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Heavy metal contamination, particularly mercury (Hg®*), poses severe environmental and health risks even at
trace levels. Current methods face challenges such as high costs, secondary pollution, and structural
complexity, which limit global adaptability. This study presents a naturally templated engineered living
material (ELM) using Aspergillus niger mycelia functionalized with gold nanoparticles (AuNPs) for effective
mercury bioremediation. A rapid colorimetric detection system using surface-modified AuNPs, either with
conventional reductant (borate), nutrient (glucose), antibiotic (cefaclor), or ionic compound (citrate),
achieved a response within 5 seconds with a detection limit down to 5 uM. Biofilters generated from
AuNP-bound mycelia demonstrated efficient mercury removal, reducing ng+ from 5 ppb to 0.5 ppb,
outperforming conventional polyethylene filters (Pierce™ 30 uM), and meeting World Health Organization
(WHO) safety standards. The material maintained consistent performance over five reuse cycles (without

any structural deformation, allowing for additional use cycles), with progressive mercury desorption for
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Accepted 17th August 2025 potential recovery. Growth conditions (nitrogen sources, AUNP concentration, surface functionalization,

and duration of growth) could be used to influence AuUNP assembly, fungal physiology, and activity of the

DOI: 10.1039/d55u00556f composite materials. This scalable and cost-effective approach integrates nanotechnology with fungal

rsc.li/rscsus bioremediation, providing a sustainable, adaptable solution for heavy metal pollution control.

Sustainability spotlight

This contribution addresses key sustainability principles in science and engineering, including waste minimization, eco-friendly material design, and the
development of degradable functional materials for environmental remediation. Specifically, we demonstrate nanomaterial-enabled remediation of mercury
involving both detection and removal, aligning with SDG 3 (Good Health and Well-being) and SDG 6 (Clean Water and Sanitation), incorporate green synthesis
and functionalization approaches using biologically derived materials and surface modifiers (glucose, citrate, cefaclor, and borate) for the generation of
functional nanomaterials, supporting SDG 9 (Industry, Innovation and Infrastructure), emphasize reusability, recyclability, and system scalability, contributing
to circular economy strategies in line with SDG 12 (Responsible Consumption and Production), and finally, we provide insights into how biopolymer surface
chemistry influences nanoparticle assembly and bioremediation, supporting SDG 9.

filtration, are often costly, have limited selectivity, require
strong chemicals, and can cause secondary pollution.*” An ideal

1 Introduction

Environmental monitoring is crucial for detecting and
removing contaminants to ensure human and ecosystem
safety." Common toxicants include heavy metals, pesticides, oil
residues, and antimicrobial-resistant organisms.»* These
contaminants often enter water bodies, posing significant
health risks even at low concentrations.*®

Mercury (Hg>") is particularly hazardous, with toxicity risks
even at concentrations slightly above regulatory limits of 1-2
pbb.* Current remediation methods, such as chemical precipi-
tation, adsorption, ion-exchange columns, and activated carbon
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next-generation filtration system must be sustainable, cost-
effective, scalable, reusable, and environmentally friendly,
while ensuring high removal efficiency suitable for application
across diverse economic settings.®

Nanomaterials are widely used in environmental monitoring
due to their unique optical and adsorptive properties.>*® Metal-
based nanoparticles (NPs), especially gold nanoparticles
(AuNPs), have shown strong potential for mercury adsorption.*
However, most nanoparticle-based approaches rely on chemi-
cally intensive functionalization methods or matrices
(supportive mediums that embed the NPs), which often involve
hazardous chemicals and energy-intensive processes, thereby
limiting their environmental compatibility.*?
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Inspired by the natural gold accumulation ability of Fusa-
rium oxysporum,” we tested if A. niger, a robust, globally
adaptable, and well-studied fungus with similar ecology to F.
oxysporum*, could replicate or enhance bio-nanocomposite
formation while eliminating the need for synthetic modifica-
tion techniques. Unlike previous studies that focus solely on
mercury detection, we integrated removal, reusability, and
recyclability using engineered living materials by templating A.
niger mycelia as a functional matrix for gold nanoparticle
immobilization. This innovation bridges biosorption and
nanotechnology, enabling both colorimetric mercury detection
(using surface-functionalized AuNPs alone) and efficient
mercury remediation (using AuNP-functionalized mycelia)
within a single system.

We have developed a versatile bio-nanocomposite optimized
for real-world applications by tuning its microstructural proper-
ties through controlled growth conditions. This approach offers
a sustainable, bio-based platform for gold nanoparticle func-
tionalization without the use of harsh or environmentally
unfriendly chemicals. It enables high-efficiency mercury filtration
facilitated by gold nanoparticles with diverse surface properties.
Furthermore, the material acts as a nature-inspired biofilter for
Hg?" removal, capable of multiple reuse cycles while maintaining
a stable structure suitable for mercury recycling. This significantly
advances conventional mercury monitoring systems.

Our goal was to develop fungal-templated gold nanoparticle-
mycelial composites for sustainable mercury bioremediation. We
investigated the effects of nitrogen sources (nitrate vs. glutamine)
on the growth of the fungus, AuNP concentrations, and fungal
growth duration on nanoparticle immobilization and Hg>*
removal efficiency to establish a scalable and adaptable strategy.
To explore how surface chemistry influences performance, we
used four distinct capping agents: borate (a conventional reduc-
tant), glucose (a nutrient and green stabilizer), citrate (an ionic
stabilizer), and cefaclor (a repurposed antibiotic with potential
bioactivity). This approach integrates detection, removal, and
reusability into a single platform, advancing comprehensive
monitoring technologies with global applicability.

2 Materials

A. niger (A1144) was provided by Dr Matthias Brock, Nottingham
University. Gold nanoparticles (AuNPs) capped with either
borate, glucose, cefaclor, or citrate were synthesized in-house,
with their properties detailed in a previous publication (Sadaf
et al., 2024)." Potato dextrose agar (PDA) (70139), sodium
nitrate (7631-99-4), glutamine (56-85-9), phosphate buffer saline
(PBS) (P4417), mercury standard for ICP (28 941), HNO; (7697-
37-2), and HCI (7647-01-0) were purchased from Sigma-Aldrich
UK. All reagents were prepared according to the manufac-
turer's instructions.

3 Methods

3.1 Fungal culture conditions

A. niger was sub-cultured on potato dextrose agar (PDA) at 25 °C.
The freshly grown fungus was stored as a mother culture at 4 °C.
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For experiments, spores were harvested after 3-5 days of growth
on PDA, washed with phosphate-buffered saline (PBS), and
counted using a hemocytometer (NanoEntek C-Chip dispos-
able) to prepare the desired spore concentration.*® Aspergillus
strains utilize various nitrogen sources,'® with glutamine play-
ing a key role in early growth within the first 24 hours, sup-
porting A. niger's initial development without additional
activators."” Nitrate, also well-utilized by A. niger,'® serves as
a useful comparison.

The methods for gold nanoparticle (AuNP) deposition on
fungal mycelium, preparation of the AuNP-Mycelia composite
sample for analyses, evaluation of AuNP incorporation into
fungal mycelia by Scanning Electron Microscopy/Energy
Dispersive X-ray Spectroscopy (SEM/EDX), and determination
of gold concentration on mycelium using Inductively Coupled
Plasma Mass Spectrometry (ICPMS) were as reported in our
previous study;'® information is also provided in the SI (SI). The
AuNPs with different surface modifications (ionic-citrate,
nutrient-glucose,  antibiotic-cefaclor, and conventional
reductant-sodium borohydride) were crystalline, spherical
nanoparticles, with some triangular glucose-stabilized parti-
cles, all under 100 nm, and with high negative zeta potentials
between —30 to —40 mV." In this study, we have tested nitrate
and glutamine as nitrogen sources for fungal growth and
compared their effects. All other experimental conditions for
the functionalization of A. niger with AuNPs remain as previ-
ously reported.

3.2 Quantification of inorganics on AuNPs and surface
analysis

The temperature response of both ordinary fungal materials
and their respective AuNPs was assessed using thermogravi-
metric analysis (TGA) using a TGA/DSC 3+ instrument from
Mettler-Toledo International Inc., with samples heated in air
at a rate of 10°C min~" over the temperature range 30 °C to
900 °C.

3.3 Colorimetric sensing of mercury (Hg”")

The colorimetric sensing of Mercury (Hg>*) was accomplished
using a spectrophotometric method (Cary 50 Bio Ultraviolet-
Visible Spectrophotometer, Agilent Technologies). A range of
different concentrations of the heavy metal (1, 2, 10, 20, 30, 40,
50 uM) was prepared and used in the experiments. The AuNPs
system was combined with different concentrations of Hg?* in
equal volumes (1 : 1) and thoroughly mixed.*® The absorbance of
the resulting solution (2 mL) was transferred into a polystyrene
Cuvette (SARSTEDT, 10 x 10 x 45 mm) and measured at 25 °C
between 300 and 800 nm.

3.4 Physiological studies of A. niger under the effect of Au
coated nanoparticles

Sporulation was studied in triplicate using a hemacytometer to
count spores. Freshly grown mycelium was collected to gather
spores and counted to determine the average number produced
under different AuNP treatment conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 Biofiltration of mercury using AuNP-mycelia composite
microstructure

A Pierce™ Centrifuge Column with a 30 pM polyethylene filter
was used. 1 mL of 5 ppb Hg>" was added to 0.01 g of AuNP-
Mycelia composite, infiltrated for 30 min, and then centri-
fuged at 5000 rpm for 3 min. The filtrate was collected and di-
gested in aqua regia, and Hg>" was measured by ICPMS (NexION
100 ICP Mass Spectrophotometer).

3.6 Testing reusability of the AuNP-mycelia biofilters

Reusability was evaluated using ICP-MS. 1000 pL of 5 ppb
mercury solution was run across 0.01 g of composite five times,
centrifuged after 30 min, and diluted for ICP-MS analysis.
DDH,O0 at pH 8.0 was used to wash off attached mercury ions,
collected, and the eluant analysed via ICP-MS.

3.7 Analysis and statistics

Experiments were performed in triplicate. Mean values and
standard deviations from the experiment are reported. One-way
or two-way ANOVA determined significant differences among
treatment factors. Tukey's post hoc test was used for multiple
comparisons (P < 0.05). Analyses were performed using
GraphPad Prism 10.0 in triplicate, both technically and
biologically.

4 Results and discussion

In this research study, a reusable biofilter for sustainable
mercury bioremediation was developed using engineered living
materials (ELM) from Aspergillus niger mycelia, which were
bound to surface-functionalized gold nanoparticles (AuNPs)
with different capping agents (borate, glucose, cefaclor, citrate).
The study examined how growth conditions (nitrogen sources,
growth duration, and AuNP concentration) influenced the
morphological and chemical characteristics of the biofilter in
relation to the effectiveness of the proposed biofilter. Charac-
terization of the AuNPs and their efficiency in rapid mercury
detection is described first, followed by analysis of the
composite materials and their performance in mercury
removal.

4.1 Surface characterization of gold nanoparticles by
thermogravimetric analysis (TGA) for colorimetric detection
of mercury

Thermogravimetric analysis (TGA) was used to assess the
amount and extent of association between the capping agents

Tablel Amount of capping material associated with different types of
AuNPs

Type of AuNPs Capping material Amount (%)

NaBH,-reduced AuNPs Borate 51%
Glucose-reduced AuNPs Glucose 91.4%
Cefaclor-reduced AuNPs Cefaclor 25%
Citrate-stabilized AuNPs Sodium citrate 46%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and AuNPs. Thermograms revealing weight changes (TGA),
temperature differences (DTA), and heat flow (DSC) during
capping agent digestion™ are presented in Fig. SF1. Table 1 lists
the capping agent amounts on AuNPs as a % of the sample
mass.

The major changes indicating capping agent interactions
with the Au.

Au NPs include lower desorption and higher oxidation
temperatures in NaBH,-AuNPs (350-500 °C) compared to
NaBH, alone (Fig. SF1A);*® shifts in weight loss stages post-
carbonation in Glc-AuNPs (400-550 °C), suggesting stronger
interactions than free glucose (Fig. SF1B);** broader thermal
degradation ranges in cefaclor-AuNPs, compared to cefaclor
alone (Fig. SF1C); and altered decomposition patterns in Cit-
AuNPs relative to citrate alone, suggesting binding
(Fig. SF1D). Further description on the component losses
during progressive pyrolysis is contained in Fig. SF1.

TGA results (Fig. SF1) showed that glucose (91.4%), NaBH,
(51%), and citrate (46%) were present in significantly higher
amounts on AuNPs as compared to cefaclor. Their high abun-
dance, attributed to their reducing properties and/or hydroxyl
groups, may enhance sensitivity for mercury detection, partic-
ularly through interactions such as the complexation or amal-
gamation of citrate with mercury ions.”* NaBH,-AuNPs, Cef-
AuNPs, and Cit-AuNPs exhibited greater thermostability
(Fig. SF1A, C, and D, respectively).

4.2 Mercury detection by surface functionalised AuNPs

Having evaluated surface compositions, the sensitivity of
surface-functionalized gold nanoparticles (AuNPs) to mercury
(Hg>") was assessed using UV-spectrophotometry within the
concentration range of 1-50 uM (Fig. 1A-D). Rapid detection of
Hg>" (within 5 seconds) was observed, with changes in surface
plasmon resonance (SPR) properties indicating distinct
responses for each AuNP type. Images illustrating the colori-
metric changes are shown in Fig. SF2.

Glucose-stabilized (Glc-AuNPs) and sodium borohydride-
reduced (NaBH;-AuNPs) AuNPs were able to detect Hg>" at
concentrations as low as 5 uM. Glc-AuNPs showed a band shift
from 535 nm to 691 nm, while NaBH,-AuNPs exhibited a broad
shift from 524 nm to 605 nm. Cef-AuNPs (AuNPs with the
antibiotic surface) had a detection limit of 20 uM, with no
significant band shift at 528 nm. Cit-AuNP (with an ionic citrate
surface) was sensitive down to 10 uM, with an absorption band
decrease at 544 nm without significant shifts. Colour changes
from brick red to purple (NaBH,-AuNPs, Glc-AuNPs, Cit-AuNPs)
and slightly pink (Cef-AuNPs) indicated nanoparticle aggrega-
tion due to metal ion binding,* Fig. SF2. The shift in SPR peaks
indicates changes in the local dielectric environment and
surface electron density. The binding of Hg>" to surface-
functionalized groups likely causes aggregation or changes in
nanoparticle morphology, leading to observable shifts in
absorption.**

The results are consistent with insights from TGA analyses,
but NaBH,-AuNPs outperformed Cit-AuNPs in Hg”>* detection
(lower limit 5 pM), despite the relative abundance of citrate.

RSC Sustainability, 2025, 3, 4703-4713 | 4705
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Fig. 1 UV-vis Spectroscopy of AuNPs interacting with mercury at different concentrations showing the absorption patterns of (A) NaBHy4-

reduced AuNPs, (B) Glc-AuNPs, (C) Cef-AuNPs, and (D) Cit-AuNPs.

Literature indicates that colorimetric sensing of mercury by
nanoparticles can achieve detection limits as low as 11.3 pM
without complex modifications (e.g., aptamers)*, and as low as
0.7 nM with modifications such as 2-[4-(2-hydroxyethel)
piperazine-1-yl] ethanesulfonic acid (HEPES).>* This study
highlights the excellent chemical specificity of AuNPs for Hg>"
detection, the unique detection patterns of individual surfaces,
and the potential for customizing surface functionalization for
rapid, visible, and sensitive mercury monitoring. Future studies
could focus on improving detection times and colour changes
for field applications.””

4.3 Studying the growth and properties of A. niger mycelium
upon Au NP interaction under different nitrogen sources

4.3.1 Impact on the surface chemistry of mycelium. Surface
chemistry characteristics such as wettability and surface free
energy (SFE) can indicate how materials interact with bioactive
agents (e.g., AuNPs) or contaminants in solution (e.g., mercury).?®

4706 | RSC Sustainability, 2025, 3, 4703-4713

We investigated how different nitrogen sources (glutamine vs.
nitrate) influence the surface properties of A. niger mycelia,
which may provide insights into gold nanoparticle (AuNP)
deposition, mercury filtration performance, and the recyclability
of mercury from the resulting AuNP-mycelial composites. As
shown in Fig. SF3, the media-facing side (MF) of mycelia grown
with glutamine exhibited better wettability in water (Fig. SF3A).
Diiodomethane also more readily wetted the face of active growth
(GF) of glutamine-grown mycelia, suggesting a higher presence
of non-polar surface groups compared to nitrate-grown mycelia
(Fig. SF3B). Higher surface-free energy and surface energy
distribution (polar and non-polar) in glutamine-grown mycelia
may improve surface interactions, allowing for AUNP assembly
and mercury removal (Fig. SF3C).

4.3.2 Impact on mycelium morphology and sporulation.
AuNPs were introduced into Aspergillus niger cultures, where
they were naturally incorporated into the fungal mycelium,
forming templated engineered living materials (ELMs). This
approach repurposed the AuNPs from their original role in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Quantitative comparison of the physiological response of Aspergillus niger by sporulation at 30 pg mL™* of AuNPs in (A) nitrate and (B)
glutamine as nitrogen source. The level of significance: *(p = 0.05), **(p = 0.01), and ***(P = 0.001).

mercury detection to a new function within the mycelia-AuNP
composite for mercury removal. The mycelia showed physical
and physiological changes, especially concerning sporulation,
indicating fungal adjustment for AuNP deposition. After 10
days, the initial brick red colour of the AuNPs was only barely
visible in the culture medium due to significant mycelial
growth. This could be due to the fungal uptake of the AuNPs
from the growth media.* Fungal growth was proportional to the
initial AuNP concentration (20 or 30 pg mL™'). Growth
outcomes varied under the different growth conditions
(Fig. SF4A-E).
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To understand the physiological impact of the highest
concentration of AuNPs (30 pg mL ") on A. niger due to AuUNP
introduction in the fungal culture, we evaluated sporulation
under the different AuNP types in media with two different
nitrogen sources, nitrate or glutamine (Fig. 2A and B). Both are
known to support growth® and we recorded significant differ-
ences in behaviour (Fig. 2). Sporulation, a stress response and
survival mechanism, significantly increased with AuNP exposure,
except for growth in the presence of Glc-AuNPs. This could be
because the glucose on the AuNP surface, being abundant (as
indicated by TGA), provided an additional carbon source,
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Fig.3 Mycelia yield of Aspergillus niger with varying AUNP concentrations (20 or 30 ng mL™?) over 7 or 10 days. (A) Glutamine: 20 or 30 pg mL™*
of AuNPs for 7 days; (B) glutamine: 20 or 30 ng mL~* of AuNPs for 10 days; (C) nitrate: 20 or 30 ng mL~* of AuNPs for 7 days: (D) nitrate: 20 or 30
ng mL~t of AuNPs for 10 days. The level of significance: *(p = 0.05), **(p = 0.01), and ***(P < 0.001).
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offering extra nutrients to the fungus. This current observation is
consistent with our previous report on stress characterization via
melanin and biofilm assessment under the same NP groups.*®
Sporulation was reduced with glutamine as the nitrogen source
(Fig. 2B), in agreement with previous studies indicating gluta-
mine as a preferred nitrogen source for A. niger's growth.*

4.4 Optimization of conditions for the functionalization of
A. niger with AuNPs

4.4.1 Impact of nitrogen source and AuNP concentration
on mycelial yield. To evaluate how varying conditions affected
the ability of Aspergillus niger to grow and form a well-defined
mycelium for maximum interaction with the AuNPs, the
mycelial yield was assessed under different concentrations of
gold nanoparticles (AuNPs; 20 or 30 pg mL™") and nitrogen
sources (nitrate or glutamine) over incubation periods of 7 or 10
days (Fig. 3). Significant variations in yield were observed
depending on AuNP concentration, nitrogen source, and
growth duration. Generally, higher AuNP concentrations led to
lower yields, except for Glc-AuNPs, where yield was unaffected,
probably due to additional nutrients from the glucose associ-
ated with the AuNPs. With glutamine as the nitrogen source,
higher yields were produced at 30 ug mL " after 7 days (Fig. 3A),
but no significant difference was noted after a longer growth
time, except for Cef-AuNPs, which grew better at lower AuUNP
concentrations at longer incubation period (10 days) (Fig. 3B).
For nitrate as a nitrogen source, the mycelial yield was mostly
unaffected by growth duration or AuNP concentration (Fig. 3C
and D). However, lower concentrations of Cit-AuNPs resulted in
higher yields, suggesting an antifungal effect due to prolonged
interaction (Fig. 3D).*

Overall, glutamine, as a nitrogen source, resulted in signifi-
cantly higher yields compared to nitrate (Fig. SF5A-D), indi-
cating that the nitrogen source had a greater impact on yield
than AuNP concentration. Likewise, a greater quantity of nano
materials was produced in the presence of Glc-AuNPs, sug-
gesting that surface functionalization has a more significant
impact than growth period.*® A representative image of the A.
niger-AuNP composites is presented in Fig. 4. SEM/EDX anal-
yses confirmed successful AuNP functionalization of A. niger
mycelia (Fig. SF6 and SF7). Uniform AuNP coatings were
observed across all groups (NaBH,-AuNPs, Glc-AuNPs, Cef-
AuNPs, Cit-AuNPs) at 20 and 30 pg mL™! concentrations, with
slight particle clustering in Glc-AuNPs. EDX detected strong Au
bands at 2.2 keV. Cit-AuNPs showed intense sporulation
without damaging fungal spores. SEM/EDX results suggest
natural coupling processes effectively form AuNP-A. niger
composites without external agents.

4.4.2 Impact of nitrogen source and AuNP concentration
on the extent of AuNP deposition on mycelia. To optimize AuNP
deposition in the biofiltration matrix of nanoparticles and
mycelia, we evaluated the effects of different nitrogen sources,
AuNP concentrations, and growth durations on AuNP deposi-
tion. The goal was to enhance the surface area of AuNPs for
improved mercury adsorption. We tested the ELM formation at
20 or 30 ug mL ™" of AuNPs over 7 or 10 days. ICPMS results
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Fig. 4 Representative images of A. niger—AuNP composites. (A) Visual
comparison of different A. niger—AuNP composites grown using
glutamine as the nitrogen source. (1) control (no AuNPs), (2) mycelia
with NaBH4-reduced AuNPs, (3) mycelia with glucose-mediated
AuNPs (Mycelia-Glc-AuNPs), (4) mycelia with cefaclor-mediated
AuNPs (Mycelia-Cef-AuNPs), and (5) mycelia with citrate-mediated
AuNPs (Mycelia-Cit-AuNPs). (B) Schematic illustration depicting the
attachment of AuNPs to the fungal mycelia. (C). High magnification
SEM image (scale bar represents 1 pM) showing the distribution of
AuNPs on A. niger filament. The insert in Fig. 4C (scale bar represents
10 uM) shows a low-magnification SEM image depicting AuNPs
deposition on multiple A. niger filaments.

(Fig. 5A-D) showed that a concentration of 30 pg mL™" led to
higher AuNP deposition, with greater accumulation over 10
days, regardless of the nitrogen source (glutamine or nitrate)
(Fig. 5B and D).

To assess the impact of nitrogen sources (glutamine vs.
nitrate) on AuNP deposition, we evaluated their effects under
the same growth conditions (concentration and duration)
(Fig. SF8A-D). Nitrate favoured deposition after 7 days
(Fig. SF8A and B), while glutamine was preferred for Glc-AuNPs
and NaBH,-AuNPs after 10 days, and nitrate was favoured for
Cef-AuNPs and Cit-AuNPs (Fig. SF7C and D). Strong interactions
between the fungal mycelia and AuNPs, linked to their stability
(Rasmussen et al, 2020),>> these were reflected in the zeta
potential values: Cef-AuNPs: +41.5 + 12.0, Cit-AuNPs: —41.3 £+
8.49, Glc-AuNPs: —38.5 £+ 6.13, and NaBH,-AuNPs: —35.7 + 8.39
(Sadaf et al, 2024)."* This was consistent with SEM results,
showing more uniform and unagglomerated microstructures
(Fig. SF6).

Based on these results, we determined that the composite
forms most effectively at 30 ug mL~' AuNPs, with both nitrogen
sources retained for further studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AuNPs deposition on A. niger with varying AuNPs concentration (20 or 30 pg mL™) over 7 or 10 days. (A) Glutamine: 20 or 30 pg mL™* of
AUNPs for 7 days; (B) glutamine: 20 or 30 ug mL™* of AuNPs for 10 days; (C) nitrate: 20 or 30 ug mL™* of AuNPs for 7 days; (D) nitrate: 20 or 30 ug
mL~! of AuNPs for 10 days. The level of significance: *(p = 0.05), **(p = 0.01), and ***(P < 0.001).

4.5 Filtration efficiency of AuNPs-functionalized mycelial
composites for mercury removal

After optimising the conditions, we explored the ability of
fungal mycelial composites formation created at 30 ug mL™" of
AuNPs, grown for 10 days using nitrate or glutamine as
nitrogen sources, as reusable filters for mercury removal. From
our mercury filtration experiments, mercury binds strongly to
gold, possibly through amalgamation.®® These biofilters were
compared to a commercial industrial filter (Pierce™ Centri-
fuge Column with a polyethylene filter and a 30 pm pore size)
and a control sample, mycelial material grown under identical
conditions, except for the presence of the AuNPs. Cef-AuNP
and Cit-AuNP-mycelial composites were effective under both
nitrogen conditions (Fig. 6A and B), though materials grown in
the presence of glutamine as the nitrogen source were most
effective (Fig. 6A). Glc-AuNPs and NaBH,-AuNPs showed
improved performance with glutamine as the nitrogen source,
with the filtration efficiency of the NaBH,-AuNPs-mycelia
composite being much reduced and very similar to the
control with no gold NPs present. It is noteworthy that the
mycelia alone were able to achieve a certain degree of filtration.
The Glc-AuNPs, Cef-AuNPs, and Cit-AuNPs mycelial compos-
ites effectively reduced mercury levels, achieving removal rates
of up to 90% from an initial concentration of 5 ppb in certain
groups. Despite its sensitivity to mercury detection on its own,
NaBH,-AuNPs showed no significant filtration effects when
combined with mycelia. Glc-AuNPs were only effective with
glutamine as the nitrogen source. Consequently, NaBH,-
AuNPs and Glc-AuNPs mycelia composites grown in the pres-
ence of nitrate as the nitrogen source, and NaBH,-AuNPs-
mycelia composites grown in the presence of glutamine as

© 2025 The Author(s). Published by the Royal Society of Chemistry

the nitrogen source, were excluded from further studies. The
remaining groups were tested over five filtration periods to
evaluate their reusability.

According to WHO,® mercury removal from water down to
1 ppb can be achieved using methods like coagulation/
sedimentation/filtration, Poly Aluminium Chloride (PAC), and
ion exchange. Previous methods in the UK achieved up to 52.2%
removal during primary treatment and 29.5% during secondary
treatment.** Our system offers significant improvements, espe-
cially for low-level contaminated waters, fitting regulatory
requirements in countries with stringent maximum acceptable
concentration (MAC) for mercury.?>3*

4.6 Reusability of the composite in mercury filtration

Initial experiments showed the effectiveness of certain AuNPs-
fungal composite filters in mercury filtration, leading to their
selection for reusability screening. Results from five runs
(Fig. 7A and B) showed mercury concentration dropped below 2
ppb, the United States Environmental Protection Agency's
maximum allowed concentration (USEPA MAC) for mercury in
wastewater.’” Composites grown in the presence of glutamine
(Glc-AuNPs, Cef-AuNPs, Cit-AuNPs) effectively remove mercury
over five reuse cycles, demonstrating efficiency and reusability
(Fig. 7A). Composites grown in the presence of nitrate (Cit-
AuNPs, Cef-AuNPs) showed varying responses, with Cef-AuNPs
becoming more efficient over time (Fig. 7B). Materials grown
in the presence of both nitrogen sources reduced mercury to the
WHO MAC over repeated use. Mycelia composites can serve as
novel filtration systems for reducing mercury concentrations in
wastewater to levels below the WHO MAC. Differing behaviour
under the different nitrogen sources suggests that factors like

RSC Sustainability, 2025, 3, 4703-4713 | 4709
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***(P = 0.001). The starting level of mercury is 5 ppb.
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Fig. 7 Mercury filtration (from a 5-ppb solution) using AuNPs-mycelia
composites over five washes when the nitrogen source was (A)
glutamine and (B) nitrate.

surface-free energy and wettability influence filtration effec-
tiveness. For example, our surface chemistry analysis (SF3)
suggests stronger interactions when glutamine is used as the
nitrogen source. This aligns with our experimental outcomes:
the glutamine-grown group was more effective in mercury
filtration. This finding indicates that both effectiveness and
reusability of the composite can be tuned at a fundamental level
through nutrient modification, offering promising potential for
future translational applications.

4710 | RSC Sustainability, 2025, 3, 4703-4713

4.7 Recycling mercury from AuNPs-mycelia composite

After confirming the reusability over five cycles without struc-
tural deformation of the mycelial-based material, we explored
mercury recycling from the composites using ddH,O pH 8.0
desorption (Jing, et al., 2007). Our results, presented in Fig. 8A
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Fig. 8 Mercury desorption from AuNPs-mycelia composites over five
washes when the nitrogen source was (A) glutamine and (B) nitrate.
The starting level of mercury is 5 ppb.
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Table 2 Mercury recovery rates from AuNPs-mycelial composites
over five desorption cycles

Sample Hg”" recovery (%)
Glutamine

Column filter 63.80
A. niger mycelia 0.32
Glc-AuNPs-mycelia 0.22
Cef-AuNPs-mycelia 0.28
Cit-AuNPs-mycelia 0.30
Nitrate

Column filter 66.84
A. niger mycelia 14.06
Cef-AuNPs-mycelia 0.53
Cit-AuNPs-mycelia 0.90

and B, showed progressive mercury desorption over five washes
depending on nitrogen sources (glutamine or nitrate). The
percentages removed are presented in Table 2. We initially
hypothesized that ddH,O pH 8.0 desorption would be effective
based on the work of Jing et al.,*® who demonstrated that similar
conditions facilitated the desorption of heavy metals using pH
adjustments. However, our results indicate that the interaction
between the mycelial-based composites and mercury is stronger
than anticipated, leading to lower recovery rates, creating the
need for an alternative desorption system or more desorption
cycles. This underscores the eco-friendly potential of fungi in
addressing heavy metal pollution and the importance of applied
mycology intersecting with nanotechnology.

4.8 Study significance, limitations, and future directions

Generally, unlike conventional filters that often require
controlled environments or chemical pre-treatment, our bi-
ofilter operates through direct interaction with contaminants,
without external energy input or complex infrastructure. Its
non-rigid, adaptable structure allows deployment in diverse
settings. Additionally, the material is reusable with progressive
recyclability, offering long-term cost and environmental bene-
fits. This research bridges gaps in mercury remediation and
advances sustainable practices through the innovative integra-
tion of fungal materials and nanotechnology. However, this
study serves as a proof of concept specifically for mercury ions;
future work should explore performance in complex media and
with other contaminants to assess broader selectivity and
applicability.

5 Conclusion

This study focused exclusively on A. niger for mercury biore-
mediation, and findings may not apply to other strains or
pollutants. The effects of varying nitrogen sources (nitrate and
glutamine) on biofilter yield and efficiency were documented.
This study demonstrated the potential of A. niger mycelia
functionalized with gold nanoparticles (AuNPs) as sustainable,
reusable biofilters for mercury bioremediation. The composite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material effectively detected and removed mercury to levels
below the WHO maximum allowable limit. Key findings include
the significant influence of nanoparticle concentration,
nitrogen source, and growth duration on AuNP deposition, with
glutamine enhancing mycelial yield and AuNP deposition, while
nitrate favoured specific AuNP functionalization. AuNP expo-
sure increased sporulation, particularly with nitrate, aiding
nanoparticle integration. The biofilters outperformed conven-
tional industrial filters in mercury removal efficiency, and their
reusability and mercury recovery potential highlight their eco-
friendly and cost-effective attributes.
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