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Abstract

Extensive use of engineered nanoparticles has led to their eventual release in the environment. The present work aims to study
the removal of Polyvinylpyrrolidone-coated silver nanoparticles (PVP-Ag-NPs) using Aspergillus niger and depict the role
of exopolysaccharides in the removal process. Our results show that the majority of PVP-Ag-NPs were attached to fungal
pellets. About 74% and 88% of the PVP-Ag-NPs were removed when incubated with A. niger pellets and exopolysaccharide-
induced A. niger pellets, respectively. lonized Ag decreased by 553 and 1290-fold under the same conditions as compared to
stock PVP-Ag-NP. PVP-Ag-PVP resulted in an increase in reactive oxygen species (ROS) in 24 h. Results show an increase
in PVP-Ag-NPs size from 28.4 to 115.9 nm for A. niger pellets and 160.3 nm after removal by stress-induced A. niger pellets
and further increased to 650.1 nm for in vitro EPS removal. The obtained findings show that EPS can be used for nanopar-
ticle removal, by increasing the net size of nanoparticles in aqueous media. This will, in turn, facilitate its removal through
conventional filtration techniques commonly used at wastewater treatment plants.

Keywords Ag-NPs - Aspergillus niger - Bioremoval - Exopolysaccharides - Reactive oxygen species - Polyvinylpyrrolidone
(PVP)

Introduction

Engineered nanoparticles (ENPs) are produced in dif-
ferent shapes and forms. ENPs are widely used in gene
therapy, drug delivery, agriculture, industry, cosmetics,

Responsible Editor: Diane Purchase

< Ola M. Gomaa
ola_gomaa@hotmail.com

Microbiology Department, National Center for Radiation
Research and Technology (NCRRT), Egyptian Atomic
Energy Authority (EAEA), Cairo, Egypt

SmartState Center for Environmental Nanoscience and Risk
(CENR), Department of Environmental Health Sciences,
University of South Carolina, Columbia, SC, USA

Marine Science Center, University of Basrah, Basrah, Iraq

Integrative Mycology Lab, Department of Environmental
Health Sciences, University of South Carolina, Columbia,
SC, USA

E Myclogics LLC., Alexandria, VA, USA

Broadwell College of Business and Economics, Fayetteville
State University, Fayetteville, NC, USA

bioremediation, imaging, and diagnostics (Missaoui et al.
2018). In particular, silver nanoparticles (Ag-NPs) are con-
sidered one of the most produced nanoparticles due to their
diverse applications. ENPs are used as an anticancer agent
(Almalki and Khalifa 2020), anti-inflammatory and antioxi-
dant (Alkhalaf et al. 2020). They are used for dye degrada-
tion (Kazancioglu et al. 2021), removal of anthropogenic
pollutants from water (Sherin et al. 2020), for treatment of
wastewater (Qu et al. 2013), in biosensors (Tran et al. 2020),
signal amplification (Hou et al. 2020), and in detection of
SARS-COV2, treatment of COVID-19 and in preparation
of SARS-COV vaccines (Duan et al. 2021). According to
EPA fact sheet nanomaterials (EPA 2017), 1800 consumer
nanomaterial products have reached the market since 2014.

Unfortunately, the enormous development in nanoma-
terial fabrication and applications has prompted questions
about their long-term accumulation in the environment and
human surroundings (Radziun et al. 2011; Kik et al. 2020).
Accidental release into soil and sewer systems was reported
to affect the viability of soil microflora and activated
sludge bacteria which eventually affect their performance
(Gomaa 2014). ENPs can easily reach water and drinking
facilities (Lawler et al. 2013), resulting in acute toxicity and
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bioaccumulation of Ag-NPs aquatic organisms (Lacave et al.
2017). They reside, eventually, in aquatic sediments lead-
ing to their predominance as an environmental exposure
path to plants and animals posing risks to human health via
the food chain (Zhao et al. 2021). Different toxicity studies
were conducted to evaluate the extent of damage exerted by
ENPs (Marimon-Bolivar et al. 2019; Liu et al. 2019). The
toxicity can take place via skin, inhalation, and ingestion
and can cause oxidative stress, inflammation, DNA dam-
age, apoptosis, and translocation inside organs and tissues
leading to secondary toxicity (Missaoui et al. 2018). ENPs
are coated with different organic materials for biocompat-
ibility. Coatings such as citrate, polyvinylpyrrolidone (PVP)
and branched polethyleneimine (BPEI) are added to provide
stability and effective dispersion (Silva et al. 2014). Wang
et al. (2021) reported that PVP coating reduces the size of
ENPs and this makes them travel faster within soil due to
the increased steric hindrance as compared to bare Ag-NPs.

ENPs, in general, have been reported to be successfully
removed via coagulation, flocculation, filtration (Lawler
et al. 2013), biotransformation (Marimuthu et al. 2020)
and aggregation (Zhang et al. 2020). However, bioremoval,
using microorganisms and their metabolites, is still consid-
ered cost-effective, efficient, and environmentally friendly
as compared to other chemical and physical treatments
(Khan et al. 2012; Oh et al. 2015). The interaction between
microbes and metals can take place via metabolism-depend-
ent or independent pathways, rendering the metals less toxic
or less available to prevent their leaching in the environment
magnifying the problem (Gupta and Diwan 2017). By anal-
ogy, ENPs removal is approached in a way that resembles
heavy metal removal.

The interaction between ENPs and biological material
is controlled by different parameters; one of the most criti-
cal parameters controlling this nano-bio interaction was
reported to be surface charge (Silva et al. 2014). The sur-
face charges are the result of the presence of different func-
tional groups in a biological material. Fungi are known to
remove heavy metals and other pollutants through interac-
tion between metal cations and fungal cell wall functional
groups such as carboxylic, hydroxyl, amine, sulfate and
phosphate groups through complexation, ion exchange, or
through physical adsorption (Viraraghavan and Srinivasan
2011; Qin et al. 2020). Fungi can also produce exopolysac-
charides (EPS) in the presence of heavy metals as a result
of stress. This stress response produced EPS can help in the
exclusion of heavy metals from the media and can be used in
heavy metal removal strategies (Mohite et al. 2017). Fungal
EPS are macromolecular structures with unique conforma-
tions, interesting properties for industrial, medical, and envi-
ronmental applications. Its production is highly dependent
on the media composition and physical growth conditions
(Mahapatra and Banerjee 2013). EPS can be produced and
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remain bound to the surface or released in the media, while
the latter can be collected, purified, the former provides an
additional layer to fungi, thus providing a larger surface area
for metal or ENPs adsorption. From this standpoint, the pre-
sent work aims to provide insight on PVP-Ag-NPs removal
from aqueous media using Aspergillus niger and to depict
the role of exopolysaccharides in the bioremoval process.

Materials and methods

Fungi and growth under exopolysaccharide
producing conditions

Aspergillus niger isolated and characterized in previous work
(Gomaa et al. 2013). A proper dilution of A. niger spore
suspension was used to inoculate exopolysaccharide (EPS)
producing media in g/l: Glucose 60, Peptone 20, MgSO,.
7H,0 2, KH,PO, 2, FeSO,.7H,0 0.05, pH 5.8 (Li et al.
2012), CaCl, 1 M was added to the cultivation media on the
day of inoculation to induce stress (Gomaa et al. 2013). Dif-
ferent glucose concentrations were used (0, 15, 30, 60, and
120 g/1). The flasks were incubated for 4 days at 30 °C and
150 rpm. At the end of incubation, fungal pellets were sepa-
rated from media using Mira cloth filtration, fungal pellets
were weighed after removing excess liquid. The extracellular
fluid for each flask was aliquoted in a sterile 50 ml falcon
tube, 2 volumes of 95% ethanol were added to each sample
and were left for 48 h at 4 °C on a shaker. Samples were
centrifuged at 1780 g for 15 min using Thermo Scientific
SORVALL LEGENT TR + centrifuge. The supernatant was
discarded and the pellets formed were used for EPS analy-
sis. EPS was measured as total carbohydrates using phenol
sulfuric method described in Biovision total carbohydrate
colorimetric kit user instructions. The absorbance was read
at 490 nm using SpectraMax M3, MultiMode Microplate
reader, Molecular Devices, San Jose, CA, USA. For blank
samples, water was used instead of sample. Concentra-
tions were calculated from a standard curve, glucose was
used as the standard. Concavalin A conjugate (Invitrogen
detection technologies) molecular probe was used to label
free and mycelial bound EPS. Fluorescence was detected at
555/580 nm using SpectraMax M3, MultiMode Microplate
reader, Molecular Devices, San Jose, CA, USA. Images of
EPS containing A. niger were captured using Leica model
TCS SP5; Leica Microsystems CMS GmbH, Mannheim,
Germany.

Engineered nanoparticles (ENPs) under study
ENP in this study was Ag-Polyvinylpyrrolidone (Ag-PVP)

Biopure nanospherical particles were purchased from nano-
composix (San Diego, CA, USA), 99.99% silver purity, Zeta
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potential -32 mV, diameter (TEM) 20.5 + 3.6 nm. Stock sus-
pensions were prepared using deionized water and sonicated
for 30 s at 50 W prior to each experiment to ensure uniform
particle distribution.

A. niger growth and reactive oxygen species (ROS)
in the presence of PVP-Ag-NPs

PVP-Ag-NPs were added to 24-h-old A. niger pellets in
100 ml Erlenmeyer flasks in the following final concentra-
tions: 0, 25, 50, and 100 ppm. The flasks were incubated
for 24 h at 30 °C in a rotatory shaker at 150 rpm. Fungal
weight was performed as described above. Reactive oxygen
species detection was performed according to Kenne et al.
(2018). Equal weights (0.5 g) of fungal pellets of each flask
was transferred into 9 well plate. 2°,7’-Dichlorofluorescein
diacetate (DCFH-DA) was used to quantify ROS. For each
well, 1 um DCFD-A was added to 1 ml Phosphate Buffer
Saline (PBS), mixed well, and left to incubate at room tem-
perature for 4 h in dark. Five hundred pl taken from each
well was transferred to microfuge for a quick spin, 100 pl
was transferred to 96 well plate. Readings were recorded at
490/525 nm using SpectraMax M3, MultiMode Microplate
reader, Molecular Devices, San Jose, CA, USA.

PVP-Ag-NPs removal by A. niger experiments

To depict the mechanism of PVP-Ag-NPs bioremoval, 24-h-
old A. niger pellets (1 g), A. niger culture media containing
EPS (10 ml) and EPS-induced A niger pellets (1 g), were
each placed in a separate flask, 50 ppm PVP-Ag-NPs was
added and cultures incubated at 150 rpm, 30 °C for 24 h.
PVP-Ag-NPs concentration and size were assayed as men-
tioned below. A schematic representation of the experiment
is shown in Fig. S1.

PVP-Ag-NPs UV-Vis spectrum, concentration
and size

To follow up the bioremoval of PVP-Ag-NPs from the
media, Surface Plasmon Resonance (SPR) was used. A
dual-beam UV absorbance spectrometer (UV—vis) (Shi-
madzu UV-2600 spectrophotometer, Co., Kyoto, Japan) at
a resolution of 1 nm from 200 — 800 nm wavelength range
at room temperature. Quartz glass cuvettes with an opti-
cal path length of 10 mm, requiring. Ultrahigh purity water
was used as the reference sample to take the blank spectrum
for all measurements. Dynamic light scattering (DLS) was
used to determine the particle size distribution (z-average)
of the PVP-Ag-NPs suspensions, A. niger, EPS-induced A.
niger and in vitro EPS using a Zetasizer (Nano-ZS, Malvern
Instruments Ltd., MA, USA). Inductively coupled plasma-
atomic mass spectroscopy (ICP-MS) was used to measure

Ag ENPs concentration. The samples were acidified in
68—70% nitric acid (HNOs;), trace metal grade (Fisher Scien-
tific, MA, USA), and then diluted 100-fold in 1% of HNO;,
this was used for analysis using ICP-MS (NexIONTM 350
D, PerkinElmer Inc., Waltham, MA, USA).

Bioremoval and adsorptive capacity

To determine the bioremoval and adsorptive capacity of A.
niger, EPS-induced A. niger, and in vitro (free) EPS. Initial
and residual PVP-Ag-NPs concentrations were measured as
previously described. The removal was calculated by the
following equation:

G-G
C

Removal(%) = x 100

L

where C; and C; are the initial and final lead concentra-
tions, respectively.

While the adsorptive capacity was calculated by the fol-
lowing equation:

o= <C_z;/C_f>V

where C; is the initial concentration, C; is the final con-
centration, W is the weight of the immobilized fungal myce-
lia (adsorbent) in gm, V is the volume of the sample. All the
data presented are the mean value of three readings + SE.

Results

Exopolysaccharide production using Aspergillus
niger

The increase of glucose concentration to A. niger growth
media has led to an increase in both released and surface-
bound EPS production. Figure 1a shows that EPS released
in the media increased from 12.05 to 34.2 mg/ml as con-
centrations increased from O to 120 g/1, respectively; on the
other hand, surface-bound glucose increased from 10.8 to
46.07 mg/ml, respectively. Despite the increase in EPS pro-
duction, yet the fungal growth reached its peak weight of
18.3 g/100 ml at 60 g/1 glucose concentration, but dropped to
14 /100 ml at 120 g/1. For the upcoming experiments, 60 g/1
glucose was used for media preparation. To increase EPS
production, calcium chloride was added to the media on the
day of inoculation. Figure 1b shows that EPS released in the
media increased from 16.6 to 19.7 mg/ml in the absence and
presence of calcium chloride, respectively, while surface-
bound EPS increased from 25.7 to 34.3 mg/ml in the absence
and presence of calcium chloride, respectively. On the other
hand, the presence or absence of calcium chloride did not
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affect fungal growth. Figure 1c represents the appearance
of EPS as fluorescent spots in A. niger grown in the absence
and calcium chloride-containing media.

Aspergillus niger stress response to Ag-PVP
nanoparticles

The exposure of A. niger to PVP-Ag-NPs has resulted in an
increase in reactive oxygen species (ROS) of about 4.41-fold
in intensity. The increase was directly proportional to the
concentration of nanoparticles present in the media (Fig. 2).
Although the fungus showed ROS upon exposure to the used
nanoparticles, yet the fungal growth was not compromised.

PVP-Ag-NP removal by Aspergillus niger pellet
and growth media

A. niger pellets removed about 74% of PVP-Ag-NPs, while
26% was removed by A. niger growth media (Fig. 3a). The
UV-Vis spectrum reveals the disappearance of the Ag dis-
tinct peak at 392—400 nm, the overall absorbance increased
which reflects the presence of organic macromolecules
(Fig. 3b).

PVP-Ag-NPs bioremoval using Aspergillus niger

Figure 4a shows that the removal of PVP-Ag-NP increased
after adding EPS-induced A. niger pellets. The ionized Ag
decreased 552 and 1290-fold after removal using A. niger
pellets and EPS-induced A. niger pellets, respectively.

Fig.2 Effect of adding different

PVP-Ag-NPs concentrations on

ROS and fungal weight of A.

niger after 24 h incubation 250

200

100

ROS intensity

50 @

—@-ROS intensity

Figure 4b shows the UV-Vis spectrum before and after
ENPs removal, the peak at 400 nm distinct for Ag disap-
peared after using A. niger pellets and the overall absorbance
increased.

Table 1 represents the change in sizes for the different
Ag-PVP-NPs samples. The results show that PVP-Ag-NP
sizes increased from 28.8 to 115.9 nm after incubation with
A. niger pellets, 160.3 nm after incubation with EPS-induced
A. niger pellets, and 650.1 nm when A. niger growth media
containing 100 mg/ml EPS was used for bioremoval. The
adsorptive capacity of the different samples increased from
1.28 to 2.85 mg/g and further increased to 3.45 mg/g when
EPS (100 mg/ml) from media was used.

Discussion

Exopolysaccharides are omnipresent biomolecules that
have functional groups and can adsorb different pollut-
ants (Banerjee et al. 2021). Both media composition and
physical conditions play an integral role in the production
and composition of EPS by fungi (Mahapatra and Baner-
jee 2013). While it is commonly reported that glucose,
peptone, and magnesium sulfate are the key elements in
EPS production by fungi (Li et al. 2012, Sharmila et al.
2017), yet stress was also reported to induce EPS produc-
tion as means of protection (Mohite et al. 2017). In previ-
ous work, calcium chloride was reported to induce stress
in A. niger (Gomaa et al. 2013). Calcium chloride was also
reported to be among the media components inducing EPS

-@-Fungal weight

Fungal growth (mg/50 ml)

50 75 100 125
PVP-Ag-NPs (ppm)
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production in fungi (Mahapatra and Banarjee 2013). The
increase in fluorescence spots in A. niger grown in cal-
cium chloride supplemented cultures reflects the increase
in EPS production confirming that calcium chloride can
induce EPS in the present study. The fluorescent spots
reflected the intensity of the mannose and glucose bind-
ing conjugate dye Concavalin A used to tag EPS.
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EPS produced from bacterial, algal, and fungal origin
are recommended as surface-active agents for heavy metal
removal via adsorption of heavy metal cations onto the
negative charge of EPS functional groups, this process is
metabolism-independent (Rasulov et al. 2013). PVP-Ag-NPs
have a net surface charge of -32 mV (according to the manu-
facturer’s certificate of analysis), this suggests that removal
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Fig.4 a Residual, attached
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after 24 h incubation with A.

Attached to cells

® Residual in media lonized

niger and EPS induced A. niger 100
pellets as compared to stock Ag-
PVP-NP. b UV-Vis spectrum 90 I
of PVP-Ag-NP before and after
bioremoval using A. niger pel- 80
lets and EPS induced A. niger 9 I
pellets < 70
©
3 60
£
2
a 90
<
vy 40
<
£ 30
o
20
10 ~
0
PVP-Ag-NP A. niger EPS induced A. niger
b ——PVP-Ag-NP —A. niger ——EPS induced A. niger
3
05
0.45
0.4
25 0.35
03
h 0.25
o 02
) \ 0.15
\ 0.1
\ 0.05

Absorbance
/‘

0.5

0 - i
250 350 450 550 650 750

250 300 350

of the ENPs will not depend on physicochemical adsorption
since EPS also has a net negative charge. EPS is polyanionic
due to the different functional groups comprising its back-
bone (Banerjee et al. 2021). However, in the presence of
PVP-Ag-NPs, ROS was found to increase upon the increase
in NPs concentration in the media. On the other hand, fun-
gal growth was not affected by the presence of PVP-Ag-
NPs. This result is an indication that sublethal doses of

400 450 500 550 600 650 700 750

Wavelength nm

nanoparticles are still a threat and can cause stress to living
cells. PVP coating of nanoparticles is used to avoid agglom-
eration, decrease particle size and ensure uniform dispersion
(Gharibshahi et al. 2017). Silva et al. (2014) reported that
the difference in net surface charge between the nano-bio
interface can be the cause behind toxicity. This places PVP-
coated ENPS at the lower end of the toxicity spectrum (as
compared to the other tested organo-coatings) since both
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Table 1 Size (nm) and adsorptive capacity (Q,) of different samples
after bioremoval

Sample Size (nm) Adsorptive
capacity (Q,)
mg/g

PVP-Ag-NP 28.43 -

A.niger 1159 1.28 +0.01

EPS induced A. niger 160.3 1.85+0.01

EPS (100 mg/ml) in media 650.1 3.35+0.08

EPS and PVP-Ag-NPs have net negative charges. Although
this explains the viability of A. niger after the addition of
PVP-Ag-NPs, yet it doesn’t mean that they present no toxic-
ity. The obtained results show ROS as a stress response to
PVP-Ag-NPs. Moreover, ROS production was reported to
cause the removal of PVP coat from PVP-Ag-NPs (Zhang
et al. 2020), thus exposing Ag divalent cation. This, in turn,
can result in adsorption of Ag™™ to the negatively charged
EPS or negatively charged fungal cell wall (Gupta and
Diwan 2017). This renders ROS production a mechanism
for PVP removal, Ag°® would undergo oxidative dissolution
to Ag**, which in turn facilitates biotransformation via chlo-
rination, oxidation or sulfidation to produce AgCl, Ag,0,
and Ag,S; this reduces its toxicity and is considered another
path toward nanotoxicity mitigation (Marimuthu et al 2020).

From our perspective, both fungi and their produced EPS
represent a low-cost, highly efficient adsorbing material that
can remove PVP-Ag-NPs from aqueous media. The macro-
molecular structure and net negative charge of both fungi
(Viraraghavan and Srinisivan 2011) and EPS provide a suit-
able matrix for entrapment of pollutants and thus, it is used
as flocculants (Sharmila et al. 2014) in addition to its use as
a bioadsorbent for heavy metals (Gupta and Diwan 2017). In
the present study, EPS-induced A. niger pellets removed the
majority of PVP-Ag-NPs from aqueous media as opposed to
a smaller fraction when using EPS-containing media.

It was noted that the UV-Visible spectrum in our study
showed that the broadness and intensity of PVP-Ag-NPs
peaks increased after its incubation with EPS in its fungal
bound form, stress induced form and free form. Changes
in size and concentration of nanoparticles can be detected
using UV—Visible spectroscopy (Haiss et al. 2007). Baset
et al. (2011) reported that the width of the UV—Visible
profile has been related to NP size, while the intensity
of absorption spectra is related to the dielectric constant
and interband transition of metal nanoparticles. The pre-
sent study also shows that PVP-Ag-NPs size has increased
after removal by A. niger, EPS-induced A. niger, media,
and in vitro EPS. The diameter of particles contributes
to the aggregation and flocculation of Ag-NPs (Oh et al.
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2015; Zhang et al. 2020). The increase in size suggests
that bioremoval took place and is relevant to the adsorptive
capacity of the used adsorbent in the present study. The
obtained results suggest also that in vitro EPS can be used
for NP removal and this will be our focus in the future.
Based on the current findings, it can be confirmed that
A. niger is responsible for the majority of PVP-Ag-NPs
removal. It can be depicted that the removal takes place
via one of the three following mechanisms; (1) EPS bound
to A. niger pellets is responsible for removal, by providing
more surface area for entrapment, (2) EPS can be induced
by exposing A. niger to stress, this increases EPS pro-
duction and therefore increases the entrapment, and (3)
increasing the size of PVP-Ag-NPs, through coating by
free EPS or binding to it, or through aggregation (Fig. 5).
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Conclusion

The study concludes that A. niger can efficiently remove
PVP-Ag-NPs from aqueous media. The bioremoval process
can take place via different mechanisms with EPS playing an
integral role. The results depict that the possible mechanisms
involved for the removal is based on entrapment within the
EPS in its free or fungal bound forms. This entrapment coats
the ENPs, increasing its size, and therefore, making it practi-
cal to remove using filtration as a preliminary step in waste-
water treatment plants. EPS is easily produced and can be
used in partially purified form; it can be combined with other
biomaterials to provide an efficient biofilter with enhanced
mechanical properties. Moreover, it is biodegradable and
therefore, is considered ecofriendly and cheap.
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