resulting from treatment chamber 

modifications and subsequent experimental planning, could help to overcome this 

limitation and even enhance the positive attributes of PEF processing. 

Bio-based industrial cultivation relies on the use of specific microbial flora to ensure 

stable processes. However, the conditions and boundaries of industrial production 

commonly result in non-axenic and non-sterile cultivation to produce high value-

added functional ingredients (including pharmaceuticals or biotechnological 

products), food, feed, and bioenergy. Therefore, a viable cell culture and thus stable 

cultivation system requires measures for microbial contamination control. For 

conventional PEF processing, predator control within a viable microalgae culture is 

possible, but not yet fully understood (Rego et al., 2015; Kempkes, 2016). 

Moreover, selective inactivation has been achieved by nsPEF, allowing for reduced 

thermal effects and broader applications of the treatment owing to the greater 

similarity of organisms at the level of organelles than cell membranes (Buchmann et 

al., 2018b). However, selective inactivation is limited by two main factors. First, 

interactions of prokaryotic/eukaryotic consortia are not yet fully understood, resulting 

in unknown target organisms for selective inactivation. Second, the specific 

susceptibility of biological cells to electric fields has not been fully established, unlike 

in thermal processing (Kessler, 2002; Álvarez et al., 2006; Gianulis et al., 2017). 
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However, since the entire processing principle is new, future developments in 

PEF/nsPEF-based culture stabilization by selective inactivation are anticipated. In 

addition, the concept of selective inactivation could be used to stabilize cultures after 

contamination, reducing bio-waste due to process failures. After the investigation of 

interactions in prokaryotic/eukaryotic consortia and their interdependence, specific 

process windows need to be established for targeted organisms in different growth 

phases with respect to environmental properties (pH, temperature, water activity, 

etc.). Despite current research on conventional PEF-based pasteurization, selective 

microbial control, which has enormous potential, should be a major focus of future 

PEF/nsPEF research. 
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2.3. Extraction of cellular compounds by PEF processing 

PEF processing is suitable for biological applications that require gentle disintegration 

and extraction processes. The permeability induced by PEF processing results in 

increased mass transfer and thereby in higher extraction yields (Toepfl et al., 2006b; 

Bobinaite et al., 2015). Moreover, lower temperatures (e.g., 4°C) allow for the 

preservation of permeable structures without loss of cell integrity (Lopez et al., 1988). 

In addition, the selective nature of PEF-based extraction allows for the cascade 

processing of different cell-derived compounds such as carbohydrates, proteins, and 

lipids (Eing et al., 2013). However, PEF efficiency in terms of absolute yield and 

energy input is currently lower than those of other established processes (Postma et 

al., 2016; ’t Lam et al., 2017). Two key parameters can explain the relatively low 

extraction yield. First, after PEF treatment, the permeable structure, which affects the 

cell membrane integrity, allows for the diffusion gradient assisted release of cellular 

compounds (Scherer et al., 2019). Second, PEF processing is able to permeabilize 

the cell membrane, but the lack of complete disruption, as obtained for example by 

bead milling, limits the extraction of membrane-bound compounds (Postma et al., 

2016; Martínez et al., 2017). 

Nevertheless, reversible PEF permeabilization is highly promising for selective 

microbial inactivation, and the concept of reversible and continuous PEF-based 

disintegration/extraction may have important future applications. This was 

demonstrated by Buchmann et al. (2019b), who showed that protein extraction 

without impeding growth is possible in Chlorella vulgaris cultures. In this system, 

protein extraction was highest after 24 h, resulting in a free protein extraction rate of 

29.1 ± 1.1% and a C. vulgaris recovery rate of 93.8 ± 6.7% after 6 days. Regarding 

absolute yield PEF-based extraction yielded up to 96.6 ± 4.8% of the free protein 

fraction of C. vulgaris. However, high extraction yields were correlated with a reduced 

ability to grow after treatment in C. vulgaris cultures; hence, further research is 

necessary to identify optimal processing windows and to extend this approach to 

other taxonomic groups, such as yeast and bacteria. 

Although initial studies have focused on proteins, permeability to various compounds, 

dependent on the media or solvent, should also be evaluated. Further research is 

necessary to identify the optimal processing window with regard to yield and growth 

rate. In-depth analyses of the cellular composition throughout the cultivation cycle in 

combination with treatment conditions favoring the extraction process are necessary. 
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Moreover, the application of nsPEF to extraction processing could increase yields 

from organelle structures due to expanding on the efficiency for organelles. 

The incorporation of membrane technology can potentially allow for the inline 

separation of targeted compounds and viable cells, thereby the continuous PEF-

based extraction could enable circular economy concepts. Accordingly, cell 

engineering approaches for the excretion of targeted compounds might become 

obsolete. The integration of downstream processing in the upstream process could 

overcome current limitations in the bio-based industry, such as process 

heterogeneity, reproducibility, energy efficiency, and application portfolio. 
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2.4. nsPEF induced growth stimulation 

Research on growth stimulation by an electric field has a long history; positive effects 

have been established in fungi, soy, microalgae, and other cells (Bertholon, 1783; 

Lemström, 1904; Bachman and Reichmanis, 1973; Takaki et al., 1984; Costanzo, 

2008; Frey et al., 2011; Gusbeth et al., 2013; Mattar et al., 2015). However, controlled 

and reproducible growth stimulation was currently not possible. Electric fields and 

PEF may have precise stimulation windows, but controllable and reliable growth 

and/or compound stimulation has only been achieved under nsPEF conditions. Initial 

studies of growth stimulation based on nsPEF processing yielded promising results 

for Arabidopsis thaliana in a batch system and different laboratories (Eing et al., 2009; 

Songnuan and Kirawanich, 2012). In recent experiments, the transfer from a batch 

system to a continuous nsPEF process was successful, resulting in a 13.1 ± 1.6% 

increase in Arthrospira platensis SAG 21.99 biomass (Buchmann et al., 2019c). 

Moreover, an increase of 18.8 ± 5.5% and 19.5 ± 6% in allophycocyanin and C-

phycocyanin, respectively, components of the economically important blue colorant 

phycocyanin, was obtained. Hence, nsPEF has the potential to increase growth as 

well as specific cellular compounds while maintaining techno-functional properties of 

the remaining compounds, as demonstrated for foaming, emulsification, and color 

compounds (Buchmann et al., 2019a,b). 

Additionally, growth stimulation has been obtained in various organisms repeatedly 

treated with 100 ns pulses at 10 kV cm−1; photoautotrophic Arthrospira platensis SAG 

21.99 (256 ± 67 J kgsus−1) (Buchmann et al., 2019c), photoautotrophic Chlorella 

vulgaris SAG 211-12 (360 ± 114 J kgsus−1) (Haberkorn et al., 2019), heterotrophic 

Chlorella vulgaris CCALA 256 (227 ± 60 J kgsus−1) (original data), and Saccharomyces 

cerevisiae DSM 70449 (173 ± 55 J kgsus−1) (original data) showed increased biomass 

concentrations after nsPEF processing of 13.1 ± 1.6%, 17.5 ± 10.5%, 12.2 ± 2.7%, 

and 20.5 ± 3.0%, respectively. 

In this in-depth analysis, the pulse repetition frequency was adjusted according to the 

flow field. Under all investigated conditions, the increased growth was observed in a 

narrow processing window and required thorough process characterization and 

control (Buchmann et al., 2018a). Thereby, these effects could potentially be 

enhanced by a more homogeneous treatment, increasing the fraction of cells treated 

with the specifically required energy input. 

Moreover, successful treatment relied on the application of nsPEF at the early 
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exponential growth phase, as shown by Buchmann et al. (2019c). These findings 

support the theory that the there is an increased effect of nsPEF on highly proliferating 

cells (Schoenbach et al., 1997). However, the specific mechanism underlying nsPEF-

induced growth stimulation remains unknown. According to one hypothesis, it 

involves a Ca2+-based abiotic stress response pathway (Buchmann et al., 2019c). In 

addition to plants, fungi, and bacteria, the stimulative effect of nsPEF has been shown 

using animal cells and stem cells (Steuer et al., 2018; Ning et al., 2019). Ultimately, 

the effects on growth and parallel pigment production suggest that this technique can 

be used to enhance heterologous protein expression. Hence, nsPEF-based 

growth/cellular compound stimulation could be a viable strategy for future cultivation 

systems and may even be combined with continuous extraction or selective 

inactivation. Fig. 2 summarizes a case study of the microalga Chlorella vulgaris SAG 

211-12, illustrating treatment windows for selective inactivation, inactivation of 

microbial flora and C. vulgaris, continuous extraction of high value-added ingredients, 

and growth stimulation. 

 

 
P - Figure 2: Case study of the microalgae Chlorella vulgaris SAG 211-12, illustrating treatment windows 
for selective inactivation, inactivation of microbial flora and C. vulgaris, continuous extraction of high value-
added ingredients, and growth stimulation. 
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3. CONCLUSIONS 

Currently faced challenges in bio-based industries derived from a growing world 

population and simultaneously limited arable land require a change in current supply 

chains. The presented innovative concepts based on PEF/nsPEF processing bear 

the potential to be key processing steps toward more sustainable and efficient supply 

chains. In the domain of irreversible electropermeabilization, selective inactivation 

could enable inline microbial control, resulting in long-term stable cultivation and low 

contamination-related process failure. However, further studies of interactions 

between target cells and surrounding flora, and particularly on PEF/nsPEF-resistance 

of different strains, are needed for successful selective inactivation. The integration 

of downstream processing into upstream cultivation via the conventional PEF-based 

continuous extraction of specific cellular compounds without impeding cell growth can 

overcome current limitations, in bio-based industries, such as process heterogeneity, 

reproducibility, energy efficiency, and application portfolio. Moreover, nsPEF-based 

growth/cellular compound stimulation has the potential to increase resource 

efficiency, economic viability, and the affordability of the derived products, thereby 

meeting the demands of a growing world population. Given that PEF and nsPEF 

systems can be implemented in many existing cultivation systems via a bypass, it is 

also possible to combine the continuous extraction process with nsPEF-induced 

growth/cellular compound stimulation to enhance the overall performance of bio-

based systems and ensure its long-term stability by selective inactivation. 

Of note, continuous PEF processing in both domains is currently based on 

heterogeneous treatments conditions. Therefore, modified treatment chambers by 

the incorporation of flow and electric field distributions are necessary for more 

targeted and reproducible effects within cell cultures. Increasing the homogeneity of 

the treatment could further increase the induced effects of PEF/nsPEF. Thus, PEF 

and nsPEF have the potential to become high-impact technologies and to resolve 

current challenges in bio-based industries. 
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CONCLUSIONS AND OUTLOOK 

The presented concepts, such as selective inactivation, cyclic protein extraction and 

growth and/or compound stimulation, contributed the urge of the bio-based industry 

to find solutions to meet the demands of a growing world population. Hence, 

PEF/nsPEF have the potential to become high-impact technologies and to resolve 

current challenges in bio-based industries. However, further optimization and 

investigation of PEF/nsPEF induced effects in biological cells are required.  

In general, PEF/nsPEF treatment homogeneity needs to be further improved to 

enable the ubiquitous implementation of the presented concepts within the food- and 

bioprocessing industry. As shown in the thesis, the currently industrialized co-linear 

system was mainly optimized for its electric field homogeneity neglecting flow field 

inhomogeneities. However, the deviation within the electric field for the co-linear 

system (15.75%) was already comparable to the parallel-plate inhomogeneity 

incorporating flow and electric field inhomogeneities (15.87%). Thus, with regard to 

the spatial energy input distribution, it appeared that a parallel-plate electrode 

configuration would be superior to the co-linear systems. Certainly, challenges 

around the hygienic design of a parallel-plate treatment chamber need to be 

overcome in order to allow an industrial implementation of these treatment chambers. 

Moreover, the influence of pH and temperature changes with the respective influence 

of media parameters needs to be investigated for a parallel-plate treatment chamber. 

The pursued interdisciplinary approach to combine multiphysics simulation with non-

invasive experimental validation should be applied wherever possible.  

Despite the further need for an in-depth system characterization, further system 

optimization is needed. In order to achieve stable turbulent flow and thus increasing 

overall treatment homogeneity, the exploitation of Taylor-Couette flow and vortex 

shedding within PEF/nsPEF treatment chambers could be promising. Moreover, 

mixing elements prior to the treatment chamber and/or structural modifications of the 

wall might be valuable strategies to increase the overall treatment homogeneity.  

 

Considering the application of selective inactivation, a case study with the microalgae 

C. vulgaris allowed total bacterial count reduction of >1 log10 while retaining the 

viability of microalgae cells. Thus, long-term stability of cellular cultivation systems 

might be enabled by PEF/nsPEF processing allowing for facilitated downstream 

processing for cellular food production systems and reduced economic and 
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environmental consequences due to cultivation failure as well as life support systems 

enabling manned interstellar missions and potentially deep space habitation. 

However, a thorough microbial characterization with regard to their susceptibility to 

PEF/nsPEF is required in order to identify specific processing windows. Furthermore, 

there is a strong need for the characterization of the microbial flora, as the interaction 

of prokaryotic/eukaryotic consortia is not fully understood, yet. Studies around an 

individual, as well as mixtures of prokaryotic and eukaryotic cells within a cultivation 

system, will help to understand the specific response to PEF/nsPEF. Thereby, 

mutualistic, commensalistic and/or antagonistic relations can be further explored and 

in combination with on-line line flow cytometry and next-generation sequencing, the 

process can be optimized to specific needs, potentially enabling cumulative effects 

based on the interaction of target organisms with their microbial flora. The knowledge 

around cellular susceptibility to PEF/nsPEF treatment could be further extended to 

influence specific organic compounds e.g. enzymes, proteins and thus will allow 

targeted PEF/nsPEF treatments in the future. Thereby, microbial safety and product 

quality might be further optimized even for already industrialized processes.  

 

Focusing on sub-lethal stress induction, the application of nsPEF in the early 

exponential growth phase within biological cells resulting in growth and/or cellular 

compound stimulation has been obtained in various organisms. The growth of 

photoautotrophic A. platensis, photoautotrophic C. vulgaris, heterotrophic C. vulgaris 

and S. cerevisiae was increased by 13.1 ± 1.6%, 17.5 ± 10.5%, 12.2 ± 2.7%, and 

20.5 ± 3.0%, respectively. A further increase in the economically viable blue pigment 

complex phycocyanin by 18.8 ± 5.5 % and 19.5 ± 6 % for allophycocyanin and C-

phycocyanin, respectively, was obtained for A. platensis. Moreover, the techno-

functional properties of the soluble extracts of A. platensis, used as a model 

organism, were not impeded after the nsPEF treatment.  

However, enhancing the understanding of the induced stress response and its 

underlying mechanisms should be the main focus for further research. Trace analysis 

of elements via inductively coupled plasma mass spectrometry, might allow the 

determination of curcial macro-/ micronutrients in the abiotic sublethal stress 

response and thereby, specific feeding strategies might be derived that could allow 

the induced effects to be amplified over the entire cultivation cycle. Furthermore, the 

derived hypothesis around Ca2+ as a crucial factor in the nsPEF induced upregulation 
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of cell proliferation was enforced through the response of C. vulgaris to the application 

of nsPEF, however, further research should be conducted with labeled Ca2+ to 

analyze flux as well as the relocation of the cation. In addition, monitoring of the 

changes occurring in the cell’s proteome throughout the cultivation might reveal the 

underlying mode of action of nsPEF induced abiotic stress. Additionally, the 

integration of on-line flow cytometry might increase the resolution of the biological 

response, allowing for a more targeted application of the treatment. Moreover, as 

growth stimulation occurred in prokaryotic and eukaryotic organisms non-axenic 

cultivation systems with a focus on the interaction of prokaryotic/eukaryotic consortia 

need to be further investigated. Additionally, the approach should be further analyzed 

with regard to its ability to trigger specific cellular compounds within bio-based 

applications potentially enabling an increased production efficiency of high value/ low 

volume cellular compounds, without the need for genetic modification of the 

organisms. Growth stimulation might further be transferred to medical applications 

enabling efficient tissue and scaffold creation. Moreover, specific differentiation of 

stem cells might be achieved with a targeted abiotic sub-lethal stress induction, 

allowing for various application e.g. lab-grown meat and stem cell therapies.  

 

The integration of downstream into upstream processing allowed up to 96.6 ± 4.8% 

of the free protein in C. vulgaris to be extracted by PEF. However, the cell viability 

after the treatment was negatively affected by the increased extraction rate. 

Nevertheless, a free protein extraction rate up to 29.1 ± 1.1% without a significant 

influence on microalgal growth after 168 h was achieved. In addition, the extraction 

efficiency, as well as microalgal growth, was not influenced by the repetition of the 

treatment. Further research in the field of cyclic extraction should focus on the 

selectivity of the process for specific soluble fractions e.g. extraction of pigments, 

proteins and bioactive substances. Thus, cascade processing of cellular biomass 

might be enabled within the upstream processing thereof. Further optimization of the 

process should focus on the best treatment window with regard to extraction rate and 

cell viability. Moreover, specific cultivation conditions might be suitable to increase 

the fraction of free proteins within the biomass, further increasing the efficiency of the 

process. Therefore, exclusion studies with molecules having a defined molecular 

weight and/or size might allow for the derivation of a relation between PEF 

parameters and extractable substances. This knowledge would not only be relevant 
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for cyclic extraction but also for applications around PEF in classical downstream 

processing. Thereby, the cascade processing could be further optimized and 

potentially allow for purification of substances within the process.  

Additionally, sub-lethal stress induction via nsPEF might be a viable process to 

reduce the lag-phase after the cyclic protein extraction and thus bears the potential 

to increase the resource efficiency, economic viability, and affordability of the derived 

products. Furthermore, nsPEF might allow the extraction of soluble organelles’ 

constituents into the intracellular matrix, which in turn could be extracted by 

subsequent PEF application focusing on the cell membrane.  

 

Despite the promising direct applications of PEF/nsPEF shown within the presented 

thesis, the comprehensive system characterization and control might not only 

increase reproducibility and scaleability of results and technology but enabling further 

applications within the food- and bioprocessing industry. Among these applications, 

the introduction of targeted molecules e.g. cryoprotectants and prebiotics and the 

facilitated extractability/accessibility of non-soluble substances after PEF/nsPEF 

treatment appear to be most relevant from the author's point of view. Moreover, 

PEF/nsPEF treatments could be combined with other chemical, mechanical or 

biological  treatments increasing the efficiency and allowing for further selectivity of 

the process.  

Hence, the presented thesis laid the foundation for promising applications of 

PEF/nsPEF in the bio-based industry, bearing the potential to be key processing 

steps toward more sustainable and efficient supply chains in order to meet the 

demands of a growing world population. 
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