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Abstract The increasing occurrence of pharma-
ceutical compounds in aquatic environments poses
significant ecological and public health challenges
due to the persistence and bioaccumulation poten-
tial. While Aspergillus flavus and Cunninghamella
elegans have demonstrated efficacy in removing
heavy metals and dyes, their potential for pharmaceu-
tical bioremediation remains unexplored. This study
investigated these fungi capacity to degrade three
persistent fluorinated pharmaceutical-atorvastatin
(ATO), ciprofloxacin (CIP), and fluoxetine (FLX),
through an innovative biofilm-based approach. Using
polyurethane foam (PUF) as a carrier in two differ-
ent configurations (fixed foam (PUF-F) and moving
foam (PUF-M)), the performance of both fungal spe-
cies was evaluated. C. elegans biofilms on PUF-F
demonstrated high removal efficiencies of 97.3% for
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ATO and 97.7% for CIP, while A. flavus achieved
92.4% FLX reduction in the same system. Notably,
the biofilm-based systems consistently outperformed
carrier-free cultures, confirming the advantage of
immobilized fungal growth. Kinetic analysis indi-
cated pseudo-first-order degradation with remarkably
short half-lives (1.0-1.7 days), surpassing reported
values for white-rot fungi. Although adsorption con-
tributed minimally (< 10%) to overall removal, spe-
cies-specific biofilm characteristics emerged as key
factors: C. elegans exhibited superior surface hydro-
phobicity (0.76) and stress resistance, whereas A. fla-
vus developed denser extracellular matrices. These
findings highlight the potential of tailored fungal
biofilm systems for efficient removal of recalcitrant
pharmaceutical, presenting a promising biological
solution for wastewater treatment applications. The
study provides critical insights into species-specific
degradation mechanisms and operational parameters
that could guide the development of scalable fungal
bioremediation technologies.

Keywords Fungal biofilm - Fungal biodegradation -
Bioremediation - Extracellular Enzymes -
Polyurethane Foam

Introduction

Pharmaceutically active compounds (PhAC) have
been identified as emerging pollutants, garnering
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international attention on their environmental fate
and impact. These compounds have been detected
in wastewater (WW) effluents and receiving rivers,
as conventional WW treatments are not optimized
for PhAC removal, leading to their persistence in
effluents (Bijlsma et al. 2021; Gupta et al. 2024). To
address this, alternative technologies such as mem-
brane bioreactor (Werkneh 2022) and activated car-
bon adsorption (Rueda-Marquez et al. 2021) have
been used. Also, chemical techniques like ozona-
tion (Tang et al. 2020) and oxidation (Rayaroth et al.
2016) have been applied. Alternatively, biological
methods have been employed either independently or
in conjunction with other processes such as ozona-
tion. Membrane bioreactors have a higher operational
cost than integrating biological treatment (Lee et al.
2012). Furthermore, biological treatments are more
energy-efficient and generate less waste than mem-
brane bioreactors, improving their cost-efficiency
and sustainability (Liang et al. 2019; Carneiro et al.
2020). Fungi possess significant potential to break
down PhAC and mitigate their environmental risks
through various mechanisms, including adsorption,
intracellular uptake, and enzymatic breakdown by
both intracellular and extracellular enzymes (Desh-
mukh et al. 2016). White-rot fungi (WRF) like
Trametes versicolor, Phanerochaete chrysosporium,
and Ganoderma lucidum have been investigated for
PhAC removal (Cruz del Alamo et al. 2020).
Fluorinated PhAC pose unique challenges for bio-
degradation due to the exceptional stability of the car-
bon—fluorine (C-F) bond, one of the strongest cova-
lent bonds (Han et al. 2021). The electronegativity
of fluorine and the bond’s low polarizability render
these compounds resistant to removal by the conven-
tional WW treatment processes, leading to environ-
mental persistence (Zhang and Liang 2023). WRF
have been widely studied for PhAC degradation, their
efficiency varies significantly for different fluorinated
compounds, likely due to limited enzymatic specific-
ity toward C-F bonds (Kézka et al. 2020; Cruz del
Alamo et al. 2020). Among the fluorinated PhAC,
three commonly prescribed representatives include
fluoxetine (FLX), ciprofloxacin (CIP), and atorvas-
tatin (ATO), which represent an antidepressant, an
antibiotic, and an antilipidemic agent, respectively.
These three PhAC have been detected in WW effluent
worldwide (Halling-Sorensen et al. 2000; Kwon and
Armbrust 2006; Ottmar et al. 2012). Several WRFs
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exhibit species-dependent degradation efficiencies,
with demonstrated removal efficiencies of 70-95%
for CIP by T. versicolor (Prieto et al. 2011) and Pleu-
rotus ostreatus (Singh et al. 2017), 22-70% ATO by
P. ostreatus and T. versicolor (Rodriguez-Rodriguez
et al. 2012; Koézka et al. 2023), and 23-84.9% for
FLX by P. ostreatus, P. chrysosporium, and Bjer-
kandera Adusta (Rodarte-Morales et al. 2011; Kdézka
et al. 2023) Notably, G. lucidum showed negligible
CIP degradation (Chakraborty and Abraham 2017).

C. elegans has been used as an in vitro model of
PhAC biotransformation (Palmer-Brown et al. 2019),
and high biodegradation capacity for heavy metal,
chemical and dyes was shown (Sobon et al. 2016).
Meanwhile, A. flavus, with its versatile enzymatic
potential (Chang and Ehrlich 2010), has a wide range
of biotechnology applications. For example, non-afla-
toxigenic strains have been extensively used to reduce
aflatoxin production in crops (Dorner 2004), and
enzyme production (Chellapandi 2010). Also, A. fla-
vus demonstrated promising ability to remove pollut-
ants like reactive blue dye (Mousavi et al. 2016), acid
brown dye (Ghosh et al. 2018) and malachite green
(Ali et al. 2009) as well as other heavy metals and
harmful substances (Kapoor et al. 1999; Adegunlola
et al. 2010; Sangeetha Devi et al. 2015; Mukherjee
2016; Ghosh et al. 2016; Kumar and Dwivedi 2019a,
b). Polyurethane foam (PUF) is considered as an ideal
carrier for biofilm formation due to its open struc-
ture, high porosity, low density, large specific area,
non-biodegradability, and physical strength (Zhao
et al. 2019). Several studies have confirmed its suit-
ability as a support matrix for biofilm development,
along with associated enzymatic activities (Gutiér-
rez-Acosta et al. 2012; Chu et al. 2014; Benes et al.
2020).

While lignin-dependent WRF like T. versicolor
have been extensively studied for PhnAC degradation,
their reliance on ligninolytic enzymes limits efficacy
in lignin-deficient environments such as municipal
WW. In contrast, A. flavus and C. elegans utilize ver-
satile enzymatic capacity that enable efficient break-
down of PhAC independent of lignin, making them
adaptable to diverse environments and further scala-
bility. Their metabolic flexibility, combined with bio-
film formation ability, addresses two critical gaps in
fungal bioremediation: (1) the need for systems oper-
ational in low-lignin environments, and (2) enhanced
substrate-enzyme contact via immobilization. This
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study is the first to compare the biofilm-based and
planktonic modes of A. flavus and C. elegans for the
removal of fluorinated PhAC (ATO, CIP, FLX). This
work hypothesizes that immobilized biofilms enhance
the degradation of fluorinated PhAC via prolonged
enzymatic activity and adsorption, offering a viable,
lignin-independent alternative to traditional WRF-
based systems and expanding the applicability of
non-ligninolytic fungi in targeted PhAC remediation.

Materials and methods
Materials

PhAC standards (>98% purity) of atorvastatin, cip-
rofloxacin, and fluoxetine were obtained from Sigma-
Aldrich (Darmstadt, Germany). All culture media
(potato dextrose agar/broth, Sabouraud dextrose agar/
broth) and solvents (acetonitrile, methanol, ethyl
acetate, trifluoroacetic acid) were also obtained from
Sigma-Aldrich. Deionized water was prepared using
a MilliQ® purification system. C. elegans DSM 1908
was maintained on Sabouraud dextrose agar at 28 C
for 5 days, spores from 5-day-old cultures were har-
vested using 100 mL of 0.85% sterile saline solution.
A. flavus link S44-1, obtained from the Department of
Bioprocess Technology (Universiti Putra Malaysia),
was cultured on potato dextrose agar under identical
conditions, with spore suspension prepared in 0.1%
Tween 80 solution. ATO and FLX stock solutions
were prepared separately by adding 100 mg of each
drug to 10 mL of N, N dimethyl formamide yielding
a final concentration of 10 mg/mL. CIP was prepared
by adding 100 mg of CIP to 10 mL of HCI solution
(0.1 N) yielding the same concentration.

Culture conditions and optimization

The fungal cultures were grown in 250-mL Erlen-
meyer flasks containing 100 mL of sterile broth (Sab-
ouraud dextrose for C. elegans; potato dextrose for
A. flavus) inoculated with 10° spores/mL. PUF car-
riers were sterilized by overnight immersion in 70%
ethanol, followed by thorough washing with deion-
ized water and drying to constant weight. Two PUF
configurations were employed: 1 cm® cubes (PUF-
M) with ten pieces per flask, and rectangular strips
(1x1x18.5 cm, PUF-F) placed along the flask base.

Fungal-carrier attachment was evaluated after 7 days
of incubation at 28 °C with 150 rpm agitation. Opti-
mal conditions were determined by testing agita-
tion speeds (100-250 rpm) and inoculum densities
(10*-107 spores/mL). Three biological replicates
were performed in all experiments to ensure statisti-
cal reliability.

PhAC removal

In PhAC removal experiments, each fungal strain was
inoculated at a concentration of 10® spores/mL (10%
v/v) in 90 mL of appropriate medium within 250-mL
Erlenmeyer flasks. Three experimental conditions
were established: (1) carrier-free control, (2) PUF-M
(1 cm? cubes), and (3) PUF-F (1x1x18.5 cm strips).
Following 48 h of pre-culture at 28 °C with 150 rpm
agitation, 100 pL of sterile drug stock solutions con-
taining ATO, CIP, and FLX were added (10 ug/mL
final concentration). PhAC concentrations were quan-
tified by HPLC at 24, 72, 120, and 168 h to determine
degradation kinetics. To differentiate adsorption from
biodegradation, fungal cultures were grown for 48 h,
heat-inactivated by autoclaving (20 min at 121 ‘C),
and subsequently supplemented with PhAC stock
solution. Three separate biological replicates were
operated for each shaking flask setting. Parallel biotic
controls (without PhAC) were maintained under
identical conditions to assess analytical interference
(matrix effect). A separate biomass-free experiment
was conducted under the same conditions (7 days,
28 C and 150 rpm) to serve as abiotic control and
PhAC concentrations were normalized against abiotic
controls to isolate biological degradation.

Removal kinetics and initial concentration effect

To evaluate the initial drug concentration impact on
biodegradation performance, an experiment with var-
ying PhAC loadings was conducted. After establish-
ing 48 h fungal cultures, the cultures were spiked with
ATO, CIP, and FLX to achieve three distinct initial
concentrations (5, 30, and 60 ug/mL) while maintain-
ing identical incubation conditions (28 ‘C, 150 rpm
agitation). The degradation data were fitted to multi-
ple kinetic models to determine the most appropriate
removal mechanism. Among these, the pseudo-first-
order model provided the best fit (highest R? value)

@ Springer



83 Page 4 of 13

Biodegradation (2025) 36:83

for all tested PhAC, as described by the equation
below:

Pseudo first order (InCt = —kt + lnCO) €]

where C; is PhAC concentration at time ¢ (ug/mL), C,
is the initial concentration (ug/mL), k is pseudo-first-
order rate constant (h™!), and 7 is incubation time (h).
The corresponding half-life (z ,) was calculated as

t1, =In(2)/k = 0.693/k )

Fungal biofilm characterization

The surface characteristics and morphology of PUF
were analysed using a microscope at 40X magnifi-
cation, with the pore diameter was calculated as the
average of 10 measurements using Motic® Images
Plus software (Version 2.0). Fungal cell hydrophobic-
ity was determined through the microbial adhesion
to hydrocarbons (MATH) method to calculate hydro-
phobicity percentage using the equation below:

H=1-0D/0D, 3)

The PUF-biofilm attachment was assessed at 12 h
intervals, and after a 48 h period, adhesion strength
was examined under challenging conditions involv-
ing sonication (30 W/L) and mechanical stirring
(1500 rpm) for 30 min in 4 M NaOH solution at 30°C.
To ensure reliability, the experiment was performed
in triplicate. The extracellular matrix (ECM) from
48 h old biofilms composition was analysed for car-
bohydrates (phenol-sulfuric acid assay) and proteins
(Bradford assay) contents. Biofilm morphology was
examined using scanning electron microscopy (SEM)
after glutaraldehyde fixation and gold coating under a
JEOL IT 100 SEM.

HPLC method

Centrifugation was performed at 2500 x g for 15 min
at 37 C, then the supernatant was subjected to extrac-
tion using 50 mL ethyl acetate. The organic extract
was dried using sodium sulphate, and evaporated to
dryness at 72 °C. The vaporization residue was dis-
solved in 3 mL of methanol and transferred into 2-mL
test vial. PhAC were quantified using reversed-phase
high-performance liquid chromatography (RP-HPLC)
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(Sykum®, S 500, Germany) equipped with a C,4 ana-
lytical column (250 mm X 4.6 mm, 5 pm particle size)
and ultraviolet detector, and data were acquired and
processed using Clarity software. The mobile phase
consisted of 0.1% trifluoroacetic acid (solution A)
and acetonitrile (solution B) with a gradient elution
program: initial 10% B (0 min), increased to 30% B
(12.5 min), held at 30% B (50 min), raised to 60%
B (60 min), then returned to 10% B (62.5 min) and
maintained until 80 min. The flow rate was main-
tained at 0.24 mL/min with the column temperature
set at 25 “C. Compound identification was achieved
by comparing retention times with standards, while
quantification was performed using peak area meas-
urements against calibration curves with linearity
range of 1-15 pg/mL. The LOD, LOQ, and other sta-
tistical data were presented in Supplementary Mate-
rial S1.

Statistical analysis

All statistical analyses were conducted using Orig-
inPro® software (v10.0.5.157, OriginLab Corpora-
tion). PhAC removal efficiencies were expressed as
mean=+standard deviation. Significant differences
between treatment groups were determined using
t-test (p<0.05), with all experiments performed in
triplicate to ensure analytical reliability.

Result and discussion
PhAC removal

Both fungal species demonstrated effective removal
of all three target compounds, albeit with distinct
patterns. A. flavus achieved 91.6% FLX removal in
PUF-F systems within 24 h, while C. elegans showed
comparable performance (89.1%) in carrier-free con-
ditions. CIP removal was exceptionally efficient, with
both fungi achieving more than 95% removal within
the first 24 h in carrier-free systems. For ATO, C.
elegans in PUF-M configuration showed progressive
removal, reaching 96.3% by 168 h, compared to A.
flavus, which attained 89.5% in PUF-F at 24 h as
shown in Fig. 1.

Statistical analysis of PhAC removal revealed dis-
tinct patterns. For FLX, ANOVA analysis showed
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no significant differences between A. flavus and C.
elegans (p>0.05) or across carrier configurations
(p>0.05). In contrast, CIP and ATO removal dif-
fered significantly between species (p <0.05), with C.
elegans demonstrating superior degradation. Carrier
configurations showed no significant effect (p > 0.05).

The observed removal efficiencies surpassed
those reported in the literature for fungal treatment
of PhAC. Previous studies with WRF showed nota-
bly lower efficiencies: P. ostreatus removed only 24%
FLX after 96 h (Kozka et al. 2020), while T. versi-
color required 7 days for 90% CIP removal (Prieto
et al. 2011). In this study, ATO removal efficiency
(85-96%) were particularly superior to the 60%
reported for P. chrysosporium (Kézka et al. 2023)
and 48-70% for T. versicolor in sewage sludge (Cruz-
Morat6 et al. 2013).

The removal process followed a characteristic
triphasic pattern: rapid initial removal (0-24 h), fol-
lowed by a plateau/decline phase (24—72 h), and sub-
sequent recovery. This suggests an initial adsorption
phase followed by gradual biodegradation, consist-
ent with similar patterns reported for FLX in aerobic
granular sludge (Moreira et al. 2015) and CIP in agri-
cultural soils (Rodriguez-Lopez et al. 2022). In the
current study, adsorption accounted for < 10% of total
removal, following the order: CIP (5-9.7%)>FLX
(1.8-8.6%) > ATO (2.2-4.9%), consistent with their
respective lipophilicities (Wunder et al. 2011).

The observed differential degradation perfor-
mance between the two fungi can be mechanistically
explained by their distinct enzymatic capabilities
(Khan 2025). While specific enzyme activities were
not quantified in this study, previous genomic and
proteomic analyses have established that C. elegans
expresses a robust cytochrome P450 system capable
of oxidative processes, along with phase II conjuga-
tion enzymes that facilitate xenobiotic detoxification
(Palmer-Brown et al. 2019). Complementary studies
(unpublished data) confirmed minimal laccase activ-
ity in both species under similar conditions, sug-
gesting alternative enzymatic pathways dominate
fluorinated PhAC degradation. For A. flavus, its well-
characterized range of hydrolytic enzymes, including
proteases and esterases (Cleveland et al. 2009), con-
tribute to its superior performance against the ATO’s
lactone ring structure. These enzymatic differences
combined with species-specific biofilm architecture
(later-quantified biofilm architectural traits Sect. 3.3)

explain the observed variations in the removal of
PhAC.

In the current study, the adsorption of PhAC
onto fungal biofilms was governed by both biofilm
surface hydrophobicity and compound lipophilic-
ity, which collectively mediate electrostatic interac-
tions at the biofilm-PhAC interface. Comparative
analysis revealed that the C. elegans exhibited a
greater adsorption capacity than A. flavus, correlat-
ing with its higher measured hydrophobicity (0.76
vs 0.60). Among the tested PhAC, CIP demonstrated
the strongest adsorption affinity (5-9.7%) as shown
in Fig. 2, due to its pronounced lipophilic character,
consistent with prior reports of its superior adsorp-
tion to microbial biofilms (Wunder et al. 2011). FLX
showed intermediate adsorption (1.8-6.1% for A. fla-
vus; 6.3-8.6% for C. elegans, while ATO displayed
the lowest adsorption (2.2-4.9% for both species),
in agreement with its hydrophilic nature. However,
adsorption contributions remained minor (<10% of
total removal) across all systems, aligning with pre-
vious studies emphasizing biodegradation dominance
in fungal treatment (Manasfi et al. 2020). These find-
ings demonstrate that while physicochemical proper-
ties influence initial PhAC removal, enzymatic deg-
radation is the primary removal mechanism in fungal
systems (Velazquez and Nacheva 2017).

The three PhAC exhibited distinct effects on fun-
gal growth and biofilm development as illustrated in
Fig. 3, with A. flavus showing greater sensitivity than
C. elegans. While the biomass of A. flavus declined
by 27.4% (PUF-F) and 41.1% (PUF-M), it increased
by 20.3% in carrier-free conditions. C. elegans dem-
onstrated more resilience, with biomass reductions of
4.9% (PUF-F), 14.1% (carrier-free), and 28.8% (PUF-
M). ANOVA revealed no significant difference in
adsorption between the fungi and the culture setting
(p>0.05). However, there was a significant difference
between the three PhAC adsorptions (p <0.05).

A. flavus biofilm showed greater disruption than
C. elegans as shown in Fig. 3. Some PhAC have anti-
fungal activity, for example FLX had activity against
A. flavus (Lass-Florl et al. 2001). C. elegans dem-
onstrated relative resistance, potentially due to its
natural production of statin-like compounds (Balraj
et al. 2018). These PhAC affect biofilm formation by
interfering with quorum sensing mechanisms, as evi-
denced by the promotion of planktonic growth in car-
rier-free systems — a similar phenomenon observed

@ Springer
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Fig. 3 The impacts of FLX, CIP and ATO on A. flavus and C.
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() after 168 h incubation

with CIP in A. fumigatus cultures (Sass et al. 2022).
These results highlight the importance of species-
specific responses when considering fungal bioreme-
diation applications, particularly for systems targeting
multiple PhAC contaminants.

PhAC initial concentration effect and removal
kinetics

The initial concentration of PhAC significantly influ-
enced removal efficiency—higher concentrations led
to reduced degradation efficiency. In A. flavus cul-
tures, increasing the concentration from 5 to 60 ug/L
decreased removal efficiencies from 81 to 57% (FLX),
87% to 73% (CIP), and 78% to 64% (ATO) after
168 h. A similar trend was observed for C. elegans,

with efficiencies dropping from 98 to 84% (CIP) and
93% to 79% (ATO) at higher concentrations as illus-
trated in Fig. 4.

The observed concentration-dependent degrada-
tion patterns align with established enzymatic satura-
tion kinetics in microbial systems (Chakraborty and
Abraham 2017), mirroring reports of laccase inhibi-
tion in T versicolor at CIP>20 pg/L (Carneiro et al.
2020). At higher PhAC concentrations, the reduction
in removal efficiency reflects the competitive nature
of enzymes active sites (Palmer-Brown et al. 2019),
and the potential substrate toxicity effects on fungi at
supra-environmental levels (>50 pg/L). The retained
efficiency at lower concentrations (5-10 pg/L)
matches typical environmental detections (Bijlsma
et al. 2021). The plateau effect suggests these fungal
systems are particularly suited for polishing treat-
ments, where influent PhAC concentrations have been
pre-reduced by conventional processes.

The degradation of FLX, CIP, and ATO by A.
flavus and C. elegans adhered to pseudo-first-
order kinetics (Supplementary Material S3-S5),
as evidenced by high linear regression coefficients
(R?>0.95) (Table 1).

Pseudo first-order is commonly observed in micro-
bial systems when substrate concentrations are negli-
gible relative to biomass (Marco-Urrea et al. 2009).
This model assumes a constant enzyme concentra-
tion. Alternative models (e.g., zero-order or second
order) were also evaluated but were rejected due to
poorer fit (R?<0.85), reinforcing the dominance of

100

80

(o2}
o
1

Removal rate (%)
]
1

20 4

A. flavus C. elegans

Fig. 4 The impact of initial concentration 5, 30 and 60 pg/mL

of FLX (%), CIP (.) and ATO

and C. elegans cultures
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Table 1 Comparative kinetic parameters for FLX, CIP and ATO removals

Microorganism Drug Removal (%) Linear Rate constant (k, day'l) Half-life (t,/,, days) Reference

(time in days) regression

R

P. ostreatus FLX 24% (4) 0.92 0.03 23.1 Kozka et al. (2020)
P. ostreatus FLX >80% (4) 0.95 0.12 5.8 Kdzka et al. (2023)
P. chrysosporium ATO 22% (1 h) 0.89 0.08 8.7 Kodzka et al. (2023)
T. versicolor CIP  90% (7) 0.97 0.33 2.1 Prieto et al. (2011)
T. harzianum CIP  81% (7) 0.91 0.25 2.8 Manasfi et al. (2020)
B. adusta FLX 23-46% (14) 0.88 0.04 17.3 Rodarte-Morales et al. (2011)
A. flavus FLX 924+43%  0.99 0.41+0.02 1.7+0.1 Current study
C. elegans CIP  99.1+0.8%  0.99 0.66+0.03 1.0+0.1 Current study
C. elegans ATO 963+29%  0.998 0.43+0.02 1.6+0.1 Current study

first-order degradation mechanisms under these con-
ditions. Similar kinetics have been reported for CIP
removal (Carneiro et al. 2020), and FLX degradation
(Ericson 2010), suggesting fungal degradation often
follows this pattern at environmentally relevant con-
centrations. The short t;/, values (1.0-1.7 days) indi-
cate these fungi could achieve >90% PhAC removal
within 5 days, This high efficiency, particularly at
low concentrations (5-10 pg/L), positions A. fla-
vus and C. elegans as possible model for polish-
ing treatments in WW plants (Bijlsma et al. 2021).
The rate constants for A. flavus (0.41 day'1 for FLX)
and C. elegans (0.66 day™' for CIP) surpassed those
of other fungi (e.g., B. adusta: 0.04 day™! for FLX)
by an order of magnitude (Table 1). This disparity is
attributable to differences in strain-specific enzymatic
efficiencies.

Fungal biofilm characteristics

Both fungal species showed distinct biofilm forma-
tion characteristics in different carrier systems. A.
Sflavus achieved higher biomass yields (14.6+2 g in
PUF-F vs. 11.7+3.1 g for C. elegans), while C. ele-
gans demonstrated superior surface adhesion (hydro-
phobicity score 0.76 +0.1 vs. 0.6 +0.2 for A. flavus).
PUF-F configuration promoted better biofilm forma-
tion than PUF-M for both species (Fig. 5-1), due to
reduced mechanical disturbance and enhanced sur-
face area for attachment, consistent with previous
reports (Amadio et al. 2013). A similar advantage
was reported for the fixed carrier in C. elegans cul-
ture (Amadio et al. 2013), where an optimal biofilm
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formation was obtained in a wall-attached stainless-
steel coil. Moreover, (de Melo Souza et al. 2016) uti-
lized the same technique to develop fungal biofilm in
a bioreactor setting.

Inoculum concentration significantly affected
biofilm development, with 10° spores/mL yielding
optimal results for both species (Fig. 5-2). Lower
concentrations (10*~10° spores/mL) produced sparse
biofilms, this was evident by the presence of small,
isolated clusters of mycelium nodes, due to low ini-
tial mycelium nodulation. However, a higher spore
concentration (107 spore/mL), resulted in a low bio-
mass growth rate, due to limited oxygenation and
carbon sources during excessive mycelium nodula-
tion. (Talukdar et al. 2020) attributed the decline in
A. flavus efficiency in dense inoculum to the covering
of binding sites caused by excessive interlinking in
the fungal mycelium. Similar findings have also been
reported (Selim et al. 2021).

Optimal growth conditions were established
at 150 rpm agitation, balancing oxygenation, and
shear stress (Fig. 5-3). At low shaking speed, inad-
equate mixing and oxygen transfer may occur, lead-
ing to slower growth and lower productivity. Mean-
while, high shaking speed could lead to excessive
shear stress on the fungal cells, which can negatively
impact their viability and biofilm formation capacity.
(Elhussiny et al. 2023) reported a 56% increase in A.
flavus biomass, when the speed was increased from
100 to 200 rpm. The fluctuation of C. elegans biomass
was more intense, due to the vulnerability and limited
adaptability of the strain under stress conditions. Pre-
vious studies found that the optimum shaking speed
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Fig.5: 5-1: The fungal biomass growth range within 7 days
of incubation. A. flavus (| ), C. elegans (- = ). 5-2: Biomass

weight (g) variation with different inoculum concentrations. A.
Sflavus and C. elegans in PUF-F and PUF-M. 5-3: Different shak-
ing speed effect on biofilm formation for A. flavus and C. elegans
in PUF-F and PUF-M configuration. 5—4: The change in biomass
weight at every 12 h interval for 48 h using 10° spore/mL, A: C.

for C. elegans was 150-200 rpm (Amadio et al. 2013;
Sponchiado et al. 2019; Song et al. 2023). Species-
specific optimization is vital, where adhesion proper-
ties, carrier design, and cultivation parameters collec-
tively determine system performance.

Biofilm growth dynamics revealed significant dif-
ferences between species and carrier types. A. fla-
vus showed faster colonization rates (0.24 g/12 h in
PUF-F) compared to C. elegans (0.184 g/12 h), with
both species exhibiting approximately 50% growth
reduction in PUF-M systems (Fig. 5—4). Specific fac-
tors that could affect the attachment including the

elegans in PUF-M. B: C. elegans in PUF-F. C: A. flavus in PUF-
M. D: A. flavus in PUF-F. 5-5: The (.) associated and (.)
dissociated biomass percentage for A. flavus and C. elegans after

30 min under stressful condition in 4 M sodium hydroxide solu-
tion. A: C. elegans after sonication. B: C. elegans after mechani-
cal shaking. C. A. flavus after sonication. D: A. flavus after
mechanical shaking

carrier’s characteristics and fungi affinity, as well as
general factors like temperature, pH, and the nutri-
ent availability (Meletiadis et al. 2001). In the pre-
sent study, albeit with lower hydrophobicity, A. flavus
demonstrated a higher adhesion rate. This is consist-
ent with the previous findings that stated, hydropho-
bicity only affects the initial fungi-carrier interaction,
but the main determinant is fungi genetic makeup.
Stress tests demonstrated that C. elegans exhibited
superior carrier adhesion, retaining 40% biomass
under harsh conditions, compared to 15% for A. fla-
vus (Fig. 5-5). This highlights C. elegans potential

@ Springer
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for bioreactor applications despite having lower
growth rates.

ECM composition analysis showed that, A. fla-
vus biofilms contained threefold more carbohydrates
and 1.5-fold more proteins than C. elegans (Supple-
mentary Material S2). The hydrophilic carbohydrates
are responsible for ECM hydration and lubrication,
along with their role as binding sites for signalling
molecules, contributing to ECM structural integ-
rity. Meanwhile, proteins are hydrophobic with more
diverse chemical properties. In the present study, car-
bohydrates predominated over protein in both bio-
films. Other studies reported carbohydrates as the
main component in C. elegans ECM (Amadio and
Murphy 2010; Singh et al. 2011). In addition, A. fla-
vus has a lower protein expression in biofilm-based
cultivation (Francis et al. 2020). The SEM analy-
sis confirmed the structural difference between the
two fungal biofilms as illustrated in Fig. 6. A. flavus
biofilm formed denser hyphal network observed by
SEM (22.41+0.52 um average hyphae diameter and
8.29+2.62 um interstitial space vs. 3.93+0.41 pm
average hyphae diameter and 12.67+4.23 pm aver-
age interstitial space for C. elegans). A. flavus formed

compact, ECM-rich biofilms, C. elegans produced
more uniform structures with minimal ECM, sug-
gesting different strategies for surface colonization
(Bajoul Kakahi et al. 2019) These structural differ-
ences align with their distinct adhesion properties and
might influence their performance.

Conclusion

This study demonstrates that C. elegans and A. fla-
vus can form stable biofilms on PUF carriers, offering
an effective biological solution for removing persis-
tent fluorinated PhAC. The distinct degradation pro-
files of the two fungi, with A. flavus excelling in FLX
removal (91.6%) and C. elegans showing superior
performance for CIP (99%) and ATO (96.3%), suggest
their potential for tailored applications in treatment
systems. The predominance of biodegradation over
adsorption (<10% contribution) confirms the role
of fungal enzymatic activity as the primary removal
mechanism, supporting their use in long-term treat-
ment scenarios. However, the observed inhibition of
biofilm formation by PhAC highlights the need for

Fig. 6 A-1: A. flavus in PUF-F. A-2: A. flavus in PUF-M. A-3:
A. flavus hyphae under 40 x microscope (10° spore/mL). A-4:
A. flavus 48 h old biofilm hyphae under SEM (500 x). B-1: C.
elegans in PUF-F. B-2: C. elegans in PUF-M. B-3 C. elegans

@ Springer

hyphae under 40 x microscope (10° spore/mL). B-4: C. elegans
48 h old biofilm hyphae under SEM (500 x). (i): The detached
fungal biomass. (ii): The foam-attached fungal biomass. (iii):
The ECM inside the fungal hyphae
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gradual acclimation in real-world implementations.
These findings have practical implications for waste-
water treatment: (1) PUF-based biofilm system could
enhance removal by targeting recalcitrant PhAC, (2)
fungal combinations could be optimized for specific
contaminant profiles, and (3) carrier design should
balance biomass retention and mass transfer. The
demonstrated removal efficiencies (85-99%) at envi-
ronmentally relevant concentrations (5-60 pg/L)
position these fungal systems as promising tertiary
treatment options, particularly for facilities receiv-
ing PhAC industry effluents or hospital waste. Future
research should focus on scaling up these systems and
evaluating their performance in continuous-flow reac-
tors with non-sterile WW settings.
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