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Filamentous microorganisms are used as molecular factories in industrial
biotechnology. In 2007, a new approach to improve productivity in submerged
cultivation was introduced: microparticle-enhanced cultivation (MPEC). Since
then, numerous studies have investigated the influence of microparticles on
the cultivation. Most studies considered MPEC a morphology engineering
approach, in which altered morphology results in increased productivity. But
sometimes similar morphological changes lead to decreased productivity,
suggesting that this hypothesis is not a sufficient explanation for the effects
of microparticles. Effects of surface chemistry on particles were paid little
attention, as particles were often considered chemically-inert and bioinert.
However, metal oxide particles strongly interact with their environment. This
review links morphological, physical, and chemical properties of microparticles
with effects on culture broth, filamentous morphology, and molecular biology.
More precisely, surface chemistry effects of metal oxide particles lead to ion
leaching, adsorption of enzymes, and generation of reactive oxygen species.
Therefore, microparticles interfere with gene regulation, metabolism, and
activity of enzymes. To enhance the understanding of microparticle-based
morphology engineering, further interactions between particles and cells are
elaborated. The presented description of phenomena occurring in MPEC eases
the targeted choice of microparticles, and thus, contributes to improving the
productivity of microbial cultivation technology.
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1 | INTRODUCTION

Filamentous microorganisms are widely used in large-
scale industrial bioprocesses. Transforming matter on a
molecular basis, filamentous microorganisms, for exam-
ple, are used to produce antibiotics, chemicals, pharma-
ceuticals, food, colorants, and flavors [1]. With the ability
to synthesize such important goods from low-cost carbon
and nitrogen sources, including industrial waste material,
their importance constantly grows to satisfy the needs of
a growing human population with limited resources. The
annual market volume for microbial fermentation technol-
ogy already exceeded $ 1.7 trillion in the year 2020 and it is
constantly growing [2]. Therefore, techniques to increase
yields of bioprocesses are of high scientific and economic
interest, for example, the addition of microparticles to a
submerged culture of filamentous microorganisms. This
upcoming technique is called microparticle-enhanced cul-
tivation (MPEC) [3].

In 2007, the first experiments by Kaup et al. [3] revealed
the potential of metal oxide particles (MOP) to influence
bioprocesses with filamentous microorganisms. Since then
numerous researches have shown that MOP, when added
to the cultivation medium, influence the morphology and
metabolism of microorganisms. Therefore, MPEC is often
considered a morphology engineering approach [4]. The
common working hypothesis of most MPEC experiments
is that microparticle addition leads to reduced size of dense
hyphal aggregates, called pellets, conceivably resulting in
higher product titers, due to improved diffusion of oxy-
gen and nutrients [5]. In contradiction to this hypoth-
esis, a comparison of MPEC experiments (see Table 1)
has shown that the effects of microparticle addition to
submerged culture of filamentous microorganisms are
highly application-specific and particle-specific, and that
the effects of MOP addition are not limited to influencing
the morphology of microorganisms (see Figure 1). Pellet
size is not necessarily reduced by microparticle addition
[6]. Documented MPEC effects include strong effects on
morphogenesis; adoption of the microorganism transcrip-
tome in the presence of MOP, including almost all func-
tional gene classes [7]; changes in product titers [8]; vari-
ation in the pH of fermentation broth [9]; modified oxy-
gen uptake rate [10] and respiratory quotient [11]; adopted
exopolysaccharide composition [12]; and modified enzyme
production rates [13].

Yatmaz et al. [8] demonstrated that the effects of MPEC
are application-specific and depend on microparticle char-
acteristics. They tested three factors (particle type, parti-
cle concentration, and cultivation medium) against each
other and measured their influence on enzyme activity
and biopellet size. These experiments were conducted with
Aspergillus sojae and talc or alumina microparticles at

PRACTICAL APPLICATION

Adding microparticles to filamentous cultivations
is a promising approach to increase the produc-
tion yield of biotechnological processes. Appli-
cable metal oxide particles are inexpensive bulk
products. Previous studies often reduced this cul-
tivation strategy to a morphology engineering
approach. Contrary, this review describes physi-
cal and chemical molecular level interactions of
particles with cultivation broth and filamentous
microorganisms on extracellular, subcellular, and
cellular level and the particle characteristics such
effects heavily rely on. Consequently, this review
facilitates the application of tailor-made micropar-
ticles and enables to exploit the full potential of
microparticle-enhanced cultivation.

various concentrations on carob pod or glucose cultiva-
tion media. Although biopellet size decreased in all cases,
enzyme activity was affected in a cultivation medium-, par-
ticle type-, and concentration-specific manner which can-
not be directly and solely associated with the changes in
morphology. The experiment further shows that decreased
biopellet size does not necessarily result in increased
enzyme activity because the addition of microparticles
can result in decreased pellet size in conjunction with
decreased enzyme activity.

In the MPEC experiments mainly talc and alumina
particles were used (see Table 1), in a size range from
2 to 150 ym. Furthermore titania or silica microparticles
within the same size range and glass beads (macroparti-
cles: 0.5-2 mm) were used. Although all of these particles
comprised metal oxides, they might have strongly varied
in morphological characteristics and physiochemical prop-
erties. | Owing to the variation in particle characteristics,
the physical and biochemical interactions of these particles
with their environment and microorganisms strongly vary.

The advance of MPEC as a technology to increase the
rentability of microbial cultivation processes depends on
understanding molecular level interactions from a physi-
cal, chemical, and biological point of view. In an interdis-
ciplinary attempt, past MPEC experiments were analyzed
and the theoretical framework of interaction was exam-
ined to understand how metal oxide particles and filamen-
tous microorganisms in bioprocesses interact. Thereby;, it
is shown how molecular interactions on MOP depend on

! Glass particles, being amorphous mixtures of metal oxides, are further
referred to as metal oxide particles also, owing to similar chemical and
physical properties.
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TABLE 1

Recent MPEC experiments, including the microorganisms and particles worked with

Year Author(s) Microorganism species
fungi

2007 Kaup et al. [3] Caldariomyces fumago, 9 other

2010 Driouch et al. [63] Aspergillus niger

2011 Driouch et al. [91] Aspergillus niger

2011 Driouch et al. [144] Aspergillus niger

2012 Wucherpfennig et al. [145] Aspergillus niger

2013 Gonciarz, and Bizukojé [146] Aspergillus terreus

2014 Etschmann et al. [14] Aspergillus niger

2014 Etschmann et al. [14] Trichoderma viride

2014 Gao et al. [147] Mortierella isabellina

2015 Coban et al. [148] Aspergillus ficuum

2015 Coban, and Demirci [149] Rhizopus oryzae

2016 Yang et al. [4] Curvularia sp. IFB-Z10

2016 Yatmaz et al. [8] Aspergillus sojae

2016 Gonciarz et al. [150] Aspergillus terreus

2017 Karahalil et al. [151] Aspergillus sojae

2017 Germec et al. [152] Aspergillus sojae

2018 Kurt et al. [11] Aspergillus niger

2018 Kowalska et al. [6] Penicillium rubens, 3 other

2018 Singh [13] Aspergillus oryzae

2018 Tao et al. [12] Grifola frondosa

2018 Dong et al. [153] Trichoderma viride

2019 Kowalska et al. [10] Mucor racemosus, 3 other

2019 Boruta, and Bizukoj¢ [154] Aspergillus terreus

2019 Li et al. [155] Shiraia bambusciola

2020 Duetal. [9] Chaetomium globosum

2020 Saberi et al. [156] Aspergillus terreus

2020 Giirler et al. [157] Aspergillus sojae

2020 Yatmaz et al. [64] Aspergillus sojae

2020 Niu et al. [158] Aspergillus nidulans
Bacteria

2017 Holtmann et al. [23] Streptomyces

2017 Walisko et al. [28] Lechevalieria aerocolonigenes

2020 Schrinner et al. [56] Lentzea aerocolonigenes

2020 Kuhl et al. [7] Streptomyces albus

Former Lechevalieria aerocolonigenes [159, 160] was reclassified as Lentzea aerocolonigenes [161].

in Life Sciences

Microparticles

Talc

Alumina, Talc

Titanate

Alumina, Talc

Talc

Talc

Talc, 16 other

Fe, 03, 17 other

Talc

Alumina, Talc
Alumina, Talc
Alumina, Silica, Talc
Alumina, Talc

Talc

Alumina

Alumina, Talc, Titanate
Talc

Alumina

Alumina, Talc

Talc

Alumina

Alumina

Alumina

Bamboo Charcoal Powder
Glass Beads, Silica, Talc
Talc

Alumina, Talc
Alumina, Talc

Glass Beads, Talc

Silica

Glass Beads, Talc
Glass Beads

Talc

particle characteristics. Further, it is explained, how the
usage of defined and specially designed particles might
enable the regulation of molecular and cellular interac-
tions in future microparticle-enhanced cultivations.

2 | PARTICLE PROPERTIES

Etschmann et al. [14] mentioned the heterogeneity in the
properties of particles (size, shape, and surface proper-

ties) as the reason for the lack of a mechanistic under-
standing of the effect of particles in MPEC. In this con-
text, particle morphology and surface chemistry generally
influence chemical and physical processes at the particle
surface (e.g., ion release, chemical reactions, interaction
forces, and adsorption). Past studies have mostly reported
only the particle size and the material; therefore, a more
comprehensive characterization of the particles could lead
to increased comparability, and a deeper understanding of
mechanisms of action and targeted utilization of molecular
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FIGURE 1 Scheme representing the aspects of microparticle-enhan

interactions in the future. In the following, a brief overview
of important particle properties, including their measure-
ment methods, is given.

2.1 | Characterization and control of the
particle morphology

Through the targeted selection of manufacturing pro-
cesses, tailor-made particles could be produced in the
future, assuming that the optimal particle properties for
use in MPEC cultivations are known. The manufactur-
ing processes of particles can be divided into top-down
and bottom-up processes, wherein the type of process
determines the properties of the particles. In top-down
processes, smaller particles are produced from coarser
particles by mechanical processes such as comminution,
whereas in bottom-up processes (e.g., precipitation, crys-
tallization, sol-gel processes), particles are produced from
atomic or molecular building blocks. The Stober synthesis
as a sol-gel process can be used to produce monodisperse,
spherical silica particles with a high purity and defined size
[15]. By modifying the Stober synthesis, Zhang et al. [16]
could produce silica particles up to a size of 4.5 um. In addi-
tion, alumina is produced in the Bayer process by the pre-
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cipitation of gibbsite and its calcination [17]. In contrast to
Bayer process, alumina with a higher chemical purity and
different morphologies can be obtained via hydrothermal
synthesis (crystallization) [18].

For the analysis of particle size distribution in the lower
micrometer range, methods such as laser diffraction, sed-
imentation methods as well as static or dynamic image
analysis methods are suitable [19]. Particle shape in par-
ticular has a strong influence on the measured particle
size, depending on the measurement method used. Image
analysis methods offer an advantage here, as they can
determine the shape as well as the particle size. Figure 2
(A) - (C)illustrates the strong differences in particle shapes
between the exemplarily selected particles of talc (plate-
shaped), alumina (polygonal) and glass (spherical). Elec-
tron microscopy images of Yekeler et al. [20] show that
the shape of talc particles depends on the type of mill
that is used. The fracture mechanism, which depends on
the mill type, determines not only the shape but also the
surface roughness of the particles [20, 21]. In this con-
text, talc particles have rough breaking edges due to their
layer structure and top down production process (milling),
whereas alumina crystals and glass particles have compar-
atively smooth surfaces (Figure 2, (D) - (F)). The rough-
ness, together with the particle size and shape, influences



LAIBLE ET AL.

Engineering o

in Life Sciences

FIGURE 2

Scanning electron microscopy images showing the surface structure of: (A, D) talc (350 mesh); (B, E) aluminum

oxide (x5o = 9.72 u); (C, F) glass beads (x5, = 7.9 u). The smooth surface of glass beads (C, F) contains production impurities. 10,000 x

magnification (A-C) and 50,000 x magnification (D-F)

the specific surface area of the particles, which can be
determined by the Brunauer, Emmet and Teller (BET)
method [22]. When using porous solids, such as the frac-
tured porous SiO, particles used by Holtmann et al. [23],
the internal particle surface area needs to be determined
additionally by means of porosity measurements (mercury
porosimetry, capillary condensation method).

2.2 | Physiochemical characterization of
microparticles

Besides particle morphology, pysiochemical characteris-
tics define the interaction of microparticles with their envi-
ronment. Being inorganic and of non-metallic nature, alu-
mina, silica, or titania are ceramics, whereas talc, being
of natural origin, is a mineral. All these substances com-
prise metal oxides but vary in their elementary composi-
tion and they may exist in different forms of crystal lat-
tices with different thermodynamic stability [24]. The crys-
tal lattice further affects the surface energy [25] as well as
the band gap energy [26]. The crystal lattice of ceramics can
be influenced by the production process and aluminas with
various crystal lattices are commercially available for cat-
alytic applications [24]. X-ray diffraction allows the analy-
sis of the crystal lattice [24]. Information on the electronic
structure and chemical composition (including impurities)
can for example be obtained by X-ray photoelectron spec-
troscopy or UV-photoelectron spectroscopy [27].

An important factor in terms of electrostatic interac-
tions, surface chemistry, and adsorption effects is the
zeta potential of particles. In MPEC applications, the zeta
potential probably plays an extremely important role. For
example, Walisko et al. [28] demonstrate that talcs of vari-
ous zeta potentials result in highly different antibiotic pro-

duction by Lechevalieria aerocolonigenes. The zeta poten-
tial is the electrical potential at the slipping plane, as par-
ticles move relative to a liquid [29]. It relies on the particle
substance and the electrolytes present in the particle sur-
rounding liquid [30]. PH value and concentration of ions in
the medium determine size and sign of the zeta potential
of metal oxide surfaces [31]. Owing to the layered struc-
ture of phyllosilicate minerals, talc exhibits different zeta
potentials on the planes and on the edges of the layers [29].
The edges possess a more pH dependent charge than the
planes, making the zeta potential and electrostatic behav-
ior of talc also a function of milling grade. Various methods
exist to measure the zeta potential of particles, including
electrophoretic or electroacoustic methods [32].

To characterize and compare particles in terms of sur-
face electric charge the closely related point of zero charge
is more suitable than the zeta potential. The point of zero
charge is defined as the isoelectric point (pH at which
the zeta potential of a certain particle is zero) in pres-
ence of so-called inert electrolytes, certain standardized
electrolytes with little shifting effect on zeta potential.
Zeta potential and isoelectric point of metal oxides are
strongly influenced by the adsorption of multivalent inor-
ganic ions, ionic surfactants and polyelectrolytes. Thus, the
zeta potential and isoelectric point are application specific
parameters, whereas the point of zero charge is a parti-
cle property measured in a standardized environment to
ensure comparability [33].

Particles further vary in hydrophobic/hydrophilic share
of the surface, and its acidity and basicity [25]. These
parameters are connected with the presence of interfa-
cial groups and the depth of the surface layer. Surface
characterization is for example possible by atomic force
microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), or reaction chemistry [25, 27]. Surface basicity can
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be analyzed with UV-absorption and luminescence spec-
troscopy [24]. Surface characteristics can be modified by
the adsorption of molecules on the particle surface, that
is, by chemical surface modification. Therefore, particle
surface characterization provides details of the initial state
of the particle surface. However, surface parameters may
not remain constant during a cultivation process (see Sec-
tion 4.2).

For MPEC applications it is important to note that com-
monly used terms such as alumina or talc refer to groups
of substances and denote groups of substances with vary-
ing physiochemical characteristics. The term alumina is
used for various aluminas and alumina-hydrates of differ-
ent crystal lattice and chemical potential [24]. The term
talc is used for hydrous magnesium silicate of varying
purity and for a mixture of various silicates including talc,
called industrial talc [34]. The elementary composition and
purity of talc strongly vary and depend on its natural ori-
gin, for example iron, calcium, and aluminum are always
present in various concentrations [35].

2.3 | Particle surface modification
Modification of the particle surface allows adjustment of
the desired chemical surface properties without changing
other particle properties such as shape or density [14]. This
approach was pursued in cultivations of a filamentous bac-
teria by Walisko et al. [28], who produced various modified
talc particles using a layer-by-layer process. These parti-
cles differed in their zeta potentials as well as hydropho-
bicity, which resulted in varying product concentrations.
In addition to the layer-by-layer technology [36], the sur-
face chemistry of talc and thus its adsorption capacity can
be adjusted by the attachment of surfactants [37]. Another
possibility for surface modification of talc is calcination,
which led to altered adsorption of chloroperoxidase and
affected the activity of the immobilized enzyme in the case
of Aoun et al. [38].

A large number of studies from different applica-
tion areas exist, where materials such as Al,O; [39]
or glass [40-44] were chemically modified with the 3-
aminopropyltriethoxysilane (APTES) molecule (see Fig-
ure 1; Particle properties). The binding of APTES creates
amino groups on the particle surface in the first step, to
which various carboxylic acids can be covalently bonded
in the second step [39]. This two-step modification method
allows the generation of both hydrophobic and hydrophilic
surface properties while retaining constant particle proper-
ties otherwise. Thus, this approach is particularly suitable
for future studies to investigate the role of surface chem-
istry of particles and their interactions with filamentous

microorganisms. Fundamentally similar issues are being
addressed in the area of microbial adhesion and associated
biofilm formation. In this field, approaches to control the
adhesion behavior of cells on surfaces already exist [42, 45,
46], which could potentially be applied to MPEC cultiva-
tions in the future. One example is the systematic study of
the adhesion behavior of different bacteria as well as the
adsorption of two proteins on synthetic surfaces by vary-
ing the chemical properties of attached molecules [41]. In
summary, the methods presented can be used to create a
targeted surface chemistry on the particles, which in turn
influences various chemical and physical processes on and
between surfaces (see Sections 3 and 5).

3 | SURFACE CHEMISTRY EFFECTS OF
METAL OXIDE PARTICLES

The surface chemistry potential of metal oxides, as applied
in MPEC, is well researched and metal oxides are used as
catalysts in various technical applications in many indus-
tries. Therefore, various surface chemistry effects of MOP
are known which probably play an important role in MPEC
applications. Surface chemistry effects on MOP can be reg-
ulated by modification of particle characteristics. Varia-
tion in particle characteristics and subsequently variation
of surface chemistry cause application- and particle spe-
cific effects of MOP addition to submerged culture of fila-
mentous microorganisms.

Morphological and physiochemical particle character-
istics determine the surface chemistry potential of the
applied MOP (see Section 2). Particles consist of the body
of the particle which is surrounded by the particle surface,
which forms an interface of the solid phase of the parti-
cle bulk and the liquid phase of the cultivation medium.
Because MOP in cultivation media provide a liquid/solid
interface, they are heterogenous catalysts [24]. The cat-
alytic activity is proportional to the size of the catalytic
interface which is determined by the specific surface area
of the particles. At the same time, particles with similar
physiochemical characteristics may show a variation of
surface chemistry effects due to variation of morphologi-
cal parameters.

By design, past MPEC-experiments often targeted the
effects of particle application on product titers by means
of morphology engineering. Therefore, extremely few
experiments had a design suitable to link observed effects
of particle application to specific surface chemistry effects.
Future experiments with variation in certain particle char-
acteristics will be a first step to benefit from utilization of
surface chemistry effects in MPEC applications and toward
exclusion of unwanted side effects of uncontrolled molec-
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ular level interactions. The following sections explain the
surface chemistry effects we expect to have the most sig-
nificant impact in MPEC applications and which can most
easily be influenced by variation of particle properties.

3.1 | Adsorption of biomolecules on
microparticles

In MPEC, adsorption effects must be considered.
Biomolecules from liquid phases (cultivation medium)
adsorb at solid phases (particle surface) by physisorp-
tion (by adhesion forces) or chemisorption (covalently
bound) [47]. Adsorbed substances may get transformed,
because the strong forces of chemisorption can break
covalent bonds [27]. Heterogenous catalysis happens if
two adsorbed substances react (Langmuir-Hinshelwood
mechanism) or an adsorbed molecule reacts with a free
molecule (Eley-Rideal mechanism) [48]. Adsorption
effects and related catalytic activity in MPEC applications
might significantly affect biomolecule availability.

MOP further adsorb metal ions [49, 50]. Metal ions
play an important role in the metabolism of filamen-
tous microorganisms as micro-nutrients or signal
molecules (see Section 5.1.3). Also enzymes get adsorbed
at the microparticle surface, depending on parameters like
particle charge, functional groups on the particle surface,
zeta potential, and pH [51]. Immobilized enzymes can no
longer freely move in the liquid phase; accessibility of the
active center and diffusion rate of substrate molecules get
modified; and the pH optimum of enzyme activity shifts.
Enzyme immobilization has a strong impact on enzyme
activity, and uncontrolled enzyme immobilization may
result in significant reduction or increase in enzyme
activity by several folds [52].

Enzyme immobilization probably plays a major role in
MPEC applications. Kaup et al. [3], who introduced the
term MPEC, conducted an experiment with talc micropar-
ticles and choloroperoxidase (CPO)-producing Caldari-
omyces fumago. They observed a decrease in CPO activity
at high talc concentration and proposed immobilization of
CPO onto talc microparticles as an explanation. They fur-
ther referred to Aoun et al. [38] who described the effects
on enzyme activity of enzyme immobilization onto talc.
Aoun et al. [38] showed that the immobilization of CPO
onto talc led to specific enzyme activity, ranging from total
inhibition to doubled activity compared with native CPO.
The activity of immobilized CPO varied with the type of
talc, pH at immobilization time, and pH at biocatalysis
time. Up to now, the role of enzyme immobilization in
MPEC has not been examined any further. The important
role of immobilization of enzymes and other proteins in
MPEC is theoretically examined in Section 5.3.

in Life Sciences

3.2 | Ionleaching of microparticles
Etschmann et al. [14] showed that talc, silica and alumina
particles leach ions. In this study, these ions affected the
cultivation process, even without the microparticles being
present. Ion leaching is a thermodynamically driven pro-
cess, and it automatically happens depending on the ion-
icity of the particle. MOP vary in ionicity. The ionicity of
metal oxides calculated from the electronegativity of the
respective metal is called ionicity by Pauling. If ionicity by
Pauling is > 0.5, it can be concluded that next to covalent
bindings also ionic oxides exist in the structure of the metal
oxide. Such is for example the case for MgO (0.68), TiO,
(0.59), and Al,05 (0.57) [24].

Besides the main particle component, impurities in par-
ticles also get leached. For example, different talc prepara-
tions provide different ions in various concentrations [22].
The most common leaching products of talc, depending on
its origin, are Fe**, Ca?* and Mg?* [53, 54]. Glass parti-
cles, too, provide various ions. The composition of com-
mercially widespread soda-lime glass not only comprises
SiO, but also includes significant amounts of Na,O, CaO,
and MgO. Therefore, soda-lime glass particles leach the
corresponding Na*, Ca®*, and Mg?* ions [55]. Glass parti-
cles of this composition were already used in MPEC exper-
iments [28, 56].

Metal ions are able to influence cellular processes
and gene regulation of microorganisms profoundly [57].
Leached ions may also promote unwanted chemical reac-
tions, including the Fenton-reaction. Section 5.1 elaborates
possible effects of ion leaching and explains how geoactive
filamentous fungi further actively leach ions from MOP.

33 |
species

Generation of reactive oxygen

Metal oxides are capable to promote the generation of reac-
tive oxygen species (ROS) by released metal ions which
act as catalysts, by catalytic reactions on the particle sur-
face with molecular oxygen, or by reaction of surface
defect sites with molecular oxygen, carbon dioxide or
water [58]. Metal oxides applied in MPEC applications
might therefore change ROS concentrations in the cultiva-
tion medium. ROS species may start oxidative chain reac-
tions in the cultivation medium, induce oxidative stress in
microorganisms, and interfere with microbial regulation
mechanisms (see Section 5.2).

If the respective metal oxide has a narrow band gap,
it may act as a photocatalyst too. For example, TiO, is a
strong photocatalyst. Linked to photocatalytic ROS gener-
ation, it is capable of photocatalytic degradation of organic
molecules to CO, and water in a process called chalking
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cycle [59]. If semiconductive metal oxides such as TiO, or
Fe, 03 are used in MPEC, special attention must be paid to
light irradiation of the microparticles.

4 | INTERACTION BETWEEN
PARTICLES AND CELL WALLS

To explain the aggregation behavior of spores and the asso-
ciated pellet formation, all interaction and fluid forces
must be considered in combination [60]. Depending on
the physiological state of the spores and the strength
of the individual interaction forces, coagulative or non-
coagulative pellet formation occurs [61]. In the case of pel-
let formation by hyphal aggregation, the chemical compo-
sition of the hyphal cell wall plays an important role [62].
However, the influence of surface interactions with parti-
cles has not been a major focus of MPEC research in the
past; therefore, generalized relationships for the mecha-
nism of action of particles are lacking [5].

Using image analysis over time, Driouch et al. [63]
could show that the addition of talc particles after inocula-
tion suppressed the initial aggregation phase of Aspergillus
niger spores. As a result, loose mycelium was formed,
whereas the addition of talc particles at a later cultivation
time did not result in any change in morphology. Also Yat-
maz et al. [64] indicated that the particles used seemed to
disturb the spore aggregation of Aspergillus sojae. These
results show that the interaction forces of spores with parti-
cle surfaces must also be considered. Because MPEC stud-
ies in the past mainly used Aspergilli, whose pellet for-
mation is based on the aggregation of spores, four fila-
mentous fungi with different aggregation behavior were
studied inshake flasks by Kowalska et al. [6]. The results
showed, independently of the strain, that the effect of par-
ticles depends on the size of mycelial objects. When the
particles have an affinity for the spores or smaller mycelial
objects, the particles can promote aggregation through a
scaffolding function. For larger mycelial objects, particles
tend to cause a decrease in pellet size owing to obstruction
of aggregation or destruction of aggregates. In addition to
these general statements, different influences on the four
strains were observed. For the strains Aspergillus terreus
(spore-aggregative species) and Chaetomium globosum (no
clear assignment of aggregative behavior), the addition of
particles led to a reduction in pellet size. In the case of the
non-aggregating Mucor racemosus, addition of Al,O5 par-
ticles promoted pellet formation. In contrast, Penicillium
rubens as a hyphal aggregating strain showed accelerated
aggregation of hyphae and more stable pellets after addi-
tion of particles.

For the process of pellet formation from spores, elec-
trostatic, hydrophobic, and cell wall-specific interaction

forces have already been comprehensively described in the
literature as crucial influencing variables [61, 65]. Overall,
it can be assumed that in MPEC the particle surfaces have
an influence on the aggregation behavior through interac-
tion with the cell walls. This potential influence needs to be
elaborated in the future to better explain the often strongly
altered morphology of pellets. Thereby, it is known that the
complex process of adhesion of cells to surfaces is deter-
mined, next to surface characteristics, by the properties of
the cell itself and environmental factors [66, 67]. Further-
more, a broad field of studies on the adhesion of biological
cells to surfaces already exists [46, 68-70]. The combina-
tion of both research areas will allow the development of a
more fundamental understanding of the role of interaction
forces between particles and biological cells in MPEC.

4.1 | Interaction forcesin MPEC

As a result of the sum of all forces occurring on a
surface (electrostatic, hydrophobic, van der Waals, and
steric interactions), attraction or repulsion can take place
between two particulate objects (spores, hyphae, particles).
An attractive total force leads to the formation of aggre-
gates comprising one or more particle species (hetero-
aggregation), whereas repulsive forces prevent aggrega-
tion. Depending on the sign of the zeta potentials (see Sec-
tion 2.2) of two surfaces, repulsive or attractive Coulomb
forces result of electrostatic interactions. Attractive forces
arise between particles and biological cells at opposing
zeta potentials [71], which may lead to hetero-aggregation
between particles and cells (spores and hyphae). In princi-
ple, biological cells are often negatively charged; thus, the
adhesion of cells to positively charged surfaces is enhanced
[68]. In contrast, at high pH, the negative charge of spores
results in repulsive forces, and thus suppression of spore
aggregation [72]. Lee et al. [73] showed that spore adhe-
sion was prevented on strongly negatively charged sur-
faces. In addition to pH, the magnitude of the zeta potential
is dependent on the ion concentration in the medium [72]
and the strain, because spores of different fungal strains
have different chemical surface components [74]. In the
case of Aspergillus niger spores, Wargenau et al. [72] indi-
cated the carboxyl groups present in the pigment melanin
as an origin of the negative charges, which was confirmed
by decreasing the negative charges in spores with knocked
out melanin formation [75]. Different metal ions can be
bound by functional groups in pigmented cells [61], in
which Mg?* and Zn?* showed the highest ability to des-
orb Cu?* which was previously adsorbed on melanin [76].
According to Marcelja [77], the specific binding of divalent
cations has an influence on the electrostatic and hydropho-
bic interactions. Owing to the release of ions from parti-
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cles (see Section 3.2), it can be assumed that the electro-
static interactions between spores are influenced both by
the binding of metal ions to pigment-containing cells and
by changes in the ionic strength of the medium.

In addition to electrostatic interactions, Lewis acid-base
interactions cause hydrophobic attraction and hydrophilic
repulsion between biosurfaces [78]. In case of spore aggre-
gation [60, 79] or adhesion of cells to surfaces [70]
hydrophobic interactions play an important role. The
hydrophobic properties of spores of filamentous fungi arise
from the formation of proteins called hydrophobins, which
attach to cell walls by self-assembly [80]. As a third type
of interaction, the attractive van der Waals forces occur,
which decrease rapidly with increasing distance [46]. In
addition, steric interaction forces can arise in bacteria due
to bacterial nanofibers (pili) [46]. A comprehensive review
of adhesion as well as other adhesives of fungi is given by
Epstein and Nicholson [69].

4.2 | Changes in cell wall and particle
surface properties over time

For the formation and the magnitude of the complex inter-
action forces between particles and cell walls, the condi-
tion of the respective surface is crucial. Due to different
chemical and biological processes during cultivation, the
surface properties, and thus interactions can change sig-
nificantly over time. In the following, some examples are
briefly presented that might be relevant in MPEC cultiva-
tions.

The correlation of physicochemical properties of a solid
surface and the adhesion behavior of cells is complicated
by the formation of a conditioning film on the particle sur-
face [81]. The conditioning film is formed after the addi-
tion of a solid to an aqueous medium due to the adsorption
of organic molecules on the particle surface, which can
lead to altered roughness, charge, hydrophobicity, and sur-
face tension of the substrate [82]. Specifically, monomeric
hydrophobins formed by fungi can attach to surfaces in the
soluble state owing to their amphipathic structure; thus,
hydrophobic substrates can be converted to hydrophilic
substrates and vice versa [83]. In addition to the parti-
cle surface, the initial composition of the cell walls also
changes during spore germination [61], which initially
comprise chitin, glucans, hydrophobins, melanin, ions,
proteins, and lipids [84]. In the model approach summa-
rized by Zhang and Zhang [61], the spores lose their layer
of melanin and hydrophobins as they swell until finally
polysaccharides are present on the surface. After inoc-
ulation with spores, both hydrophobic and electrostatic
forces act initially, with the hydrophobic portions gradu-
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ally decreasing due to loss of hydrophobins. The polysac-
charides from the cell wall now present on the surface then
form specific interactions between the spores due to salt
bridges. In summary, the previously mentioned examples
show that the interactions between particles and cells can
change over the cultivation period. As a consequence, the
exclusive characterization of particle-cell interactions only
at the beginning of cultivation may lead to not explainable
or contradictory results.

4.3 | Quantification and modeling of
interaction forces

For the theoretical explanation of the adhesion behav-
ior of biological cells to solids, both simple thermody-
namic approaches [41, 43] and more complex models such
as conventional or extended Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory [71, 72, 85] are used in the litera-
ture. A good summary of the previously mentioned theo-
ries can be found in the studies of Perni et al. [67], and Hori,
and Matsumoto [46]. Experimental methods for character-
izing the solid surfaces are associated with the mathemat-
ical models. These include, for example, the measurement
of the contact angle to calculate the surface energies or
the determination of the zeta potential. In contrast, atomic
force microscopy allows direct measurement of the sum of
all interaction forces between two cells [86, 87] or a cell and
a solid interface [88-90].

5 | EFFECTS OF MPEC ON
SUBCELLULAR STAGE

As already mentioned, MPEC of filamentous microor-
ganisms leads to a broad spectrum of effects, including
changes in metabolism and morphology. Latest studies
revealed a strong connection between both these aspects
with profound changes in cellular gene expression [7].
Kuhl et al. [7] conducted MPEC experiments with
Streptomyces albus and talc. They investigated the effects
of talc on the production of pamamycin derivatives and
its precursors as well as the effects on the morphology of
the microorganism. Therefore, they also conducted tran-
scriptomic analysis to examine the underlying molecular
changes. Talc supply led to decreased production of low-
molecular-weight pamamycin derivatives but increased
production of high-molecular-weight pamamycins; the
corresponding pamamycin precursor CoA-esters were
analogously down- or upregulated. As a result of the
transcriptomic analysis, 56 % alteration of the total gene
activity as a reaction to talc supplementation was iden-
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tified, revealing the enormous impact of MOP on the
microorganisms molecular activity. In total, 3341 genes
were found to be altered in their expression level, including
genes involved in amino acid biosynthetic pathways and
amino acid degradation, poyketide metabolism, carbon
source metabolism, fatty acid degradation, and secondary
metabolite biosynthesis, as well as genes related to stress
and cell death. Overall, 55 genes addressing particularly
morphological purposes were overexpressed, for example,
morphological regulators, resulting in accelerated mor-
phological development [7]. Reduction of pellet size was
also observed by Kuhl et al. [7], most probably a conse-
quence of the sum of the described effects - interaction
of microparticles, spores, and cell walls; surface chem-
istry effects; and microbial adaption processes (compare
Figure 1).

Consequently, the study by Kuhl et al. [7] illustrates that
it might be a strong simplification to attribute altered prod-
uct synthesis and cellular morphology only to structural
changes caused by particle incorporation into pellets and
disruption of spore aggregation [28, 63, 91]. Rather, it seems
likely that both morphology and product metabolism
strongly correlate with an altered gene activity on subcel-
lular stage. Thus, the following sections describe how the
presence of MOP might affect the gene regulation with
respect to certain molecular effects and mechanisms pre-
sented in previous chapters.

5.1 | Therole of metal ions in cell biology
All living species need metals in certain concentrations to
fulfill metabolic activities such as the production of organic
acids, enzymes, and metabolites [92]. Thus, the presence
of soluble metal ions in microbial cultivations can influ-
ence cellular processes and gene regulation of microorgan-
isms profoundly [57]. As described in Section 3.2, metal ion
leaching occurs when MOP are supplemented in MPEC.
In dependence of the chemical composition and stability,
several ion species were proven to be involved in leach-
ing processes from metal oxide species [53-55]. It is note-
worthy that in various experiments, as those described in
the following section, metal ion concentrations of merely
5 mg L~! were sufficient to evoke fundamental changes
in bacterial metabolisms [93]. Such concentrations con-
cur with quantities already detected in metal ion leached
supernatants [14] and interestingly, even to some extent
exceed concentrations which can be found in minimal cul-
tivation media [3, 91]. Owing to the profound complexity,
the relevance of metal ions in connection with MPEC for
microorganisms will be shown in the following by using
selected examples.

511 | Function of metal ions in gene
regulation

Gene expression is generally regulated in different sub-
cellular stages [57], ranging through all metabolic path-
ways from DNA to RNA synthesis, resulting in the pro-
tein biosynthesis. Because all subcellular stages require
the supply of appropriate metal ion cofactors [94], metal
ions play a specific role in the structure, function and
metabolism of nucleic acids. Within this context, RNA
analysis of numerous prokaryotic and eukaryotic cells
have already identified strong bonds between RNA and
cations such as Mg?*, Ca?*, Fe**, AI**, Cu?* and Zn?*.
Furthermore, transition metals, like zinc, participate in
nucleic acid synthesis pathways and stabilize the tertiary
structure of RNA [95].

Starting on the genetic stage, Cuero et al. [96] observed
an increased DNA concentration as a consequence of
zinc supplemented cultivations of the investigated fun-
gal microorganisms. At the transcriptional level, metal ion
supplementations (iron, copper, and zinc) led to an enrich-
ment of the total RNA concentration within microorgan-
isms based on the type and mixture of supplemented ions.
Furthermore, enhanced levels of metalloenzymes were
reported due to the presence of divalent metal ions in fungi
leading to altered fungal growth and product synthesis
[93]. Thus, the studies of Cuero and Ouellet [93] and Cuero
et al. [95, 96] already postulated a general stimulation of
gene transcription by metal ion supplementation, result-
ing in altered patterns of gene expression of various fila-
mentous species. Furthermore, they postulated that some
of the affected genes might be involved in fungal enzymatic
mechanisms related to both growth and/or production of
secondary metabolites [95]. In line with these suggestions,
Cuero and Ouellet [93] and Cuero et al. [95] also demon-
strated the stimulating effect of metal ions by increased
biomass concentrations and product titers in the consid-
ered cultivations. The hypothesis as well as the experimen-
tal proof show a broad similarity with the investigations of
Kuhl et al. [7].

Consequently, the changes in gene regulation due to
metal ions can also alter the production of numerous sec-
ondary metabolites. This also includes products of medi-
cal and industrial interest, for example, the since the 1930s
known iron regulated production of the diphtheria toxin
[97-99]. Therefore, optimization of metal ion supplemen-
tation is a crucial factor for increased product titers in
several processes such as cultivations of Bacilli or Actino-
mycetes [57, 100]. Metal ions are also of great relevance for
the biological function of many enzymes, a direct product
of gene expression. Thereby, metal ions can interact with
the enzymes in form of metal-, ligand-, and enzyme-bridge
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complexes. Here, the role of metals can be found as elec-
tron donors or acceptors. tThus, metal ions play an impor-
tant role in enzyme activity [101].

5.1.2 | Fungal bioleaching and biosorption of
metal ions

In the previously described MPEC processes, microor-
ganisms are confronted with various ion leaching prod-
ucts of thermodynamically driven leaching processes. To
actively overcome nutrient limitations, evolution provided
microorganisms with the ability to force ion leaching pro-
cesses and to directly dissolve metals from substrates,
known as bioleaching and biosorption. Heterotrophic
fungi such as Aspergillus and Penicillium are predestined
to use bioleaching as a tool for nutrition supply because
they are good producers of citric acid, oxalic acid, and
glucuronic acid. These organic acids as well as amino
acids and other metabolites, for example, siderophores, are
proven metal leaching agents owing to their capability to
form chelates or complexes with metal ions. Thereby, ions
can be acquired in limited or insoluble environments and
the pH of the environment can be decreased, which is also
favorable for the leaching process [92].

Burgstaller, and Schinner [102] described bioleaching in
detail, which in summary contains a four-step mechanism:
(i) acidolysis; (ii) complexolysis; (iii) redoxolysis; and (iv)
bioaccumulation [102, 103]. Bioleaching requires a mixture
of both direct physical force (e.g., via extension of hyphae)
and the excretion of dissolving agents [94, 102-105]. In this
context, it was observed that fungal hyphae were able to
“dig” tunnels into the surfaces of different ores to selec-
tively extract nutrients during bioleaching. Jongmans et al.
[106] entitled this phenomenon as “rock-eating fungi”.
While spores germinate, fungal mycelia can degrade parti-
cle textures through the physical destruction force caused
by hyphal extension; releasing a new nutrient source [103,
107]. Depending on the cultivated strain and the substrate,
metals such as iron, sodium, chlorine, potassium, and cal-
cium leached from the particles, whereas elements such
as oxygen, magnesium, aluminum, silicon, and phospho-
rous persisted [92, 104]. It was shown that free aluminum
ions were actively accumulated or passively immobilized
onto cell walls via biosorption in Streptomyces [108]. More-
over, Kuhl et al. [7] found genes linked to siderophore
production significantly upregulated in MPEC cultivation
of Streptomyces albus by talc microparticle supplementa-
tion. Thus, microparticles incorporated into pellets during
MPEC [28, 63] might also be a target of active bioleach-
ing in terms of containing several analogous ions of inter-
est (see Section 5.1).
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5.1.3 | Therole of calcium and magnesium in
microorganisms

Adding calcium ions to fungal cultivations is known to
have an enormous impact on the organism. In terms of
metabolite synthesis, Aspergillus niger showed a higher
product titer, with enhanced biomass concentration and
the morphology shifted to a more pelleted form. Addition-
ally, the micromorphology showed hyper-branched struc-
tures, along with a bulbous cellular appearance and altered
cell wall structure [109].

As a key messenger in signaling pathways, calcium func-
tion is conserved along fungi and other eukaryotes and
plays an important role in altering gene expression in
response to stress situations. Important for calcium home-
ostasis in fungi is calcineurin, an enzyme for the regulation
of several calcium transporters, as well as transcription fac-
tors. Considering a whole signaling cascade, calcineurin
and its calcium regulation function significantly influ-
ences the growth, differentiation, stress response, mating,
budding, and tolerance of fungi toward antifungal drugs
[110]. Without such feedback control systems, inadequate
calcium accumulation would lead to a deregulation of
important cellular processes and thus affect cell viabil-
ity [110, 111]. The entry of calcium into fungi and other
species occurs via voltage-gated Ca®* channels, which in
organisms such as Aspergillus nidulans matters in certain
physiological processes such as conidiation, hyphal polar-
ity, and assembly of cell wall components [112]. Accord-
ingly, Jackson and Heath [113] demonstrated high calcium
ion gradients in the tips of fungi and debated its function
for the growth, physiology, and differentiation of hyphae.
With the increase in extracellular Ca?>* concentrations
within a range of 0.4-400 mg L=}, the hyphal extension
rate increased. A limitation of extracellular calcium led
to diminished or ceased extension rates in several organ-
isms as well as abnormal hyphal morphogenesis, whereas
high Ca?* concentrations (> 2 g L™!) inhibit growth. Thus,
exterior calcium ions also influence the internal distribu-
tion [113]. Furthermore, Ca?>* was identified to stabilize
enzymes such as trypsin and modulate its activity spec-
trum [114], which may play an important role in enzyme
activity in the culture broth due to potential MPEC calcium
leaching from glass or talc.

Magnesium, a major component of talc, was addition-
ally identified to have a positive effect on calcium tolerance
in Aspergillus nidulans accompanied by enhanced growth,
indicating an existing crosstalk of Mg?* and Ca?* homeo-
static pathways [111]. Furthermore, Mg?* ions are impor-
tant cofactors for enzymes, which are crucial for fungal
growth and secondary metabolism. The mode of action
was exemplified in experiments, in which a supplementa-
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tion of 0.048 g L~ magnesium ions was sufficient to signif-
icantly decrease the yield of the mycotoxin trichothecenes
in a culture of Fusarium graminearum [115].

5.1.4 | The role of iron in microorganisms
Iron is one of the most important essential micronutrients
in the cellular metabolism, participating as a cofactor for
numerous enzymes (e.g., oxidoreductases) and secondary
metabolism pathways. A limitation of iron was shown to
provoke impaired cellular differentiation and secondary
metabolite production, for example, in strains of Strepto-
myces [116-118]. Ferrous ions as culture supplement were
observed to significantly influence the size and density of
pellets, leading to changed biomass production and altered
the volumetric activity of various enzymes [119, 120]. Such
alterations in enzyme activity can on the one hand be the
result of altered enzyme production, as it is often assumed
by volumetric activity measurements [119, 120]. On the
other hand, ferrous ions leached in MPEC experiments
may act as enzyme activators or inhibitors, as various metal
ions (ferrous ions included) were shown to distinctly influ-
ence enzyme activities [121]. Also, allosteric metallosensor
proteins play an essential role in microorganisms in order
to recognize metal ions, inducing transcriptional response
for homeostatic actions and metal resistance [122]. One
exceptional important protein is the metallosensor FUR
(ferric uptake regulator), a transcriptional repressor in a
broader transcriptional network of iron homeostasis [123].
The role of FUR in the citric acid cycle is a further exam-
ple of its diverse regulating function, just like its part
in the enzymatic defense against ROS in many bacterial
pathogens. Additionally, FUR was identified to be required
as an activator for the expression of several genes [94]. Due
to the low solubility of Fe3* ions, their availability is often
limited in biological systems, whereas Fe** ions in high
concentrations are toxic [116]. Consequently, a disturbed
uptake of iron into biological systems was shown to pro-
voke globally reduced growth in considered species [124].

5.2 | Therole of ROS in MPEC
experiments

Asdiscussed in Section 3.3, certain MOP may cause the for-
mation of ROS as a consequence of ion leaching in MPEC
or photocatalytic activity during interaction with semi-
conductors. Reduced metal ions, such as Cu?* or Fe2*,
can induce the Fenton reaction, causing the formation of
hydroxyl radicals and hydroxide ions by hydrogen peroxide
[125]. Owing to their unpaired electrons, ROS are highly
reactive small molecules, potentially causing photooxida-

tive damage to several cellular structures such as DNA,
lipids, and proteins. Furthermore, ROS can lead to the
inactivation of the previously mentioned FUR system. Sub-
sequently, it is obligatory for organisms to tightly regulate
the intracellular metal ion concentration [94]. Contrarily,
ROS also act as signaling molecules in processes, such as
growth, development, or cell death [125, 126].

Extracellular ROS can either directly act on fungal cell
walls, addressing plasma membrane receptors and ion
channels or alternatively pass the membrane to activate
internal cellular signaling and downstream signaling path-
ways [127]. Moreover, ROS from foreign organisms can
induce host-signaling pathways [128], which leads to the
assumption that ROS caused by leached metal ions have
the potential to affect microorganisms in MPEC experi-
ments. At least for prokaryotic cells, it was proven that
metal ions affect the expression of peroxide stress genes
[57]. Eventually, an increased ROS level was observed to
cause increased product titers in cultivations of Aspergillus
species, assuming that secondary metabolite synthesis has
a compensatory response to ROS stress in microorganisms
[128, 129].

ROS synthesis in living systems is realized by distinct
NADPH oxidases (NOX) or their homologs, which are,
among other things, directly regulated by calcium [130].
The overall function of NOX is important for fungal devel-
opment [125], involving participation in the multicellular
differentiation and development in animals, plants, and
fungi [130]. With respect to the latter, the NOX machin-
ery is important for hyphal branching, morphogenesis,
(ascospore) germination, and sexual differentiation [128,
130, 131]. Furthermore, NOX-dependent variation of ROS
concentration leads to aberrant hyphal growth [131]. It
is noteworthy that for the regulation of polarized hyphal
growth a ROS gradient at the proximal tip is an important
feature to establish and maintain hyphal polarity [132, 133].
In addition, ROS may promote the calcium entrance into
cells by activating calcium channels causing calcium accu-
mulation in hyphal tips [133]. Similar to metal ion regu-
lation, fungi own a battery of enzymatic ROS detoxifica-
tion systems to handle ROS-induced oxidative stress [130].
Among secondary metabolites with antioxidant functions,
antioxidant enzymes (e.g., catalase and superoxide dismu-
tase) as well as mitogen-activated protein kinases regulate
redox homeostasis [129] and may be upregulated in case of
MPEC-mediated effects of ROS.

5.3 | Adsorption effects in MPEC
experiments

Owing to a high specific surface area, microparticles used
in MPEC are predestined to show good adsorption prop-
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erties toward molecules in culture broths [56]. Because
biotechnological cultivations form systems of several
compounds, the adsorption of each compound profoundly
influences the MPEC system and its outcome in differ-
ent aspects. Therefore, protein immobilization and the
adsorption of substrates or products are exemplified in the
following, as they probably have a major impact.

In general, the adsorption of proteins depends on par-
ticle properties (see Section 3.1), which can be influenced
by the methods described in Section 2.3, and process
parameters such as cultivation medium composition, pH,
and temperature [51]. Talc, as an effective MPEC sup-
plement, is generally considered to be a good adsorp-
tion scaffold, in which the ratio between hydrophilic (lat-
eral) and hydrophobic (basal) surfaces is of great impor-
tance for the adsorption dynamics [37]. A well-described
example for the effects of enzyme immobilization is the
enzyme chloroperoxidase (CPO), which was not only used
for adsorption experiments with talc [38] but also used in
first MPEC experiments described by Kaup et al. [3]. The
cultivation of Caldariomyces fumago with talc particles led
to the formation of dispersed mycelium and affected CPO
formation and CPO activity in the culture supernatant [3].
Kaup et al. [3] hypothesized that increased oxygen and
nutrient transfer may have led to higher metabolic produc-
tivity. But the authors also proposed that further significant
factors may have been CPO immobilization, as well as the
subsequent alteration of enzyme activity, as described by
Aoun et al. [38] (see Section 3.1). Besides affecting enzyme
activity, adsorption effects can also influence the availabil-
ity of compounds and the properties of the enzyme’s envi-
ronment [134].

Furthermore, the aspect of feedback regulation may be
of great relevance. Cells have developed intricate mecha-
nisms to regulate the kinetics of metabolic pathways via
both positive and negative feedback and forward regula-
tion loops [135]. In case of high product titers, feedback
inhibition intervenes to stop further product synthesis.
Adsorption of biotechnological products may prevent feed-
back inhibition leading to enhanced product titers. Fur-
thermore, a potential degradation or metabolization of the
product can be prevented [134].

The targeted adsorption of further culture compounds is
favorable in many aspects. A common strategy to scale up
adsorption performance is the supplementation of adsor-
ber resins, which enlarges the adsorptive particle surface
up to several magnitudes [56]. In cultivation broths, adsor-
ber concentrations were shown to correlate with a decrease
of nutrient concentrations, leading to the diminishment of
particular molecules, for example, carbon source or amino
acids [136], which can be precursors for the product of
interest. Contrary, microorganisms might directly desorb
what they need from the surface [56]. This aspect partic-
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ularly emphasizes the role of microparticles in filamen-
tous cultivations, which can be found embedded in pel-
lets [28, 91]. In favor of this idea is the observation that
resins only enhance product titers if they are in physical
contact to the microorganisms of interest [136]. As adsorp-
tion is a reversible process, also desorption processes due
to decreasing concentration of the compound in the liquid
phase must be considered. Lastly, if substrates or metabo-
lites are available in excess, they can disturb the product
formation allosterically or via substrate inhibition. Such
substrate inhibitions can cause downregulation of the spe-
cific synthesis pathway [135], which can potentially be cir-
cumvented by adsorption. Moreover, adsorption of possi-
bly toxic metabolites or products enables their further syn-
thesis without inhibiting effects on the production organ-
isms themselves.

In conclusion, the large specific surface area of
microparticles in MPEC provides the framework to
adsorptively interact with the cellular metabolism in
terms of immobilization of several cultivation com-
pounds, including immobilization of enzymes which can
affect enzyme activity by several folds [52].

6 | CONCLUDING REMARKS

Numerous studies demonstrated that MPEC of filamen-
tous microorganisms lead to altered cellular morphologies
and product formation. Most of these studies reduced
MPEC to a morphology engineering approach and
assumed no interference of microparticles with the culti-
vation medium or the metabolism of microorganisms [5,
137, 138]. However, there is recent evidence that applied
microparticles such as talc, alumina, silica, and titanate
strongly influence the cultivation medium as well as the
subcellular and cellular level of filamentous microorgan-
ism. In this review, knowledge from particle technology,
chemistry, and molecular biology is combined to draw a
holistic picture on the effects of MPEC. We propose that the
initial step toward a targeted application of MPEC is the
morphological characterization as well as physiochemical
characterization of microparticles. First, particle proper-
ties determine interaction forces between particles and
cells, which further lead to particle-cell aggregation. The
mechanisms underlying theses aggregation processes and
their effects on cellular morphology are elaborated in this
review. Second, particle properties determine processes
on the surface, including for example the adsorption of
biomolecules, the release of ions, or the generation of ROS.
Based on these processes, it has been demonstrated that
microparticles and filamentous microorganisms interact
on a molecular level, which has barely been considered
to date. For example, leached metal ions and generated
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ROS might significantly interact and interfere with cel-
lular processes and gene regulation of microorganisms.
Moreover, we propose that adsorbed biomolecules alter
the conversion of metabolites. Particularly, the adsorption
of enzymes by microparticles is already known to strongly
up- or downregulate the enzymatic activity. Further,
adsorption of products or substrates might influence
feedback inhibition and consumption rates.

To exploit the full potential of MPEC, all interactions
among particles, microorganisms, and medium need to
be considered. We propose strong molecular interactions
between particles and filamentous microorganisms, which
also include various mechanisms underlying the influence
of microparticles on filamentous morphology. These inter-
actions can increase or decrease the generation of desired
products and depend on particle properties. Thus, this
review can be seen as an initial step toward the targeted
design and use of microparticles to control the growth and
metabolism of filamentous microorganisms.

For future MPEC experiments, the following principles
are proposed:

» Experiments should be conducted with well-defined
and characterized microparticles. This helps to identify
the effects of microparticles and make experiments more
comparable. Special attention should be paid to specific
surface area, zeta potential, particle composition, ionic-
ity, and surface functions.

* Experiments with surface-modified microparticles
should be conducted to deepen the knowledge on the
aggregation between microparticles and filamentous
microorganisms.

* Metabolomics, proteomics, and transcriptomics shall
be executed, ideally at different cultivation times. This
enables effects of microparticles to be linked with molec-
ular biology.

* Microparticles can be added at different cultivation
times to refine the understanding of temporal effects
such as particle-cell aggregation and interference of sur-
face chemistry effects with extracellular, subcellular,
and cellular processes.

As metal oxide microparticles have the potential to
strongly interact with cells on molecular level, they exhibit
toxic effects and pose a serious risk for human health
and the environment [139-143]. It must be considered that
microparticles continuously degrade in size and increase
in toxicity, owing to natural processes. As MPEC, a tech-
nology to contribute to profitable biotechnological culti-
vation processes and a sustainable and circular economy,
is promising, future industrial MPEC applications must
responsibly consider the risks posed by MOP on human

health and nature and ensure that no particles contami-
nate the product or environment.
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