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Magnetic functionalization of fungal biomass via in situ immobilization of ferromagnetic particles enables non-
contact manipulation and efficient magnetic separation for process intensification in biotechnological applica-
tions. In this study, Aspergillus oryzae was cultivated in the presence of magnetite or a magnetite-activated carbon
composite to promote particle incorporation during pellet growth. Morphological analysis based on image
processing revealed a concentration-dependent increase in pellet size, accompanied by internal particle
agglomeration. Additionally, magnetic labelling was achieved post-cultivation by incubating mature pellets with

suspended particles, allowing for flexible integration into existing processes. Both approaches yielded magnet-
ically responsive fungal biocomposites that could be readily separated using external magnetic fields, high-
lighting their potential for biomass retention, recovery and process intensification.

1. Introduction

Fungi are widely adopted in industrial biotechnology for the pro-
duction of various valuables including proteins and small-molecule
metabolites [1]. Filamentous fungi grow as branching hyphae, form-
ing interconnected mycelial networks and aggregating into macroscopic
dense structures known as pellets [2]. Pellet morphology varies
depending on species as well as on cultivation conditions and correlates
with production performance. For instance, compact pellets are associ-
ated with higher citric acid productivities in Aspergillus niger [3].

Fungal morphology is modulated by abiotic factors such as the
addition of water-insoluble particles. Hence, process intensification by
addition of small particles to enhance performance in filamentous
cultivation is known as microparticle-enhanced cultivation (MPEC)
[4-6]. A. niger incubated with TiSiO4 particles grows in core-shell pel-
lets, enhancing mass transfer by decreasing pellet size and density and
increasing the titers of fructofuranosidase and glucoamylase by 3.7-fold
and 9.5-fold, respectively [7]. Addition of talcum to cultures of Asper-
gillus sojae reduces pellet diameter and enhances activity of poly-
galacturonase up to a 9-fold increase [8].

MPEC provides an opportunity for functionalization of fungal
biomass, as the incorporated particles impart their specific properties to
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the biomass. One such feature is ferromagnetism, imparted to activated
carbon through microwave-assisted synthesis with Fe(OH), by Pfitzer
et al. [9]. The same authors demonstrated the biomass-adsorbing
properties of the resulting composite of magnetite and activated car-
bon particles (Pyag,ac) with cells of Shewanella oneidensis. This study is
based on similar principles, immobilizing Pyag/ac in pellets of the mold
Aspergillus oryzae to functionalize biomass and exploit the MPEC effect
during fungal growth.

While magnetic particle immobilization in microbial systems has
been explored previously, including applications such as nitrate removal
using denitrifying bacteria immobilized within magnetically function-
alized mycelium pellets and environmental remediation with fungus-
based magnetic nanobiocomposites, magnetic strategies have also
been applied for increased current production in bioelectrochemical
systems [10-12]. In contrast to previous studies, the present work in-
vestigates the incorporation of Pyag/ac composite particles into pellets
of the industrially relevant filamentous fungus Aspergillus oryzae under
submerged cultivation conditions. Pyag/ac particles combine the high
surface area and adsorptive properties of activated carbon with the
magnetic functionality of magnetite, enabling a dual-purpose material
for fungal biomass functionalization. To the best of our knowledge, this
represents the first demonstration of magnetic particle immobilization
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in an industrially relevant Aspergillus species. Beyond incorporation, this
work examines the impact of particles on pellet morphology and struc-
tural heterogeneity. The study provides qualitative microscopic analysis
of particle-hypha interactions and compares the incorporation of
distinct particle types. Overall, this work advances the concept of
magnetic particle-enabled cultivation by extending it toward functional
magnetization of industrially relevant fungal biomass and highlighting
its potential for process intensification in biomass handling.

2. Methods
2.1. Microorganism and media

Aspergillus oryzae DSM 1863 was obtained from the DSMZ strain
collection (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany). Media were prepared using demin-
eralized water. Conidia propagation followed a procedure similar to that
described by Kovilein et al. [13], using Aspergillus minimal medium
containing 15 g L' glucose monohydrate, 6 g L™} NaNOg, 22.37 g L KCl,
0.52 g L'} MgS04-7H,0, 1.52 g L' KH,PO, and 15 g L agar [14,15].
Additionally, 2 mL L' of Hutner’s Trace Elements (HTE) was added. The
pH was set to 6.5 with NaOH, and the medium was sterilized by auto-
claving at 121°C for 20 minutes. The trace element solution included 5 g
Ll FeSO47H,0, 50 g L1 NayEDTA, 22 g L' ZnS0,4-7H,0, 11 g L
H3BOs, 5 g L'} MnCl,-4H,0, 1.6 g L' CoCly-6H,0, 1.6 g L1 CuS04-5H,0
and1.1g L' (NH4)6Mo7024-4H50 at pH 6.5 and was sterilized via 0.2
um filtration [16]. After incubation for 6 d at 30°C, conidia were
collected in 50% (v/v) glycerol, filtered through Miracloth (Merck
KGaA, Darmstadt, Germany), quantified and stored in aliquots at -20°C.

The medium for submerged growth of A. oryzae in shake flasks (SF)
for particle immobilization was prepared following the protocol
described by Kovilein et al. [17]. The composition contained 40 g L1
glucose monohydrate, 4 g L' (NH4)2S04, 0.75 g L't KHyPO4, 0.98 g L't
K,HPO4, 0.1 g L' MgS04-7H,0, 0.1 g ! CaCl,-2H,0, 5 mg L™ NaCl and
5 mg L1 FeSO47H,0. All components except HTE were autoclaved
together. Before inoculation, 2 mL L of HTE was added to the medium
and non-sterile particles were aseptically added to sterile SF. After
cultivation, the SF were visually inspected for clarity of the medium,
growth of contaminants was not observed.

2.2. Particle synthesis and properties

Pmagy/ac fabrication was conducted via alkaline iron precipitation
and microwave-assisted synthesis and followed the protocol described
by Pfitzer et al. [9]. Briefly, Pyjag/ac were produced by microwave
irradiation of FeSO4-7H20 in an alkaline reaction medium in the pres-
ence of activated carbon (AC) particles (Alcarbon DC 1000/80 x 325,
Donau Carbon, Frankfurt am Main, Germany). 10 g FeSO4-7H20 were
dissolved in 80 mL distilled water and 1 g of AC was added. Subse-
quently, NaOH was added to adjust the pH to approximately 12. The
dispersion was placed into a microwave (Etos.lab microwave system,
MLS GmbH, Leutkirch, Germany) and irradiated at 1600 W in 15 pulses
of 100 s, with subsequent cooling phases below 60°C after each pulse.
Obtained Pyag/ac particles were harvested using a permanent neo-
dymium magnet and cleaned by multiple washing steps with deminer-
alized water and ethanol.

In order to approximate comparable particle volumes during culti-
vation, the tapped density of each particle type, as shown in Table 1, was
determined by filling a defined volume with the respective powder,
tapping, and weighing. For the Pyjag/ac composite particles, the tapped
density was approximated using the precursor material Alcarbon DC
1000/80 x 325.

2.3. Immobilization of particles during fungal growth

100 mL of Pyag/ac or magnetite containing medium was inoculated
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Table 1
Particle size and tapped density of materials used in this study. Size ranges refer
to manufacturer specifications. Pyag/ac density was not determined.

Particles Size Tapped Reference
[um] density
[gmL™]
Alcarbon DC 45 - 0.58 Donau Carbon GmbH, Frankfurt a.
1000 180 Main, Germany
Pmac/ac 100 - - [91
300
Magnetite (extra  dsp: 2.6  2.36 Kremer Pigmente GmbH & Co. KG,
fine) Aichstetten, Germany

with 2 x 10° conidia mL? and incubated in 500 mL baffled SF at 100
rpm, an orbital diameter of 25 mm and 30°C for 24 h. The concentration
of magnetite was increased 4-fold based on the ratio of tapped densities
of magnetite and Pyag/ac, providing similar volumes of submerged
particles. Cultivations were performed in biological triplicates. After
cultivation, the broth was sieved through a 0.5 mm mesh size and the
filtrate was measured for pH (Lab845, Xylem Analytics Germany Sales
GmbH & Co. KG). The description of pH measurements can be found in
Supplement 1. Immobilization of particles in the retentate pellets was
investigated after washing with demineralized water, visualization by
scanning with 2400 dpi (Perfection V600 Photo, Epson Deutschland
GmbH, Diisseldorf, Germany) and performing microscopic analysis
(Eclipse E200 LED, Nikon Instruments Europe B.V., Amstelveen,
Netherlands).

2.4. Morphological analysis of fungal pellets

Morphological image analysis was conducted using a MATLAB
R2024b script (The MathWorks, Natick, Massachusetts, United States).
Flatbed scanner images were downscaled, converted to grayscale and
pre-processed to exclude edge regions. Particle segmentation was based
on adaptive thresholding applied to the grayscale image, generating a
foreground mask that distinguishes darker structures from the back-
ground. Morphological operations were applied to suppress noise and
refine object boundaries. Object detection was performed by identifying
connected regions within the segmented mask. Detected objects were
filtered based on an aspect ratio threshold of 3, a maximum object length
of 1000 pixels, a minimum area equivalent to 0.01 mm?, an exclusion of
particles located within fixed image margins and a removal of objects
with grayscale intensity values above the 80th percentile of all detected
regions in the image. This intensity-based filtering step was applied to
exclude artifacts or reflections that are considerably brighter than the
majority of particles and are unlikely to represent relevant pellet
structures. The script can be found in Supplement 2.

2.5. Displaying magnetized biomass

In order to verify the ferromagnetization of fungal pellets, a high-
strength Ni-coated permanent magnet of grade N40 with dimensions
of 50.8 x 50.8 x 25.4 mm was positioned adjacent to a water suspension
of fungal pellets containing ferromagnetic particles. The movement and
aggregation of the indirect ferromagnetized pellets were documented
through digital imaging. Images were taken using a Samsung Galaxy
M30s (Samsung Electronics Co., Ltd., Suwon, South Korea) equipped
with a 48-megapixel main camera. Photos were captured in automatic
mode using the camera application version 11.0.15.99 without any
manual adjustments.

2.6. Immobilization of particles by short-term incubation
0.1 g A. oryzae pellets were incubated in 500 pL of 4 g L! Pyac/ac

and 28 g L! magnetite suspensions at 30°C, 1000 rpm and an orbital
diameter of 3 mm for 30 min. Immobilization was confirmed via
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microscopic analysis.

3. Results and discussion

3.1. Immobilization of particles during fungal growth

Morphology of fungal biomass at varying concentrations of Pyac/ac
and magnetite is illustrated in Fig. 1. Particle concentrations were
selected to approximate equivalent total particle volumes across both
materials, accounting for differing densities. At low concentrations,
pellets appeared uniform with few visible embedded particles. As con-
centrations rose, pellets tended to exhibit more irregular outlines and a
visibly higher number of incorporated particles. At the highest con-
centrations, the pellets appeared more heterogeneous, with dense par-
ticle inclusion suggesting altered pellet architecture. These visual trends
are quantitatively supported by image-based morphological analysis of
the 2D projected pellet area. In both series, median pellet size increased
with rising particle concentration, particularly at 1.6 g L' for Pyiag/ac
and 25.6 g L! for magnetite, respectively. Notably, magnetite supple-
mentation at 25.6 g L1 resulted in a strong broadening of the pellet size
distribution, indicating heterogeneous pellet growth.

Morphological diversity of A. oryzae pellets containing immobilized
particles is shown in Fig. 2. Particles appeared concentrated in the pellet
core, often forming dense, dark central regions. Radial hyphal
outgrowth remained visible in many cases, but was frequently altered in
symmetry and density, suggesting that particle inclusion impacted pellet
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architecture. Several images show disrupted or asymmetric morphol-
ogies, indicative of heterogeneous particle distribution and potentially
pellet restructuring. At the highest particle concentrations, pellet for-
mation was severely impaired, and large, compact agglomerates of
particles in the core regions are observed.

When particles are present during the initial growth phase, fungal
hyphae may grow around them, resulting in structural incorporation. In
this scenario, we hypothesize that particle clusters act as nucleation
points around which hyphae extend and enclose the material. This hy-
pothesis is supported by microscopy images showing radial hyphal
structures seemingly emerging from particle aggregates, as shown in
Fig. 2. Similar overgrowth has been previously described for A. niger
with TiSiO4 particles [7], although static images alone cannot prove
active encapsulation.

Adhesion of ferromagnetic particles to fungal hyphae is demon-
strated in Fig. 3. The particles appeared as dark, high-contrast structures
tightly associated with the hyphal surfaces. In several regions, they
formed continuous lines or localized clusters. This observation confirms
the particle-hypha interaction at the microscale and supports the
macroscopic findings shown in Fig. 2.

Magnetic response of fungal biomass associated with ferromagnetic
particles is shown in Fig. 4. The strength of the magnetic field increases
with decreasing distance to the magnet, following a nonlinear gradient
approximately proportional to 1> for a dipole field [18]. This field
gradient generates a magnetic force acting on magnetite-containing
fungal pellets, promoting rapid and directed aggregation. Pellets
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Fig. 1. 2D projected pellet area and scans of Aspergillus oryzae DSM 1863 pellets after 24 h growth with ferromagnetic particles. Depicted and analyzed pellets
originate from one SF per particle concentration. Images illustrate exemplary groups of pellets. Area analysis considered 500 to 2200 pellets per image. Cultivations
were performed with Xy of 2 x 10° conidia mL?, 36 g L glucose, V of 100 mL, 30°C, 100 rpm at an orbital diameter of 25 mm. pH values of cultivations are

contained in Supplement 1.
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Fig. 2. Microscopic analysis of Aspergillus oryzae DSM 1863 pellets after 24 h growth with ferromagnetic particles. For images in A, brightfield microscopy was
performed under reduced illumination intensity; images in B were acquired under standard brightfield conditions. Samples were taken after 24 h of cultivation.
Cultivations were performed with X, of 2 x 10° conidia mL!, 36 g L! glucose, V, of 100 mL, 30°C, 100 rpm at an orbital diameter of 25 mm.

grown in 6.4 g L't magnetite showed the strongest response, forming
dense layers even at larger distances. In contrast, pellets grown in 1.6 g
L1 magnetite and 1.6 g L! Pymag/ac exhibited moderate attraction,
indicating lower magnetic susceptibility at larger distances.

The observed magnetic attraction demonstrates that particle-infused
fungal biomass can be effectively manipulated under an external mag-
netic field, enabling potential applications such as biomass separation
from liquid media for cell recovery, for example through filtration
retaining cells via a magnetic field [19]. For readers seeking a
comprehensive introduction to the physical principles underlying
magnetic separation and the characteristics of magnetic particles in
biological systems, several recent reviews provide detailed discussions
of magnetic particle synthesis, magnetic forces and bioseparation
methodologies [20-22]. Moreover, magnetic fungal pellets could be
immobilized using external magnets in continuous cultivation by sup-
porting natural surface adhesion through magnetic attraction [23].
Similar to magnetic levitation of single cells by Durmus et al., external
magnetic fields could be used to levitate particle-infused fungal biomass,
allowing for precise spatial positioning and research in the absence of
wall-induced distortions [24]. Magnetic immobilization could also allow
biomass to remain suspended in solvents with mismatched polarity and
density. Similar to the adsorption of S. oneidensis by Pfitzer et al., other
microorganisms could be adsorbed onto activated carbon, facilitating

interactions within the fungal pellets and fostering the development of
novel microbial ecosystems [9].

3.2. Immobilization of particles by short-term incubation

Fungal pellets grown after 24 h of cultivation without particles were
incubated with ferromagnetic particles for 30 min. Microscopic analysis
in Fig. 5 revealed that the mycelium retained these particles within the
pellet structure. Notably, particle accumulation followed a concentric
pattern, with the highest density observed around the pellet core. The
core region remained brighter in phase contrast images, indicating a
comparatively lower particle content in this area.

These observations demonstrate that particle incorporation can
occur after pellet formation, allowing magnetic functionalization of the
biomass without interfering with pellet growth or morphology. Such an
approach is particularly advantageous, as high concentrations of
magnetite may negatively affect fungal growth. Inhibitory effects of
magnetite have been reported across a wide range of fungal genera,
including Trichothecium, Cladosporium, Penicillium, Alternaria, and
Aspergillus [25,26]. Similarly, high amounts of activated carbon could
potentially impair growth due to its adsorptive properties, sequestering
nutrients from the medium [27].

The particles were not removed by washing and withstood rapid
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Magnetite

130 pm

Fig. 3. Microscopic analysis of Aspergillus oryzae DSM 1863 pellets after 24 h growth with ferromagnetic particles. Images were taken with phase

contrast microscopy.

shaking, implying strong mechanical fixation or physicochemical
retention. Based on previously reported properties of Aspergillus conidia
and hyphae, and the known surface characteristics of Pyag/ac and
magnetite, several mechanisms are proposed as plausible explanations
for this behavior: Hyphal surfaces are not smooth; local roughness,
vesicles or extracellular structures may enhance mechanical adhesion
through microscale interlocking with porous or irregular particle sur-
faces [28]. Similarly, previous work has shown that the topography of
the surface to which spores attach strongly influences adhesion [29]. In
addition, a viscoelastic matrix composed of polysaccharides or glyco-
proteins may act as biological glue, capturing particles more effectively
[30-32]. In particular, galactosaminogalactan, a functional component
of this extracellular matrix, can remain associated with the hyphal
surface and influence adhesion. Moreover, studies have provided evi-
dence that negatively charged carbohydrates on the surface of Asper-
gillus conidia contribute to adhesion via electrostatic interactions [33].
Evidence for this mechanism comes from the negative (-potential of
Aspergillus conidia across the pH range from 2 to 6, in contrast to the
positive surface potential of magnetite below pH 5 [34,35]. Given the
pH drop to around 2 during fungal growth, it is plausible that Aspergillus
conidia electrostatically adhere to the surfaces of Pyjag/ac Or magnetite
particles under such conditions. In contrast to particle incorporation
during pellet growth, microscopy of experiments where pre-grown
pellets were incubated with particles revealed rapid penetration and
retention of particles primarily within the peripheral regions. This in-
dicates a mechanism based on physical entrapment, likely driven by
capillary forces and the porous architecture of the mature mycelial

network [36].
4. Conclusion

This study demonstrates the successful incorporation of functional
magnetic Pyag/ac particles into A. oryzae pellets during and after fungal
growth. Morphological analysis based on image processing revealed a
concentration-dependent increase in pellet size accompanied by internal
particle agglomeration. The method of particle incorporation, either
during pellet growth or through short-term post-cultivation incubation,
strongly influenced particle distribution within fungal pellets, indicating
that structural incorporation and physical entrapment contribute to
particle immobilization. These findings provide a foundation for the
development of magnetically addressable fungal biocatalysts and open
new avenues for process intensification, optimizing biomass handling
and downstream processing.
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Fig. 4. Magnetic attraction of Aspergillus oryzae DSM 1863 pellets with immobilized Pyag,ac and magnetite in demineralized water. Pellets originate from fungal
growth in medium suspensions containing 1.6 g L'! Pyag/ac and 1.6 g L or 6.4 g L'! magnetite, respectively. Images were taken after pellet movement had ceased.
Image at < 1 cm distance of pellets from cultivation with 6.4 g L™} magnetite was omitted due to intense attraction between the glass vessel and the magnet.
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3.2 mm

Fig. 5. Microscopic analysis of Aspergillus oryzae DSM 1863 pellets after 30 min incubation with ferromagnetic particles. For images in A, brightfield microscopy was
performed under reduced illumination intensity; images in B were acquired under standard brightfield conditions. 500 L of 4 g L! Pyag/ac and 28 g L'! magnetite
suspensions in demineralized water were incubated with 0.1 g A. oryzae pellets at 30°C, 1000 rpm and an orbital diameter of 3 mm for 30 min.
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